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ABSTRACT

Noncoding RNAs (ncRNAs) make up to ∼98% percent of the transcriptome of a given organism. In recent years, one rel-
atively new class of ncRNAs, long noncoding RNAs (lncRNAs), were shown to be more than mere by-products of gene ex-
pression and regulation. The unicellular eukaryote Paramecium tetraurelia is a member of the ciliate phylum, an extremely
heterogeneous group of organisms found inmost bodies of water across the globe. A hallmark of ciliate genetics is nuclear
dimorphism and programmed elimination of transposons and transposon-derived DNA elements, the latter of which is es-
sential for the maintenance of the somatic genome. Paramecium and ciliates in general harbor a plethora of different
ncRNA species, some ofwhich drive the process of large-scale genome rearrangements, includingDNAelimination, during
sexual development. Here, we identify and validate the first known functional lncRNAs in ciliates to date. Using deep-
sequencing and subsequent bioinformatic processing and experimental validation, we show that Paramecium expresses
at least 15 lncRNAs. These candidates were predicted by a highly conservative pipeline, and informatic analyses hint at
differential expression during development. Depletion of two lncRNAs, lnc1 and lnc15, resulted in clear phenotypes, de-
creased survival, morphological impairment, and a global effect on DNA elimination.
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INTRODUCTION

In recent years, the advent of various next-generation
sequencing techniques, such as high-throughput RNA se-
quencing, have revealed that the vast majority of eukaryot-
ic genomes are transcribed into noncoding RNAs (Dunham
et al. 2012). These noncoding transcripts can bebroadly di-
vided into the following categories: small noncoding RNAs
(sRNAs), long noncoding RNAs (lncRNAs) and ribozymes
such as ribosomal RNA. sRNAs comprise different species
with at times strict classification characteristics, such as mi-
cro RNAs (miRNA) or small nuclear and small nucleolar
RNAs (sn/snoRNAs); and at other times,more loose charac-
teristics such as piwi-interacting RNAs (piRNAs) (Amaral

andMattick 2008; Schmitz et al. 2016). lncRNAs are gener-
ally defined by two characteristics. The first is their length,
which is roughly defined by being long, meaning ≥200
bp. This cut-off was chosen arbitrarily to differentiate
them from other known and well-defined small RNA mole-
cules such as tRNAs and their precursors (Amaral and Mat-
tick 2008; Schmitz et al. 2016). The other characteristic, as
the name suggests, is the lack of translation into a function-
al protein. The advances in ribosome profiling however re-
vealed that a considerable amount of lncRNAs contain
small open reading-frames (sORFs) that are translated
into so-called “micropeptides” (Rivas et al. 2016; Zampe-
taki et al. 2018; Statello et al. 2021). The function of
lncRNAs is highly variable and can range fromgene regula-
tion on transcriptional, post-transcriptional and even on
post-translational levels, to scaffolding and the formation
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of nuclear condensates (for reviews, see Quinn and Chang
2016; Statello et al. 2021). Scaffolding is a diverse mode of
action for functional lncRNAs. As a scaffold, the lncRNA
binds effector molecules, bringing them together spatio-
temporally and allowing them to fulfil their function. Exam-
ples for lncRNA scaffolds include TERC, the telomerase
RNA mediating telomerase assembly (Lustig 2004), and
HOTAIR, a lncRNA which binds two histone modifying
complexes, promoting gene repression (Rinn et al. 2007;
Tsai et al. 2010). Some, but not all, scaffolding lncRNAsme-
diate the formation of nuclear condensates, membrane-
less compartments that exert a wide array of molecular
functions such as pre-mRNA splicing and gene expression
regulation (for reviews, see Bhan and Mandal 2015; Ram-
írez-Colmenero et al. 2020; Statello et al. 2021). lncRNAs
are well known to be expressed, exert a specific function,
and even be conserved to a certain degree between differ-
ent organisms (Sarropoulos et al. 2019). In unicellular eu-
karyotes, little is known about the existence and function
of lncRNAs compared to their multicellular counterparts.
Some studies have shed light on this field in recent years,
most of whichwere conducted in yeast Saccharomyces cer-
evisiae and Schizosaccharomyces pombe. These lncRNAs
were found to be involved in transcriptional regulation
and some can function as scaffolds (Niederer et al. 2017).
In Plasmodium falciparum, lncRNAs were found to be in-
volved in a multitude of cellular processes, including telo-
mere maintenance and virulence gene regulation
(Broadbentet al. 2011). Recent studies revealeddifferential
expression of ∼1500 long intergenic noncoding RNAs
(lincRNAs) and ∼2600 natural antisense transcripts (NATs)
under various environmental constraints in the diatom
Phaeodactylum tricornutum (Cruz de Carvalho et al.
2016; Cruz de Carvalho and Bowler 2020). Moreover, the
ciliate Pseudourostyla cristata was found to express
lncRNAs related to encystment (Pan et al. 2021). As is evi-
dent by these and numerous other studies, lncRNAs are
well present and functional in unicellular eukaryotes divid-
ed by millennia of divergent evolution.
Ciliates comprise a large group of ciliated protozoans

