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Chromatin remodeling is required for sRNA-guided
DNA elimination in Paramecium
Aditi Singh1,2,3 , Xyrus X Maurer-Alcal�a1 , Therese Solberg1,2 , Lilia Haeussermann3, Silvan Gisler1,

Michael Ignarski1 , Estienne C Swart1,3,† & Mariusz Nowacki1,*

Abstract

Small RNAs mediate the silencing of transposable elements and
other genomic loci, increasing nucleosome density and preventing
undesirable gene expression. The unicellular ciliate Paramecium is
a model to study dynamic genome organization in eukaryotic cells,
given its unique feature of nuclear dimorphism. Here, the forma-
tion of the somatic macronucleus during sexual reproduction
requires eliminating thousands of transposon remnants (IESs)
and transposable elements scattered throughout the germline
micronuclear genome. The elimination process is guided by Piwi-
associated small RNAs and leads to precise cleavage at IES bound-
aries. Here we show that IES recognition and precise excision are
facilitated by recruiting ISWI1, a Paramecium homolog of the chro-
matin remodeler ISWI. ISWI1 knockdown substantially inhibits
DNA elimination, quantitatively similar to development-specific
sRNA gene knockdowns but with much greater aberrant IES exci-
sion at alternative boundaries. We also identify key development-
specific sRNA biogenesis and transport proteins, Ptiwi01 and Pti-
wi09, as ISWI1 cofactors in our co-immunoprecipitation studies.
Nucleosome profiling indicates that increased nucleosome density
correlates with the requirement for ISWI1 and other proteins nec-
essary for IES excision. We propose that chromatin remodeling
together with small RNAs is essential for efficient and precise DNA
elimination in Paramecium.

Keywords chromatin remodeler; genome editing; nucleosomes; small RNAs;

transposable elements

Subject Categories Chromatin, Transcription & Genomics; Microbiology,

Virology & Host Pathogen Interaction

DOI 10.15252/embj.2022111839 | Received 8 June 2022 | Revised 14 September

2022 | Accepted 19 September 2022

The EMBO Journal (2022) e111839

Introduction

Ciliates, such as Paramecium tetraurelia (class Oligohymenophora),

provide excellent model systems to understand the dynamic genome

organization in eukaryotic cells due to their unique feature of

nuclear dimorphism. The formation of Paramecium’s somatic

nucleus during sexual reproduction involves DNA endoreplication,

DNA elimination, DNA repair, and transcription of genes that are

specifically expressed when these processes occur (Chalker &

Yao, 2011). Hence, the chromatin needs to be in a tightly controlled

dynamic state. The germline micronuclear (MIC) genome contains

regions that are removed during the development of the somatic

macronuclear (MAC) genome (Beisson et al, 2010a) in a sophisti-

cated process of genome reorganization, a natural form of genome

editing. During this event, about 45,000 unique, noncoding Internal

Eliminated Sequences (IES) are typically precisely excised (Arnaiz et

al, 2012).

IES elimination is carried out by a catalytically active domesti-

cated transposase PiggyMac (PGM; Baudry et al, 2009) in concert

with catalytically inactive PGM homologs (Bischerour et al, 2018).

Precise elimination of IESs is crucial for forming a functional

somatic genome since these sequences would otherwise frequently

interrupt exonic coding sequences. IESs have a distinctive, periodic

size distribution and a weak end consensus sequence that probably

reflects the preferences of the excision machinery (Baudry et

al, 2009; Swart et al, 2014). However, the presence of consensus

sequences is not enough for precise IES excision (Duret et al, 2008).

Currently, the proposed model for Paramecium’s IES excision

involves two classes of small RNAs (scnRNAs and iesRNAs; Lep�ere

et al, 2009; Sandoval et al, 2014b) that guide the process via indi-

rectly comparing the maternal genome to the developing genome.

These sRNAs are produced by Dicer-like proteins (Dcl2/3 and Dcl5,

respectively; Lep�ere et al, 2009; Sandoval et al, 2014b) and Piwi

proteins (Ptiwi01/09 and Ptiwi10/11, respectively; Bouhouche et

al, 2011; Furrer et al, 2017b). However, as judged by the effects of

gene knockdowns, most IESs in P. tetraurelia are efficiently excised

independently of scnRNAs and iesRNAs (Sandoval et al, 2014b;

Swart et al, 2017a). Other proteins also cooperate in IES excision,

with substantial differences in the effects of knockdowns of their

genes, suggesting it is far more complicated than can be explained

by a single linear pathway (Nowacki et al, 2005; Kapusta et

al, 2011; Dubois et al, 2012; Sandoval et al, 2014b; Maliszewska-

Olejniczak et al, 2015; Swart et al, 2017a; Abello et al, 2020).
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Based on research in the ciliate Tetrahymena (class Oligohy-

menophora), one proposal for PGM recruitment and IES elimination

suggests histone modifications mark IES boundaries, recruiting PGM

for IES excision (Liu et al, 2007). Indeed, alteration of histone modi-

fications, specifically H3K27me3 and H3K9me3, is associated with

knockdowns of EZL1 and PTCAF1, affecting the excision of most

IESs in Paramecium (Ignarski et al, 2014; Lhuillier-Akakpo et

al, 2014b). In addition, both these modifications are scnRNA-

dependent in Paramecium (Ignarski et al, 2014).

Nevertheless, fundamental differences exist between Tetrahy-

mena and Paramecium IESs. Firstly, IES excision is predominantly

precise in Paramecium and imprecise in Tetrahymena (Arnaiz et

al, 2012; Coyne et al, 2012; Hamilton et al, 2016). Secondly, in con-

trast to Tetrahymena, the majority of IESs in Paramecium are scat-

tered throughout the coding regions. Thirdly, the majority of

Paramecium IESs are much shorter (median ~ 50 bp) than the size

of a nucleosome (~146 bp; Arnaiz et al, 2012) or linker regions

between MAC nucleosomes (several base pairs; Gnan et al, 2022).

Tetrahymena IESs are much longer (hundreds of bp to kbp;

Hamilton et al, 2016). Thus Paramecium DNA would often be

expected to be wrapped around nucleosomes, making it difficult to

access IESs for excision. Therefore, there is no particular expectation

that the model for Tetrahymena, proposing the formation of hete-

rochromatic DNA is necessary for IES excision, is applicable to the

excision of most Paramecium IESs.

DNA elimination, carried out by Paramecium’s PGM, requires

IES boundary accessibility. One way to do so would be through the

action of ATP-dependent remodelers, such as SNF2-related proteins,

that can restructure the chromatin providing access to DNA (Sadeh

& Allis, 2011; Rando & Winston, 2012). Suggesting such activity, in

Tetrahymena, an SNF2/brahma-related gene, TtBRG1 is known to

be essential for nuclear development during conjugation (Fillingham

et al, 2006). Numerous homologs of SNF2-related genes are con-

served in Paramecium tetraurelia as well. Among these are homo-

logs of ISWI, an SNF2-related, ATP-dependent chromatin remodeler

(Pazin & Kadonaga, 1997). ISWI proteins form different complexes

interacting with several conserved domains, with each complex

modulating a discrete function (Dirscherl & Krebs, 2004). Although

ISWI complexes have distinct functions, the general mechanism

underlying their various roles is based on altering nucleosome spac-

ing. By moving around nucleosomes, ISWI proteins help DNA-

binding proteins access previously unavailable sites (Clapier &

Cairns, 2009). To the best of our knowledge, there is currently no

information regarding how nucleosomal positioning influences cili-

ate DNA excision. To this end, we studied the putative role of

Paramecium ISWI, an SNF2-related protein (Pazin & Kadon-

aga, 1997), and its influence on both nucleosomes and DNA exci-

sion.