that are common in bodies of water all around the world.
All ciliates share a common characteristic, termed “nuclear
dimorphism” (Rzeszutek et al. 2020). They harbor two dis-
tinct nuclei, themacronucleus (MAC) and themicronucleus
(MIC). The diploid MIC contains the cell’s germline ge-
nome and it is generally thought to be transcriptionally
silent, although there are examples showing that MIC-lim-
ited genes exist and are actively transcribed (Chen et al.
2014; Neeb et al. 2017; Miller et al. 2021). The MAC on
the other hand contains the somatic genome used for
maintaining cellular functions. In contrast to the MIC, this
genome variation is highly polyploid, ranging from ∼45n
in Tetrahymena thermophilia to over ∼75–140n in Parame-
cium caudatum and up to∼800n in the Paramecium aurelia
complex (Aury et al. 2006; Eisen et al. 2006). During sexual

development, a new MAC genome is formed from the zy-
gotic genome which undergoes complex DNA rearrange-
ments. During this process chromosome fragmentation
andDNAeliminationoccurs. Themajority of theeliminated
DNA consists of repetitive regions such asmini- andmicro-
satellites, transposable elements (TEs) and transposon-de-
rived single copy “internal eliminated sequences” (IESs)
(Klobutcher et al. 1984; Maurer-Alcalá et al. 2018; Rzeszu-
tek et al. 2020) IESs can be found intragenically, thus mak-
ing their precise elimination crucial for the formation of a
functional MAC genome. Different ciliates have evolved
contrasting strategies to engage in large-scale genome re-
organization. Some excise IESs and ligate the MAC chro-
mosomes back together (Mochizuki and Gorovsky 2004;
Marmignon et al. 2014; Sandoval et al. 2014); others carry
out an additional step, wherein they excise IESs and reshuf-
fle the remaining DNA pieces through a process called un-
scrambling (Greslin et al. 1989; Chen et al. 2014). The
resultingmacronuclear genomebecomes highly fragment-
ed, usually carrying a single gene per chromosome (Now-
acki et al. 2010). The common ground between all those
approaches is that sRNAs drive the reorganization process.
Ciliates that unscramble their genome, likeOxytricha trifal-
lax, utilize long noncoding transcripts of the parental
somatic chromosomes to guide the DNA reorganization
(Nowacki et al. 2008; Lindblad et al. 2017), as well as paren-
tal sRNAs that protect somatic DNA from elimination (Fang
et al. 2012; Zahler et al. 2012).
sRNAmediated epigenetic silencing of DNAelements is