Results

We identified ISWI1 in a preliminary RNAi screening of genes with

differential upregulation of expression during an autogamy (self-

fertilization) time course (Arnaiz et al, 2010; Arnaiz & Sper-

ling, 2011). Paramecium tetraurelia has five putative ISWI homo-

logs with the characteristic SWI/SNF family ATPase core domain as

well as SANT and SLIDE domains towards their C-termini (Fig 1A).

Out of these, two pairs of paralogs arose from the well-characterized

whole genome duplication (WGD, Fig 1B) events in Paramecium

(Aury et al, 2006). Among these, the gene of the homolog character-

ized here, ISWI1, shows substantial differential upregulation during

the macronuclear development, peaking during fragmentation and

Dev1 stages of the autogamy time course (Fig 1C). In contrast, the

other three paralogs; ISWI2, ISWI3, and ISWI4 tend to be repressed

during autogamy. The remaining ISWI homolog, ISWI5, also shows

substantial differential expression, peaking during meiosis and frag-

mentation of the parental MAC before decreasing in abundance for

the remainder of development (Fig 1C).

Knockdown of ISWI1 affects cell survival and DNA elimination

We induced knockdown (KD) of ISWI1 by feeding Paramecium with

an ISWI1-specific sequence, triggering the cell’s internal RNAi

machinery (Fig EV1A). In a survival test of the post-autogamous

progeny after ISWI1-KD over 3 days, 86% of the cells did not sur-

vive beyond the first day after cells were re-fed and allowed to

resume vegetative division (Fig 1D). The remaining 14% of cells did

not go through the usual rate of four vegetative divisions per day. In

the control culture of ND7–KD (a gene required for exocytotic mem-

brane fusion trichocyst discharge; Skouri & Cohen, 1997), the divi-

sion rate of all the progeny remained unchanged. In the positive

control of PGM–KD, 90% of the cells did not survive as expected. In

contrast to ISWI1–KD, for ISWI5–KD, 90% of the cells showed no

substantial difference in division rate or mortality compared to the

control cells (Fig EV1B and C).

To test if the knockdown of ISWI1 and ISWI5 affect DNA elimina-

tion, we determined the retention status of germline-specific DNA

elements in the newly developed MAC genome. We tested for IES

retention from a well-characterized locus using PCR with IES-

flanking primers (Appendix Table S1). For ISWI1–KD, most of the

IESs we analyzed were retained (Fig 1F and Appendix Table S3).

For ISWI5–KD, no retention of any of the IESs was observed (Fig

EV1D). In ISWI1–KD, there was greater Sardine and Thon trans-

posons retention, respectively, compared to the control ND7–KD
(Fig 1E).

We also investigated the knockdown of other ISWI paralogs

(ISWI2, ISWI3, and ISWI4; not upregulated during autogamy). In

knockdown experiments for each of these paralogs, we did not

observe growth defects or IES retention (Fig EV1E and F). To focus

our investigations on genome reorganization, all further experi-

ments were, therefore, carried out for ISWI1 only.

ISWI1 is required for the complete excision of most IESs

To gain a genome-wide perspective on IES retention, we analyzed

high-throughput sequencing of genomic DNA isolated from the

developing macronucleus (anlagen) from ISWI1–KD cell cultures

(two biological replicates). As a control, we used genomic DNA

from the developing macronucleus after ND7–KD (also a pair of bio-

logical replicates). IES retention scores (IRSs) vary from 0.0 (com-

plete IES excision) to 1.0 (complete failure of IES excision) upon

knockdown. Approximately 35,000 (78%) IESs are sensitive to

ISWI1–KD with a right-skewed retention score distribution (Fig 2A).

IES retention scores of the biological replicates correlated well with

each other (Pearson correlation coefficient: r = 0.91). Generally,
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ISWI1–KD IES retention scores are modestly correlated with other

known factors of excision machinery, correlating best with DCL2/3/

5–KD (r = 0.74) and NOWA1/2–KD (r = 0.72; Fig EV2A). ISWI1–KD
retention scores do not correlate as well with chromatin-related fac-

tors, PTCAF1 (r = 0.59) and EZL1 (r = 0.52).

As for most genes that influence IES excision, ISWI1–KD IES

retention is length dependent (Fig EV2B). No periodicity of IES

retention scores with respect to IES length is present. Similar to

other gene knockdowns, IES sub-terminal base frequency changes

relative to IES retention scores for ISWI1–KD, i.e., base frequencies

are relatively constant for the shortest and most common IESs but

differ considerably in relation to IES retention scores for longer IESs

(Fig EV2C; Swart et al, 2014).

ISWI1-KD enhances excision of IESs at alternative boundaries

Excised IESs in Paramecium have a highly distinctive periodic

length distribution (Fig 2D), proposed to reflect the periodicity of

DNA and cooperation of transposase subunits during excision

(Arnaiz et al, 2012). As can be seen in Fig 2D, the so-called “forbid-

den” second IES length peak (at ~40 bp; Arnaiz et al, 2012) is barely

noticeable compared to the flanking IES length peaks. This was

hypothesized as not being permitted by the biophysical constraints

of DNA of this length, which prevents the two components of a con-

ventional, domesticated PiggyBac transposase dimer from coming

into the correct orientation needed for coordinated cleavage at both

boundaries (Arnaiz et al, 2012). Since ISWI homologs are involved

in nucleosome positioning in other organisms, we sought to deter-

mine if and how ISWI1–KD might impact IES excision precision.

First, we examined cryptic IESs, i.e., off-target IES-like sequences

that are randomly excised at low levels throughout DNA, typically

destined to become macronuclear during development (Duret et

al, 2008; Swart et al, 2014). Such erroneous excision in ISWI1–KD
was comparable to other knockdowns (Fig EV3C and D).

Next, we examined the excision of IESs at alternative boundaries.

Natural excision of IESs using alternative boundaries occurs at low

frequency, impacting ~16% of IESs in our negative control, ND7–KD
(Fig 2B). In contrast, in ISWI1–KD, alternative boundary excision

occurs at ~65% of IESs (supported by one or more mapped reads;

Fig 2C). This is also substantially greater than for knockdowns of

other genes necessary for IES excision, where the use of alternative

IES boundaries is essentially the same as the control (Fig 2B). In

general, though the amount of alternative IES excision for any given

IES in ISWI1–KD is low (median 4.6%, mean 9.2%), it is

substantially higher than that of other knockdowns (median 0%;

mean 1.5–2.4%; Fig 2B).

The length distribution of alternatively excised IESs, irrespective

of the knockdown, follows a similar periodic pattern to normal IESs,

with smaller IESs more likely to result than larger ones (Fig 2D). Com-

pared to normal IES excision, there is not as strong a preference for

excision of the shortest IESs in alternative excision after ISWI1–KD.
Interestingly, there are substantially more alternatively excised

IESs in ISWI1–KD in the second, “forbidden” length peak around

35 bp than conventional IESs (Fig 2D). We see a peak at this length

of alternative excision events, regardless of whether they occurred

internally versus externally (Fig EV3A and B). As for conventional

IES excision, in other knockdowns, alternative IES excision in the

forbidden length range was low (Fig 2D). Thus, enhanced alterna-

tive IES excision is a distinctive feature of ISWI1–KD. We also

observe that most alternative excision events are close to the canon-

ical IES boundaries, i.e., within 20 bp, or one or two turns of dsDNA

(Fig 2E). In other words, ISWI1–KD leads to erroneous DNA exci-

sion at the next closest available sites.

ISWI1 protein localizes exclusively to the developing MAC

A C-terminal GFP fusion construct was made with ISWI1 under the

control of the putative ISWI1 regulatory region and injected into

Paramecium vegetative macronucleus. The transformed cell line

was then cultured, and cells at different developmental stages (Fig 3

A) were collected for confocal microscopy. When the early develop-

ing MACs (anlagen) were seen using DAPI staining, the GFP signal

of the fusion protein also accumulated in the developing MAC and

remained there throughout the late developmental stages (Fig 3B).

The GFP signal was lost from the developing MAC after the develop-

mental stages before karyogamy. Our observations suggest that the

ISWI1 is expressed exclusively in the developing MAC at the time

when genome reorganization takes place in Paramecium.

PTIWI01 and ISWI1 proteins interact in vivo

We sought to determine interacting partners of Paramecium ISWI1.

First, we transformed P. tetraurelia cells with ISWI1 under its

endogenous promoter and tagged it with a 3XFlagHA at its C-

terminal. We then co-immunoprecipitated (IP) ISWI1 to analyze the

associated proteins by label-free mass spectrometry. As a control,

we performed the same experiment on wild-type cells where we did

not expect to see any pulldown of proteins with the HA affinity

◀ Figure 1. Properties of ISWI1 and ISWI1-KD effects on DNA elimination.

A Predicted protein domains in ISWI1.
B Phylogenetic analysis of ISWI proteins in selected organisms. Node bootstrap values below ≥ 80 are indicated by ‘•’ or are otherwise labeled.
C Gene expression profile (in arbitrary units) of ISWI genes based on published RNA-seq data (Arnaiz et al, 2010). Veg: cells undergoing vegetative division; Early: ~50%

of cells with fragmented parental macronucleus (our early time point); Late: the majority of cells with a visible anlagen (our late timepoint).
D Survival test graph. Dead cells are represented in red, sick in orange, and normally dividing cells in green. PGM–KD is a positive control, and ND7–KD is a negative

control.
E Dot blot analysis to check the effect of ISWI1-KD on transposon elimination. Probes against transposons Sardine and Thon were used, while a probe against Actin was

used as a loading control.
F IES retention PCR (cropped inverted images). Four maternally-controlled IES and four non-maternally controlled IESs are shown. The IES+ band represents

retained IES; the IES− band represents an excised IES; additional bands are likely PCR artifacts. IRS is IES retention Score for the IESs calculated after whole genome
sequencing.

Source data are available online for this figure.
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matrix. The control cell samples and the cell samples transformed

with ISWI1–3XFLAGHA were collected in two biological replicates

during the developmental stage when ISWI1 localizes in the devel-

oping new MAC, as observed in Fig 3B. Before IP experiments, the

samples were crosslinked with 1% PFA (see Materials and

Methods).

We analyzed our IP samples by loading 1% of the total input and

20% of the IP fraction on an SDS gel. We detected a signal on a

Western blot using an anti-HA antibody at the expected size of

~124 KDa (Fig 3C). The total IP samples were further analyzed using

mass spectrometry (MS), where about 1,500 proteins were detected

(Dataset EV1). Aside from proteins with peptides exclusively identi-

fied from cells expressing tagged ISWI1 protein, our analysis identi-

fied Ptiwi01 (or Ptiwi09, since most peptides from the mass-

spectrometry analysis are shared between these almost identical pro-

teins) as one of the proteins with the greatest fold enrichment in the

ISWI1 IP (P-value: 0.0049; Figs 3D and EV4E, and Appendix Table

S2).

We transformed Paramecium cells with 3XFLAGHA-tagged Pti-

wi01 and GFP-tagged ISWI1 to test whether these proteins interact

in vivo. IP samples were collected when ISWI1 localizes in the

developing MAC. Cells were transformed with ISWI1–GFP as a neg-

ative control to check whether the GFP tag and HA affinity matrix

could interact non-specifically. We performed the IP of the GFP-

fused protein using the HA-affinity beads. GFP-fused ISWI1

(~150 KDa) was observed in the input but not in the IP (Fig 3E,

lower panel). In addition, immunostaining was used to confirm the

absence of HA signal in cells transformed with only ISWI1-GFP (Fig

EV4F). Therefore, no cross-reactivity between the GFP and HA tags

on their own was expected.

We observed no growth defects or IES retention in the trans-

formed cells, either in single or in co-transformed cells (Fig EV4A–
D). We succeeded in co-immunoprecipitating Ptiwi01 fused with

3XFLAGHA (expected size ~90 KDa) at the developmental stage

when ISWI1 is expressed (Fig 3E, upper panel). IP samples were

probed with an antibody against GFP, and a signal for ISWI1–GFP
was detected at the expected size (~150 KDa, Fig 3E, lower panel).

Our data suggest an interaction between ISWI1 and Ptiwi01, and

most likely with Ptiwi09 (since they are 99% identical), in Parame-

cium. Since all our samples were crosslinked before the IP assays,

we cannot exclude the possibility that this interaction might have

been indirect via chromatin.

Nucleosomal densities increase with IES dependence on ISWI1
and other genes involved in Paramecium IES excision

We sought to determine whether nucleosome density changes occur

around an IES during DNA elimination and whether this is ISWI1

dependent. For this, we isolated developing macronuclear DNA

from ND7/PGM–KD and ISWI1/PGM-KD cultures either with or with-

out Atlantis dsDNase treatment. Atlantis dsDNase cleaves phospho-

diester bonds in double-stranded DNA and yields homogeneous

populations of core nucleosomes. As PGM is a key component of the

core endonuclease that cleaves IESs (Baudry et al, 2009; Arnaiz et

al, 2012; Bischerour et al, 2018), we used ND7/PGM-KD as the con-

trol for our experiment, mapping the nucleosome density around

IESs. A double knockdown of ISWI1 with PGM is necessary to retain

the majority of IESs to map the nucleosome density across them.

Given the constraint that a minimum of 9 bp of a read needs to

match to an IES, and that some reads mapping to the flanking MDS

regions may be derived from the parental MAC, it does not currently

seem prudent to obtain accurate nucleosomal positioning for short

IESs. We, therefore, examined a simpler measure of nucleosome

densities for IESs: mapped nucleosome profiling (DNase-seq) reads,

normalized by DNA-seq isolated from new MACs (Fig 4A–D).
In general, we observe that IESs, which are more strongly

retained in any knockdown (e.g., ISWI1-KD IRS > 0.2), have higher

nucleosome densities (Fig 4A and B). To rule out that this effect

was not merely a consequence of more strongly retained IESs tend-

ing to be longer (e.g., Fig EV2B; Swart et al, 2014), we examined

nucleosome density distributions of IESs of the same length, corre-

sponding to the first IES length peak (26–31 bp). For these IESs, too,

nucleosome densities are substantially higher for more strongly

retained IESs (Fig 4C and D). Longer IESs (150–200 bp) show simi-

lar trends (Fig 4E and F), with higher nucleosome densities for more

strongly retained IESs. Kolmogorov–Smirnov (KS) statistics between

the distributions of IESs with IRS < 0.2 and IRS ≥ 0.2 vary between

0.33 and 0.38, with P-values < 1e-30 (Fig 4A–F).
ISWI1/PGM–KD alters the distribution of nucleosome densities