a feature also found in other single celled eukaryotes such
as S. pombe. In this case, the process relies on a complex
called RNA-induced initiation of transcriptional gene si-
lencing (RITS), which mediates heterochromatin formation
through sRNAs (Grewal and Jia 2007; Bhattacharjee et al.
2019). Ciliates however take this epigenetic silencing to
the extreme, by eliminating DNA altogether from the
somatic genome. The biological properties of ciliates and
their peculiar geneticsmake theman idealmodel organism
to studyepigenetics amongothers. Indeed, several keydis-
coveries have been made in ciliates: The discovery of telo-
merase (Greider and Blackburn 1985), ribozymes (Cech
1985) and the first histone-modifying enzymes (Brownell
et al. 1996) are just a few examples of ground breaking
studies conducted in ciliates. Given the wide array of non-
coding RNA species in Paramecium, we reasoned it is pos-
sible that lncRNAs exist and may be involved in genome
rearrangements which take place during development.
Hence, we investigated whether the ciliate Paramecium
tetraurelia harbors functional lncRNAs. We collected RNA
from different time points during a developmental time
course, depleted rRNA as well as poly(A) transcripts and
processed the data using a custom pipeline that combines
reference-based and de novo transcriptome assemblies,
followed by various filtering steps for coding domains.
We identified a lncRNA, lnc1, that is implicated globally
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in large-scale genome rearrangements. A second candi-
date, lnc15, is required for maintenance of cell morpholo-
gy. Depletion of both candidates has detrimental effects
on survival and, in the case of lnc1, DNA elimination during
development.

RESULTS

Time course and sampling

To obtain the most comprehensive pool of candidates, we
sampled one timepoint during vegetative growth and three
time points during the sexual development of Paramecium.
The three developmental time points represent different
stagesof thechromosomal rearrangementprocess.Parame-
cium tetraurelia, like other ciliates such as multiple marine
Euplotes species, Tetrahymena rostrata, as well as several
Paramecia in the aurelia clade, can undergo autogamy, a
process of self-fertilization undertaken by a single cell (Diller
1934; Dini 1984; Kaczanowski et al. 2016). During develop-
ment, the old parental MAC fragments and the genome re-
arrangement takes place in the developing MAC. This
process results in newly generatedmacro- andmicronuclear
genomes.Under laboratory conditions, autogamycanbe in-
duced by various stress conditions, including starvation
(Beisson et al. 2010). Total RNA of the four samples were
rRNAdepletedand theearly andpost-autogamous samples
were poly(A) depleted to detect nonpolyadenylated mole-
cules. These samples were subsequently sequenced using
stranded RNA sequencing (see Materials and Methods).
The rRNA depletion was not complete but reduced rRNA
levels enough for them not to be masking other transcripts
(Supplemental Fig. S1).We did not confirm the rRNAdeple-
tionbyqRT-PCRor northern blot, sincewealreadyobserved
a relative depletion of rRNA in our sequencing data.

The need for an alternative pipeline

Most lncRNA prediction pipelines or programs use either a
combination of machine learning and filtering or rely on
machine learning solely. We have tested different pro-
grams and pipelines for their suitability in predicting
lncRNAs inP. tetraurelia. Programs likeCPAT that infer cod-
ingprobability over k-mer usageutilizing acoding andnon-
coding training set unfortunately classified known coding
transcripts as noncoding. Other programs utilizing similar
k-mer inference also resulted in the misclassification of
genes. Pipelines such as FEELnc were able to perform up
until the filter module but were not able to continue with
the coding prediction because of a lack of candidates.
This problem ismost likely due to the fact that themacronu-
clear genome is highly gene rich.

As such, machine learning approaches proved to be in-
compatible with Paramecium biology. Additionally, close-
ly related organisms did not provide data that is

compatible with machine learning approaches either. We
therefore had to devise an alternative approach with
more conventional methods relying on filtering the candi-
date pool while applying strict parameters. A similar ap-
proach was already applied to identify ncRNAs in
Oxytricha trifallax (Jung et al. 2011). To this end, we con-
structed a modular pipeline based on a reference guided
transcriptome assembly and a de novo assembly, followed
by filtering for transcripts lacking any coding annotations
and predicted coding domains (Fig. 1). The single mod-
ules can be viewed as steps in predicting or filtering non-
coding RNA species, for instance (1) transcriptome
assembly, (2) coding domain prediction and filtering, and
(3) refinement by discarding known noncoding RNA spe-
cies. The first step is the assembly of a transcriptome
from RNA deep-sequencing by one of the first two mod-
ules, comprising a reference guided assembly and/or a

FIGURE 1. Assembly dependent pipeline to predict noncoding tran-
scripts. The pipeline takes a FastQ file as input and assembles a refer-
ence-based and a de novo transcriptome. The reference-based
transcripts are filtered by the first module of FEELnc, which generates
putative ncRNAs. The de novo transcripts are BLASTed against a ref-
erence genome and filtered for CDSs. Prefiltered candidates are then
translated in all six read frames, and a coding domain (CD) search is
conducted with HMMer. Transcripts with CD hits are discarded and
kept candidates are further evaluated by Infernal and CPC2 (more in-
formation in Materials and Methods).
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de novo assembly followed by an initial filtering by using
the first module of the FEELnc-pipeline and/or a CDS filter-
ing step using BLAST, respectively. Both modules output a
preliminary candidate list. The de novo assembly module
has the potential to output more candidates, as it does
not account for directionality and abundance of the assem-
bled transcripts. The third module comprises the transla-
tion of the candidates in all six reading frames and filters
out those with coding sequences by searching for coding
domains against a protein database like Pfam. Up to this
point in the pipeline, the candidates of both assembly
modules were kept separate. Candidates from both as-
sembly approaches that show a major overlap with each
other are merged to form a more contiguous candidate
list. Finally, the merged candidates are further filtered by
discarding candidates that are predicted by Infernal to
be unannotated noncoding RNA species. Subsequently,
the candidates are screened for coding potential by
CPC2. Although not applying machine learning per-se,
CPC2 compares certain criteria to a set of values obtained
from training a support vector machine with data sets from
several model-organisms, making it suboptimal for non-
standard model organisms (Kang et al. 2017).

Pipeline predicts 15 shared lncRNA candidates

Running the pipeline on all four time points resulted in mul-
tiple putative transcripts that were predicted by both
branches. During sexual development, Paramecium tetraur-
eliagenerates noncoding transcripts in itsmacronuclear and
micronuclear genomes, which are used for the so-called
“RNA scanning.” Scanning is performed by “scan RNAs”
(scnRNAs), the first of the two small RNA classes driving
DNA rearrangements. During this process, scnRNAs are
compared to theMACgenome in order to select sequences
to be excised (Lepere et al. 2009). Because the long tran-
scripts generated during development may be heavily frag-
mented, it is probable that they show up as false positive in
the results of thepipeline.One samplewasharvestedduring
vegetative growth; therefore, these macro- and micronu-
clear noncoding transcripts should not be present there.
To reduce the risk for false-positives and to reduce hetero-
geneity within the candidates, we regarded transcripts as
putative lncRNAs if they were present in at least two of the
four samples. As expected, the de novo assembly produced
more candidates than the reference-based assembly fol-
lowed by the FEELnc filter module. In comparison, the de
novo-based workflow resulted in approximately five- to sev-
enfold more candidates. We found 15 shared putative
lncRNAs (Supplemental Table S1).
Transcripts permillion (TPMs)were calculated for all sam-

ples and z-transformed values were visualized in a heat-
map (Fig. 2A). These results hint at a differential expression
pattern during development. Clustering reveals that the
lncRNA candidates are distinctly expressed in certain stag-

es of Paramecium development. Generally, expression of
most candidates seems to peak mainly in early develop-
ment suggesting a role during early stages of the RNA-
guided genome reorganization (Sandoval et al. 2014;
Swart et al. 2014). Because we could only calculate TPMs
and we manipulated the samples prior to sequencing,
these results can only be usedwith low confidence, and fur-
ther studies need to be conducted to assess the proper dif-
ferential expression of the predicted candidates.
Similar to mRNAs, most lncRNAs are single stranded

transcripts and often convey their function over specific
secondary structures and/or sequence guided interactions
(Quinn and Chang 2016; Statello et al. 2021). Reports have
shown that some lncRNAs like enhancer RNAs (eRNAs) or
enhancer associated lncRNAs (elncRNAs) are bidirection-
ally transcribed (Andersson et al. 2014; Hon et al. 2017).
Since the data used here was obtained from a stranded
RNA sequencing, we are able to specifically identify the
orientation of the sequenced fragment. If the lncRNA can-
didates at hand are bidirectionally transcribed, we are able
to detect this. Figure 2B shows the directionality of reads
mapped to all lncRNA candidates. As evident, the reads
primarily map in one direction, highlighting the single
stranded nature of our lncRNA candidates.