compared to ND7/PGM–KD, for IESs in general and 26–31 bp IESs

(Fig 4A–D; KS statistics between 0.048 and 0.089, with P-

values < 1e-9). We also examined similar distributions for NOWA1/

2/PGM–KD vs. ND7/PGM–KD (Fig EV5D–I), as both genes are

required for the sRNA-mediated genome scanning (Nowacki et

al, 2005), and their IES retention scores correlate more strongly with

ISWI1–KD and DCL2/3/5–KD than PTWI01/09–KD. Though the cov-

erage of DNase-seq was lower, as the number of nucleosomal reads

mapping from the libraries was smaller, for a separate experiment

with ND7/PGM–KD and NOWA1/2/PGM–KD, we also observed dif-

ferences in distributions of nucleosomes for IESs, particularly those

with ISWI1–KDb IRS ≥ 0.2 (KS statistics 0.17–0.19; P-values < 1e-7;

Fig EV5D–I).
In summary, there appear to be differences in nucleosome den-

sity distributions between both ISWI1/PGM–KD and ND7/PGM–KD,
and NOWA1/2/PGM–KD and EV/PGM–KD. However, these are

much less pronounced than the difference in nucleosome density

◀ Figure 2. Genome-wide analysis of IES excision upon ISWI1-KD.

A IES Retention Score (IRS) distributions for ISWI1–KD replicates and NOWA1/2-KD. ND7-KD was used as a negative control.
B Genome-wide analysis of alternative boundary excision in ND7-KD, DCL2/3-KD, NOWA1/2-KD, EZL1-KD, PTCAF1-KD, and ISWI1-KDb. Alternative excision (%) = 100*(al-

ternative excised reads)/(alternatively + correctly excised reads).
C Reads mapped to an IES (IESPGM.PTET51.1.7.550914) showing both external (2 reads) and internal (1 read) alternatively excision; gaps opened in reads with excised

IESs are indicated by dashes on a pink background.
D Length distribution of conventional IESs compared to alternatively excised IESs in knockdowns of ISWI1, PtCAF1, and DCL2/3.
E Difference in alternative IES lengths from the reference IES length.

Source data are available online for this figure.

6 of 16 The EMBO Journal e111839 | 2022 � 2022 The Authors

The EMBO Journal Aditi Singh et al

 14602075, 0, D
ow

nloaded from
 https://w

w
w

.em
bopress.org/doi/10.15252/em

bj.2022111839 by U
niversität B

ern, W
iley O

nline L
ibrary on [13/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



A

B

C

E

D

Figure 3.

� 2022 The Authors The EMBO Journal e111839 | 2022 7 of 16

Aditi Singh et al The EMBO Journal

 14602075, 0, D
ow

nloaded from
 https://w

w
w

.em
bopress.org/doi/10.15252/em

bj.2022111839 by U
niversität B

ern, W
iley O

nline L
ibrary on [13/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



distributions between IESs that are more weakly and more strongly

retained in knockdowns like ISWI1–KD.

Discussion

Paramecium depends on efficient and accurate whole genome reor-

ganization to produce a functional somatic nucleus during sexual

reproduction. The excision of numerous IESs requires scnRNAs for

their excision. Identification of additional proteins required for the

excision of IESs (Arambasic et al, 2014; Data ref: Lhuillier-Akakpo

et al, 2014a; Wasmuth & Lima, 2017) suggests additional or alterna-

tive mechanisms beyond those envisaged in earlier models of RNA

scanning and heterochromatin formation contributing to IES target-

ing and excision.

In this study, we have identified a homolog of ISWI, an ATP-

dependent chromatin remodeler, that is required for the precise

elimination of IESs. ISWI proteins are highly conserved

◀ Figure 3. Localization, Co-immunoprecipitation, and mass spectrometry analysis.

A Schematic drawing of the life cycle stages of Paramecium tetraurelia. MIC and parental MAC are represented in red, representing the DAPI signal, and developing MAC
(dm) is represented in green until fully developed, representing the GFP signal.

B ISWI1-tagged C-terminally with GFP localizes in the developing MAC as soon as developing new MACs (panel Early Development) become visible and remain there
throughout late MAC development (panel Late Development). Red: DAPI, Green: ISWI1–GFP. Blue arrows identify developing MAC; scale bar 10 μm.

C Western blot analysis using anti-HA antibody after coimmunoprecipitation of ISWI1-3XFlagHA fusion protein. Non-transformed cells (WT) of the same strain were
used as the negative control. 1% of the total lysate was loaded as Input, and 20% of co-immunoprecipitated samples were loaded on 12% SDS gel.

D Volcano plot illustrating the distribution of proteins identified in label-free MS in WT Vs. ISWI1-3XFlagHA. Significantly abundant proteins (fold change ≥ 4) are high-
lighted in orange.

E Western blot analysis using anti-HA and anti-GFP antibodies after coimmunoprecipitation of Ptiwi01-3XFlagHA fusion protein co-transformed with ISWI1-GFP. Non-
transformed cells (WT) of the same strain and ISWI1-GFP fusion protein transformation were used as negative controls. 1% of the total lysate was loaded as Input,
and 20% of co-immunoprecipitated samples were loaded on 10% SDS gel.

Source data are available online for this figure.

A B

C D

E F

Figure 4. Nucleosome density increases with IES retention in ISWI1-KD.

A, B Nucleosome density histograms for IESs weakly (IRS < 0.2) or more strongly retained in ISWI1-Kdb (IRS ≥ 0.2). Kolmogorov–Smirnov statistics and their P-values
are provided.

C–F Histograms as in (A&B), including additional length constraints, corresponding to the first IES length peak (26–31 bp; C and D) or the first non-periodic length IESs
(150–200 bp; E and F).
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ATP-dependent chromatin remodelers (Corona et al, 1999) that reg-

ulate several biological processes (Yadon & Tsukiyama, 2011), and

now, as we have shown, also in genome editing in Paramecium.

Paramecium’s ISWI1 is exclusively present in the developing

macronucleus (Fig 3A) when the molecules responsible for genome

reorganization cooperate to eliminate DNA. We also show that, in

Paramecium, ISWI1 can interact with PIWI proteins (Fig 3E) that

are known to guide genome reorganization in ciliates in an sRNA-

dependent manner (Bouhouche et al, 2011; Furrer et al, 2017b).

Our data, therefore, suggest that the shifting action of ISWI1 occurs

in conjunction with an sRNA–Piwicomplex that guides subsequent

precise excision.