Knockdown of the candidates lnc1 and lnc15 affects
survival and morphology

To investigate whether the predicted candidates are true
positives and not just artifacts, we verified their presence
via RT-PCR. We tested the six largest predicted candi-
dates (Supplemental Table S1). As shown in Figure 3A,
we were able to amplify four of the six tested candidates
with their predicted full length or near full length. Lnc1
has a predicted size of over 6 kbp (Supplemental Table
S1), but we were able to amplify a 2.5–3 kbp fragment,
suggesting that it is present in the cell. Similarly, lncRNA
candidates 13–15 were amplified in their near full length
of ∼1 kbp. We were unable to amplify lnc3 and lnc7 in
their full length, but fragments at either end of these pre-
dicted transcripts were amplifiable. It is possible that our
pipeline predicted larger sizes than are present in the
cell, which could be the reason why wewere unable to am-
plify some candidates in their full length. Another possibil-
ity might be the presence of stable secondary structures.
All the candidates except for lnc1 were amplified from
RNA taken at a vegetative time point. Lnc1 was amplified
from RNA taken at an early stage during development.
This is consistent with the observed expression pattern
from the previously described RNA sequencing (Fig. 2A)
and suggests that the pipeline predicted RNA molecules
that are present in the cells.
To test whether the (near) full length candidates exert a

function, we performed silencing by feeding (seeMaterials
and Methods) of all four candidates and screened for an
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effect on survival of progeny cells after autogamy. Of the
tested candidates, lnc1 and lnc15 showed an effect on sur-
vival (Fig. 3B). This effect was reproducible. Both silencings
were efficient judging by RT-qPCR and the phenotypes
arising from the depletion in subsequent replicates (Sup-
plemental Figs. S2, S3). Since most of the lncRNAs already
showed an expression during the vegetative timepoint, we
induced silencing during vegetative growth and allowed
the cells to have several fissions (∼12 fissions) in the silenc-
ingmedia.Weobserved that the cells were growing slower
than the typical division-rate of 4/24 h (Beisson et al. 2010)
before inducing autogamy. This indicates an effect on cel-
lular fission, which could be attributed to lightmortality, im-

paired cell division or possibly a slower metabolism. The
sexual progeny of lnc1 and lnc15 silenced cells showed a
visible decrease in survival. 77% of the lnc1 silenced cells
died in our survival tests over a period of 3 d after the prog-
eny cells were re-fed and 23% did not divide at the usual
rate. The control progeny cells showed normal growth dur-
ing the same time frame. The vastmajority of cells (∼90%) in
the lnc15 silencing culture developed a morphological
abnormity during vegetative growth (Supplemental Fig.
S3A). The cells were still able to go through autogamy,
which was evident because we observed fragmentation
of the old MAC, a sign of progression through develop-
ment. Although the cells subjected to lnc15 silencing

A

B

FIGURE 2. Bioinformatic prediction of 15 shared candidates. (A) Heat map generated with the Z-transformed TPMs of each candidate in each
sample. Distinct clustering can be seen at different time points. (B) Relative per base pair coverage of all lncRNA candidates. Orange depicts
the negative/reverse strand and blue the positive/forward strand. As evident, all candidates show a heavy strand bias.
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underwent development, they did so at a decreased divi-
sion rate, that is, the cells needed ∼2 additional days to
complete sexual development compared to the EV control
culture. We attribute this delay to an increased mortality
and defective division due to the morphological effect.
Once the lnc15-KD cells were finally able to undergo de-

velopment, we could observe that from the initial ∼90%
showing the morphological abnormality, the percentage
was reduced to nearly 50%, with the other half appearing
“normal,”whichwealsoattribute to acertaindegreeofmor-
tality during vegetative growth. Because of the morpholog-
ical phenotype not affecting all cells at the onset of
development, or some cells being able to survive without
apparent defects,we conducted survival tests on cells show-
ingmorphological abnormities and on cells that appear nor-
mal (Fig. 3B). Twenty seven percent of the cells showing the
phenotypedied, 30%divided at vastly reduced rates (some-
timesonlyonce) and43%showednormalgrowth.Out of the
lnc15knockdowncellswith anapparentnormalmorphology
only 7% died and 13% showed a decreased division rate.
This result suggests that the phenomenon observed for
lnc15 silencing might be linked to a dilution of either lnc15
or an increase of cells that are able to withstand the loss of
the aforementioned lncRNA.