Histone modification and heterochromatin formation are pro-

posed to be a prerequisite for programmed DNA elimination in cili-

ates. The most evidence in support of this has been obtained for

Tetrahymena thermophila (Liu et al, 2007; Xu et al, 2021). A similar

model was proposed for IES excision in Paramecium (Coyne et

al, 2012). It has been shown that histone modifications, in particu-

lar H3K27me3 and H3K9me3, are required for targeting the excision

of at least a subset of IESs (Ignarski et al, 2014; Data ref: Lhuillier-

Akakpo et al, 2014a). Indeed, the knockdown of EZL1, a histone

methyltransferase (Frapporti et al, 2019), affects the excision of the

majority of IESs. Since heterochromatin regions generally spread

across several kilobases in the genomes of other organisms (Mar-

gueron & Reinberg, 2011; Huang et al, 2012), it was suggested that

in Paramecium, H3K27me3 and H3K9me3 marks are placed locally

(Lhuillier-Akakpo et al, 2014b). Although it was recently shown

that the transposable elements are enriched with nucleosomes bear-

ing these modifications (Frapporti et al, 2019), currently, there is no

published information on H3K27me3 or H3K9me3 nucleosome asso-

ciation with IESs. Moreover, these modifications are not limited to

the developing macronucleus and are also present in the fragments

of the parental macronucleus (Ignarski et al, 2014; Lhuillier-Akakpo

et al, 2014b; Frapporti et al, 2019). The inhibition of IES excision

and the resultant cell lethality due to EZL1–KD and/or PTCAF1–KD
may arise due to alteration in gene expression and failure to repress

transposable elements by the PRC complex that also interacts with

Ptiwi01/09 proteins (Mir�o-Pina et al, 2022). Thus, further experi-

ments will be necessary to disentangle possible indirect effects of

these knockdowns from direct ones.

ISWI1–KD IES retention correlates better with DCL2/3/5–KD than

with DCL2/3–KD or DLC5–KD (Fig EV2A), suggesting ISWI1 is nec-

essary for excision of IESs requiring either scnRNAs or iesRNAs. In

addition, we also observed an interaction between Ptiwi01 (or Pti-

wi09) and ISWI1 in vivo in our co-immunoprecipitation assay,

though this may be an indirect action with chromatin intervening

(Fig 3E). We also observed Ptiwi11 in our mass spectrometry analy-

sis (Appendix Table S2). Taken together with a stronger correlation

between DCL2/3/5-KD and ISWI1–KD, we suggest ISWI1 also coop-

erates with iesRNAs in targeting IESs.

IESs most sensitive to ISWI1–KD and other knockdowns, like

DCL2/3/5–KD, are substantially more nucleosome rich (Fig 4C–H).
Like ISWI1/PGM–KD, NOWA1/2/PGM–KD alters the distribution of

nucleosome densities across IESs. However, this is certainly more

subtle than the large differences in these densities observed between

weaker and more strongly retained IESs upon ISWI1–KD (compare

Figs 4C–H and EV5D–I) and other genes we examined that are

involved in genome reorganization. A plausible explanation could

be that local nucleosome density changes are required to govern

accessibility and possibly activating the endonuclease for DNA elim-

ination. A similar explanation has been proposed for V(D)J recombi-

nation, where nucleosome location and occupancy changes were

observed to regulate DNA recombination (Pulivarthy et al, 2016).

In the future, detailed DNase-seq experiments with variable

nuclease digestion conditions and deeper sequencing may be able to

obtain greater resolution and examination of dynamics. Further-

more, it will be necessary to conduct additional experiments to

resolve the possible contributions of non-nucleosomal proteins to

protecting DNA from DNase digestion. Nevertheless, as nucleoso-

mal proteins are the most abundant nuclear DNA-binding proteins,

we believe they are the largest contributors to the differences in

DNase-seq read distributions we observed, hence why we refer to

them as nucleosome density distributions.

Recent research into Paramecium MAC chromatin has revealed

notable differences from other eukaryotes, including the ciliate

Tetrahymena, including the absence of linker histones in Parame-

cium (Drews et al, 2022; Gnan et al, 2022). In particular, Parame-

cium has extremely average short internucleosomal distances

(~151 bp). This would correspond to tiny linker sequences of sev-

eral bases, rather than tens of bases in other eukaryotes, including

Tetrahymena (Drews et al, 2022; Gnan et al, 2022). Thus, we

expect Tetrahymena IES excision constraints to differ fundamentally

from Paramecium’s.

Uniquely among Paramecium proteins involved in IES excision

investigated thus far, ISWI1 gene silencing leads to elevated alterna-

tive IES excision (Fig 2B), suggesting that the endonuclease complex

is not always able to correctly target the boundaries of an IES in the

absence of ISWI1. The commonly accepted mechanism underlying

ISWI function is that it controls the length of linker DNA and the

chromatin architecture by altering nucleosome spacing (Xiao et

al, 2001; Corona et al, 2007; Bartholomew, 2014). Global nucleo-

some density changes are known to occur across genomes during

cell lineage commitment as an additional regulatory mechanism

(Erdel et al, 2011; Li et al, 2012).

We propose that the presence of nucleosomes on, or partially

overlapping, an IES may be crucial for its targeting and accessibil-

ity to the excision machinery (Fig 5). In contrast to the current

“naked” DNA model for IES excision (Fig 5A), we propose a

“clothed” DNA model with nucleosomes present. Crucially, in our

model, IES boundaries need to be accessible to their excesses. We

propose that “forbidden” length DNA is cut when nucleosomes

have not been displaced from IES boundaries by ISWI1, as hap-

pens with ISWI1–KD (Fig 2D). In the absence of the usual required

nucleosomal shift, IESs can be excised at alternative TA bound-

aries, though they are still most frequently cut at the conventional

boundaries (Fig 5B and C). In other words, ISWI1–KD assists in

properly positioning nucleosomes around an IES, preventing alter-

native excision errors.

In Fig 5, we do not indicate the involvement of any histone mod-

ifications in Paramecium IES excision. Until more detailed analyses

can be performed, showing the exact positioning of specific histone

modifications in relation to IESs, we would prefer to avoid speculat-

ing about their role. On the other hand, it may also be possible for

an alternative mechanism for IES targeting that does not invoke

such modifications. Instead, it might also be possible that longer

RNA transcripts across IESs promote binding of scnRNAs/iesRNAs,
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A

B

C

Figure 5. Assembly of active PiggyMac (PGM) excision complex on IESs.

A–C (A) “Naked” model proposed by Arnaiz et al, 2012; (B and C) Revised “clothed” model, which accounts for accessibility of IES boundaries in the presence of
nucleosomes. If nucleosomes are not properly positioned, IESs can be cut at alternative boundaries, leading to IES accumulation of the “forbidden peak” length.
Image created with BioRender.com.
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and more direct recruitment of the IES excisases. In any event, more

detailed experiments will be necessary to examine nucleosomal

properties, including positioning and modifications, and how they

might influence IES excision.

Taken together, our investigations provide evidence of an inter-

play between chromatin remodeling and sRNA-complexes during

Paramecium genome development. Typically chromatin remodelers

do not operate in isolation in other organisms but as multi-

component complexes, performing a range of sophisticated func-

tions. In the future, it would be necessary to closely examine the

mechanistic details of the interplay of ISWI1 with sRNAs and other

proteins in Paramecium and how they are involved in massive,

accurate genome editing.

Materials and Methods

Paramecium cultivation

Mating type 7 of Paramecium strain 51 was used in different experi-

ments. Cells were cultured in Wheat Grass Powder (WGP; Pines

International, Lawrence, KS) medium bacterized either with non-

virulent Klebsiella pneumoniae or with Escherichia coli, strain

HT115 and supplemented with 0.8 mg/l of β-sitosterol (567152, Cal-
biochem). Cells were either cultured at 27°C or at 18°C as per

requirement. Clonal cell lines of Paramecium transformed with

recombinant genes were maintained at 18°C as previously described

(Beisson et al, 2010b).

Knockdown experiments, survival test, and IES retention PCR

The silencing (gene knockdown) construct of ISWI1 (Genbank

accession: XM_001431568, XM_001431569) was made by cloning a

704 bp construct from its C-terminal and cloned into an L4440 plas-

mid (using GGGTCTCACCTAAGATGAACG and TCACTTTCTTAA-

CAGACTCAGATCC). ISWI2 (Genbank accession: XM_001447087.1)

a 584 bp long region (using GGAGGAGCGTTAAGAACAA, CACAA-

GAGATCTTCCCATAG) was used for generating the silencing con-

struct. For ISWI3 (Genbank accession: XM_001442140), using CTT

AGCTAGTCATCTCTTT and CTTTTCATAAGCATCCTTG oligonu-

cleotides, a 500 bp long region was cloned, and for ISWI4 (Genbank

accession: XM_001446844.1) a 394 bp long region was cloned (us-

ing CAATTGCTAATCATCATTTC, GAGAGTTTTGGATTTAACG) for

the knockdown experiments. For ISWI5 (Genbank accession: XM_

001432642), the silencing construct was made by cloning an

1,106 bp long fragment into an L4440 plasmid (using ATGAGT-

GAAAGTGAAGATGAG and AGATTTCGTCCTTCTTAACAT). The

plasmids were then transformed into HT1115 (DE3) E. coli strain.

Cells were seeded into the silencing medium at a density of

100 cells/ml, and silencing was carried out according to a previ-

ously described protocol (Beisson et al, 2010c). After the cells fin-

ished autogamy, 30 post-autogamous cells were transferred

individually to threewell glass slides containing the medium bacter-

ized with avirulent K. pneumoniae for the survival test. Cells were

monitored for 3 days (approximately 12 divisions) and categorized

into three groups according to their observed phenotype. In parallel,

a 100 ml culture was harvested for DNA extraction using GeneE-

lute–Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich). PCRs

were done on different genomic regions flanking an IES (Appendix

Table S1).

In regards to co-silencing performed to analyze nucleosomal den-

sities, the distribution of retention scores in PGM/ND7–KD is shifted

and skewed to the left (lower IES retention) compared to the refer-

ence PGM–KD data sets (Arnaiz et al, 2012; Swart et al, 2014),

whereas, the IRS of ISWI1/PGM-KD is more similar to the knock-

down expected for PGM–KD (Fig EV5A). Previous experiments have

shown that weakened IES retention due to dilution of gene knock-

down can occur in Paramecium due to gene co-silencing (Bischerour

et al, 2018). The weaker silencing effect can be explained by the

dilution of the PGM silencing medium with the ND7 silencing

medium. This was done to ensure that the RNAi effects from the

PGM/ND7 and the ISWI1/PGM knockdowns would be directly com-

parable.

Related to this, for NOWA1/2/PGM silencing, NOWA1/2-KD also

minimizes potential dilution effects since one silencing construct

silences both genes (Nowacki et al, 2005), whereas PTIWI01/09–KD
requires two silencing constructs in addition to the necessary PGM

silencing construct.

Dot blot

Dot blot assays were conducted following standard protocols

(Brown, 2001). Briefly, 3 μg of DNA from post-autogamous cultures

were blotted onto a nylon membrane (Hybond N+XL membrane,

Amersham). Probes specific to Sardine and Thon transposons and

actin (first 240 bp of the gene) labeled with α-32P dATP (3,000 Ci/

mmol) using RadPrime DNA Labeling System (Invitrogen) were

used. The signal was quantified with ImageJ 1.48e.

Northern blot

Ten microgram of RNA were run in a 1.2% agarose denaturing gel

and transferred to a nylon membrane (Hybond N+XL membrane,

Amersham) by capillary blotting. After transfer, the membrane was

crosslinked twice with UV (120,000 μJ/cm2). Specific probes labeled

with α-32P dATP (3,000 Ci/mmol) using RadPrime DNA Labeling

System (Invitrogen) for ISWI1, ISWI5, and rRNA were used for

hybridization. Membranes were screened using the Typhoon Imag-

ing system (GE Healthcare).

GFP tagging, microinjection, and GFP localization experiment

A set of specific ISWI1 specific primers (50-GTA GAA TCC TAT TGA

TAG GAG GAG-30 and 50-TGG CTC TAA GAA ATT CAT TTA T-30)
were used for the amplification of full gene including 227 bp

upstream and 62 bp downstream of the coding region. ISWI1 was

tagged with GFP on its C-terminus. The construct was linearized

using the NaeI restriction enzyme (R0190S, New England Biolabs)

and injected into the macronucleus of the vegetative cells as previ-

ously described (Beisson et al, 2010d). Cells positive for GFP

expression were collected during different stages of autogamy and

either stored with 70% ethanol at −20°C or directly fixed with 2%

PFA in PHEM and then washed in 5% BSA with 0.1% Triton X-100.

Cells were then counterstained with DAPI (4,6-diamidino-2-

2phenylindole) in 5% BSA with 0.1% Triton X-100 and mounted

with Prolong Gold Antifade mounting medium (Invitrogen). Images
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were then acquired with Olympus Fluoview FV1000 confocal micro-

scope system with PLAPON 60× O SC NA 1.40. Images were ana-

lyzed and given pseudo-color on Imaris software.

Immunofluorescence analysis

Immunostaining of cells transformed with ISWI1-GFP was done

after the cells were fixed in 70% ethanol at −20°C. Cells were first

washed in 1× PBS pH7.4 twice for 5 min to remove any traces of

ethanol. Cells were then permeabilized with 1% Triton X-100 in

Pipes–Hepes–EGTA–MgCl2 (PHEM) buffer for 20 min at room tem-

perature. Afterward, cells were fixed in 2% paraformaldehyde for

10 min and washed with 1× PBS for 5 min. Cells were then blocked

in 3% BSA in TBSTEM buffer for 1 h at room temperature. Primary

antibody incubation was done at 4°C overnight using mouse anti-

HA (sc-7,392, Santa Cruz) with a 1:50 dilution factor. After washing

the cells three times for 10 min in 3% BSA in TBSTEM, cells were

incubated in goat anti-mouse Alexa-594 (dilution 1:200, BLD–
405326, Biozol) for 1 h in dark conditions. The cells were further

washed three times for 10 min in 3% BSA in TBSTEM. In the last

wash, DAPI was added to the BSA, and cells were incubated for

5 min. The cells were then mounted with Prolong® Gold Antifade

mounting medium (Life Technologies), and sealed with a coverslip.

Images were acquired on TCS SP8 with a 63×/1.40 oil objective,

zoom factor 3 and step size of 1.0. Images were analyzed using Fiji

with maximum intensity projection.

Co-immunoprecipitation assay

ISWI1 specific primers (50-GTA GAA TCC TAT TGA TAG GAG GAG-

30 and 50-TGG CTC TAA GAA ATT CAT TTA T-30) were used for the

amplification of the full gene with regulatory regions. The gene was

tagged with 3XFLAGHA at its C-terminal. 4.5 × 105 cells were har-

vested and crosslinked with 1% Paraformaldehyde by incubating

for 10 min (min) at room temperature. Cells were then quenched

using 100 μl of 1.25 M Glycine and incubated at room temperature

for 5 min. Cells were washed once with PBS for 2 min at 500 g. Fur-

ther steps were carried out on ice or at 4°C. Two milliliter of lysis

buffer (50 mM Tris pH 8.0, 150 mM NaCl, 5 mM MgCl2, 1%Triton

X100, 1× Protease inhibitor (Roche,11836170001), 10% glycerol)

was added and the cells were sonicated (Branson Digital Sonifier)

with 55% amplitude for 15 s. The lysate was then centrifuged for

30 min at 13,000 g or until the lysate was clear. Fifty microliter of

bead slurry (HA High-Affinity Matrix,11815016001, clone 3F10,

Roche) was used per IP sample and was washed thrice by centrifug-

ing for 2 min at 500 g. After washing the beads, 1 ml of the lysate

was mixed with the beads and incubated overnight with agitation at

4°C. After the incubation, the beads were washed five times with

the IP buffer (10 mM Tris pH8.0, 150 mM NaCl, 0.01% NP-40,

1 mM MgCl2, 1× Protease inhibitor (Roche,11836170001), 5% Glyc-

erol) for 2 min at 500 g. NP-40 was added freshly to the buffer.

Proteins were then eluted by adding 50 μl of the 2× loading buffer

(10% SDS, 0.25 M Tris pH 6.8, 50% Glycerol, 0.2 M DTT, 0.25%

Bromophenol blue).

For co-transformation with ISWI1-GFP, PTIWI01 with primers in

its regulatory regions was (CATTTTTAAGAGATTTCAATAAAA-

CAATTATCC and GTGCTTTGAAAATCAATGAAAATCA) amplified,

and 3XFLAGHA was fused at its N-terminal. After linearisation with

NaeI, both constructs were mixed in equal proportions for microin-

jection. Co-immunoprecipitation assay was performed as explained

above with a slight modification. Sonication was done with 52%

amplitude for 20 s using MS72 tip on Bandelin Sonopulse.

Mass spectrometry analyses

Mass spectrometry data processing and statistics were provided by

the Proteomics & Mass Spectrometry Core Facility (PMSCF), Univer-

sity of Bern. The mass spectrometry proteomics data have been

deposited to the ProteomeXchange Consortium (Deutsch et

al, 2020) via the PRIDE (Perez-Riverol et al, 2019) partner reposi-

tory with the dataset identifier PXD027206.

Differential expression tests were performed for proteins detected

in the control and ISWI1 pulldown groups by applying the empirical

Bayes moderated t-test (Kammers et al, 2015) as implemented in

the R limma package. Bayes statistics were only applied where there

were two valid LFQ (label-free quantitative intensity) values. The

adjusted P-values were calculated following the Benjamini & Hoch-

berg (1995) method to correct for multiple testing.

Western blot

Western blotting on IP samples was done by running a 10% SDS–
PAGE gel, and the proteins were transferred on a 0.45 μm nitrocellu-

lose membrane (10600002 Amersham, GE Healthcare). 1% of Input

and 20% of IP fraction were used for the samples to be run on the

gel. The membrane was blocked with 5% BSA in PBS for 1 h at

room temperature. The membrane was then incubated overnight at

4°C with anti-HA (sc805, Santa Cruz, RRID: AB_631618) at a dilu-

tion of 1:500. A goat anti-rabbit HRP conjugate (sc2004, Santa Cruz,

RRID: AB_631746) in a dilution of 1:5,000 was used after washing

the membrane with PBS/0.1% Tween-20 for 10 min (three times).

For PTIWI01-3XFLAGHA IP, the membrane was incubated with

either anti-HA (sc-7,392 HRP, Santa Cruz, RRID: AB_627809) in a

dilution of 1:500 or with anti-GFP (ab290, Abcam, RRID: AB_

303395) in a dilution of 1:1,000. The secondary antibody incubation

was done for 1 h at room temperature, and the membrane was

washed thrice with PBS/0.1% Tween-20 for 10 min. The membrane

was then washed once for 5 min with 1× PBS before imaging. The

membrane was scanned using chemiluminescence settings on an

Amersham Imager 600 (GE Healthcare).

Phylogenetic analyses

ISWI proteins were identified (OG5_127117) and retrieved using

PhyloToL (Cer�on-Romero et al, 2019). Briefly, multi-sequence align-

ments were constructed using MAFFT (Katoh & Standley, 2013) and

then iteratively refined with GUIDANCE2 (Sela et al, 2015), which

identifies and removes spurious sequences and columns, preserving

phylogenetically informative regions in the alignment. This refined

alignment was then passed to RAxML (Stamatakis, 2014) and used

to generate 200 bootstrap replicates.

Macronuclear isolation and Illumina DNA-sequencing

The samples for MAC isolation were collected from ND7–KD,
ISWI1–KD, and PTCAF1–KD cultures from the cultures 3 days post
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autogamy, as described previously (Arnaiz et al, 2012). Paired-end

libraries (Illumina TruSeq DNA, PCR-free) were made according to

the standard Illumina protocol. Library preparation and sequencing

were done at the NGS platform, University of Bern.

Reference genomes

The following reference genomes were used for analyzing DNA-seq

data.

MAC: https://paramecium.i2bc.paris-saclay.fr/files/Paramecium/tetra

urelia/51/sequences/ptetraurelia_mac_51.fa

MAC + IES: https://paramecium.i2bc.paris-saclay.fr/files/Paramecium/

tetraurelia/51/sequences/ptetraurelia_mac_51_with_ies.fa

IES retention and alternative boundary analysis

IES retention scores were calculated with the MIRET component of

ParTIES (Denby Wilkes et al, 2016). IES retention scores are pro-

vided as Source Data for Figure 2 (ISWI1_MIRET.tab).

The MILORD component (default parameters) of a pre-release

version (13 August 2015) of ParTIES was used to annotate alterna-

tive and cryptic IES excision. For each IES with alternative or cryptic

excision, the identifiers for the supporting reads are recorded. Out-

put for this is provided as Dataset EV2 (CAF1_MILORD.gff3.gz,

DCL23_MILORD.gff3.gz, ISWI1-b_MILORD.gff3.gz, ND7-

b_MILORD.gff3.gz, and NOWA1_MILORD.gff3.gz). IRS correlations,

the relationship of IRS with length, and sub-terminal frequencies

were calculated as described previously (Swart et al, 2014). IES

retention scores for PGM/ISWI1-KD and PGM/ND7–KD are provided

in Source Data for Expanded View (PGM_ND7_ISWI_MIRET.tsv).

The DNA-seq data for IRS correlations and alternative excision anal-

ysis apart from ISWI1-KDs and their corresponding controls were

obtained from previous studies (ENA PRJEB12406 (Data ref: Swart

et al, 2017b); ENA ERA309409 (Data ref: Lhuillier-Akakpo et

al, 2014a); ENA ERS1656548 (Data ref: Furrer et al, 2017a) SRA

SRX215498 (Data ref: Sandoval et al, 2014a)).

Nucleosomal DNA isolation and Illumina DNA-sequencing

Cultures for nucleosomal DNA isolation were harvested approxi-

mately 16 h after the developing macronucleus were seen. Macronu-

clear DNA isolation protocol was followed up to the stage of

ultracentrifugation. After ultracentrifugation, the pellet containing

macronucleus was washed twice with chilled 1× PBS pH 7.4, and the

excess PBS was removed by centrifuging at 200 g for 2 min at 4°C.
Half of the nuclear pellet was then recovered in 100 μl of resuspen-
sion buffer (10 mM Tris–HCl, pH 7.4, 10 mM MgCl2) for MAC DNA

isolation and sequencing (DNA-seq). The other half of the pellet was

used for nucleosomal DNA isolation (DNase-seq). All the steps from

here were optimized from the standard protocol provided with the

EZ Nucleosomal DNA Prep Kit (D5220, Zymo Research). Briefly,

1 ml of chilled Nuclei Prep Buffer was used to resuspend the cell pel-

let before incubating on ice for 5 min. The nuclear pellet was then

centrifuged at 200 g for 2 min at 4°C. After washing twice with

Atlantis Digestion buffer, the pellet was resuspended in 1 ml of

Atlantis Digestion Buffer. Five hundred microliter of the reaction

was then used for DNA isolation without digestion as a control. The

remaining 500 μl of the reaction was used for nucleosomal DNA iso-

lation and 35 μl of the Atlantis dsDNAse. The reaction was incubated

at 42°C for 20 min. After 20 min, the reaction was stopped by adding

MN Stop Buffer, and the nucleosomal DNA isolation was carried out

according to the kit protocol (D5220, Zymo Research). Note that we

used Atlantis DNase for nucleosomal DNA isolation (provided in the

kit D5220, Zymo Research). Atlantis dsDNase is an endonuclease

specific to double-stranded DNA that cleaves phosphodiester bonds

yielding oligonucleotides with 50-phosphate and 30-hydroxyl termini.

For ISWI1/PGM–KD and its control ND7&/PGM–KD, Illumina

TruSeq PCR-free DNA library was prepared without bead-based size

selection, followed by a preparative size selection on the PippinHT

to remove non-ligated adaptors and library molecules with inserts

> 500 bp (refer to Fig EV5B). The samples were sequenced at the

NGS platform, University of Bern. For NOWA1/2/PGM–KD and its

control EV/PGM–KD, the Illumina DNA Nano library preparation

protocol without size selection was used. Adapter ligation was fol-

lowed by bead purification to remove the non-ligated adapters. The

libraries were then amplified with a library size of > 200 bp (in-

sert + adapters; refer to Fig EV5C). The sequencing was done at

Fasteris, Genesupport SA (Switzerland).

Histograms of outer distances of PE reads (Fig EV5B and C) were

generated for a single representative scaffold (“scaf-

fold51_9_with_IES”) from the reference P. tetraurelia strain 51

MAC + IES genome, bamPEFragmentSize (with switches: “--

maxFragmentLength 500 -n 1000”) from the deepTools2 (Ram�ırez et

al, 2016) software package was used. To obtain bins of 1 bp, in

deepTools2 bamPEFragmentSize.py, for the function “getDensity”,

the line to generate the histogram was changed from “n, bins,

patches = plt.hist(lengths, bins=100, range=(minVal, maxVal), den-

sity=True)” to “n, bins, patches = plt.hist(lengths, bins=range(-
maxVal), range=(minVal, maxVal), density=True)”.

DNase-seq analyses

For general nucleosome density distribution analyses, we use

HISAT2 (Kim et al, 2019) for read mapping of nucleosomal and

new MAC DNA preparations with parameters “--min-intronlen 24”

and “--max-intronlen 20,000” to the reference P. tetraurelia strain

51 “MAC + IES” genome (Arnaiz et al, 2012). For nucleosome

profiling, “properly paired” (as defined by the samtools (Li et

al, 2009) flag “2”) paired-end reads with an outer distance

between 100 and 175 bp, in the range expected for mononucleo-

somes were selected for further analysis. Bedtools (Quinlan &

Hall, 2010) was used to extract reads with at least 9 bp of

sequences matching IESs with the parameters “-f 0.06 -split”.

htseq-count from the HTSeq package (Anders et al, 2015) was

used to count IES-matching reads.

DNA-seq normalized IES nucleosome densities (dimensionless

quantities, since IES length normalizations for DNA-seq and nucleo-

some profiling, cancel each other out), rc and re (subscript c = con-

trol; subscript e = experiment), for each IES, IESi (i = 1 to 44,925),

were calculated according to the following:

rc ¼ nc=Ncð Þ � dc=Dcð Þ:

re ¼ ne=Neð Þ � de=Deð Þ:
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Control = ND7/PGM-KD (for ISWI1) or ND7/PGM-KD (for

NOWA1/2).

Experiment = ISWI1/PGM-KD or NOWA1/2/PGM-KD.

dc = number of DNA reads mapped to a particular IES from con-

trol.

nc = number of nucleosomal reads mapped to a particular IES

from control.

de = number of DNA reads mapped to a particular IES from

experiment.

ne = number of nucleosomal reads mapped to a particular IES

from experiment.

Dc = number of mapped DNA reads from control.

Nc = number of mapped nucleosomal reads from control.

De = downsampled number of mapped DNA reads from the

experiment.

Ne = downsampled number of mapped nucleosomal reads from

the experiment.

Since the number of reads between the libraries differed, we

downsampled the larger ones to equivalent total numbers to the

smaller ones, using the samtools (Li et al, 2009) version 1.7 com-

mand “samtools view -s” with the suitable fraction for the “-s”

switch. The ND7/PGM–KD MAC DNA library (for ISWI1) was

0.7777 times the size of ISWI1/PGM–KD, and the ISWI1/PGM–KD
nucleosomal library was 0.5875 times the size of ND7/PGM–KD.
The total mapped IES read counts after downsampling were Dc =
939,549, De = 1,522,345; Nc = 1,017,091, Ne = 2,484,586. For

ND7/PGM-KD (for NOWA1/2) and NOWA1/2/PGM-KD: Dc =
594,577, De = 860,348; Nc = 203,593, Ne = 231,555.

Note that the amount of IES DNA from the parental MAC is negli-

gible compared to that from the knockdowns (compare Figs 2A vs.

EV5A), both of which use the same nuclear isolation procedure.

Thus, no explicit normalizations were applied to account for

parental MAC DNA.

Calculations and the graphs generated are available as a Jupyter

notebook (Dataset EV3; “DNase-seq_analysis.ipynb”), together with

the necessary read count data (Dataset EV4, “ISWI1.IES_read_

counts.txt” and, Dataset EV5, “NOWA1.IES_read_counts.txt”) and

IES retention score table (Dataset EV6, “ies_retention_

plus_ISWI1.tab”).

Data availability

The genomic datasets are available in the following databases:

• DNA-seq data: All raw sequencing data are available at the Euro-

pean Nucleotide Archive under the accession number PRJEB21344

(http://www.ebi.ac.uk/ena/data/view/PRJEB21344). Accession

numbers for individual experiments are as follows:

• DNA-seq for ISWI1-KD(a): ERR2010817

• DNA-seq for ISWI1-KD(b): ERR2010816

• DNA-seq for PTCAF1-KD: ERR2010818

• DNA-seq for ND7-KD: ERR2010819

• DNA-seq for PGM/ND7-KD: ERR2798685 DNA

• DNA-seq for for PGM/ISWI1-KD: ERR2798686

• DNase-seq for PGM/ISWI1-KD: ERR2798687

• DNase-seq for PGM/ND7-KD: ERR2798688

• DNA-seq for for ND7/PGM-KD (control for NOWA1/2/PGM-

KD): ERS12021512

• DNA-seq for NOWA1/2/PGM-KD: ERS12021513

• DNase-seq for NOWA1/2/PGM-KD: ERS12021514

• DNase-seq for ND7/PGM-KD (control for NOWA1/2/PGM-KD):

ERS12021515

Expanded View for this article is available online.
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