Lnc1 knockdown affects IES excision on a global scale

Since the knockdown of lnc1 and lnc15 influenced survival,
we tested whether both candidates affect IES excision. To

this end,we tested IES retentionby PCR, usingeight primer
pairs flanking known IESs (Fig. 4A). If an IES is excised cor-
rectly, a shorter fragment will be amplified, representing
the genomic region lacking the IES. If the IES in question
is retained, a longer fragment will be amplified. The silenc-
ing of lnc1 affects the retention of IES 5 reproducibly. The
silencing of lnc15 showed no effect on IES retention of
the tested IESs; however, we observed a smaller than ex-
pected PCRproduct for IES10which is shorter than the reg-
ular macronuclear sequence devoid of the IES. Thismay be
due to the use of alternate TA boundaries outside of the
original IES boundaries, leading to a larger deletion.
Because lnc1 showed IES retention of one IES in the ini-

tial PCRexperiments, we analysedwhether lnc1 has a glob-
al effect ongenome rearrangement orwhether it was solely
affecting a small subset of IESs. To this end, we sequenced
DNA isolated from newly developed macronuclei follow-
ing lnc1 silencing,whichwasused to calculate IES retention
scores (IRSs) (seeMaterials andMethods). The IRSs are con-
sistent with our IES retention PCR analysis. A silencing of
PiggyMac (PGM), the domesticated PiggyBac transposase
responsible for IES excision, was initially used to identify all
known∼45.000 Paramecium IESs and shows a mean IRS of
0.77 (77%) (Arnaiz et al. 2012). IESs can be classified into
sRNA dependent and independent, meaning they either
require or do not require scnRNAs for their excision by
PGM. This classification is dependent on the IRS from
knockdowns of Dicer-like (Dcl) enzymes, which produce
the sRNAs required for IES excision. ScnRNAs, which are

A B

FIGURE 3. Validation of selected candidates. (A) Total RNA was reverse transcribed using primers containing random hexamers. The resulting
cDNA was subjected to PCRs, in order to test the presence of the predicted candidates in the samples. RNA from an early developmental time
point was used to detect lnc1. The remaining candidates were amplified from RNA taken during vegetative growth. 1 kb Plus DNA Ladder
(Thermo Scientific) was used as size marker. (B) Survival tests of sexual progeny (30 cells per condition) for three consecutive days in a lnc1
and lnc15 knockdown background. Cells were divided into three groups: dead in black; sick (cells showing abnormalities in division rate) in
gray, and healthy in light gray. Shown are the empty vector (EV) control, the lnc1 knockdown and the lnc15 knockdown divided into cells with
abnormal (P) and normal (N) morphology.
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derived from the MIC genome, are produced by Dcl2/3
while iesRNAs, derived from excised IESs, are produced
by Dcl5. The initial excision of sRNA dependent IESs is me-
diated by scnRNAs while iesRNAs ensure complete exci-

sion of the remaining copies of excised IESs, thus acting
as a positive feedback loop (Sandoval et al. 2014; Furrer
et al. 2017). Most IESs in the lnc1 silencing are weakly or
not retained compared to the original PGM silencing, but

A B

C D

E F

FIGURE 4. lnc1 is involved in large-scale genome rearrangements. (A) Effect of lnc1 and lnc15 knockdown on IES excision. Retention of different
sRNA dependent (IESs 4, 5, 7, and 9) and independent (IESs 6, 8, and 10) IESs was analyzed by PCR using primers flanking each IES in question.
Top band represents the retained IES, whereas the bottom band corresponds to properly processed MAC DNA. (B–D) IRS retention score dis-
tributions of several key effectors in sexual development including the Dcl (B) and the Ptiwi (C ) proteins in comparison to lnc1. Dcls and Ptiwis
are responsible for producing and shuttling the sRNAs driving the rearrangement process, respectively. A comparison in retention score distri-
bution between lnc1, PDSG2, and Dcl5 are given (D). All shown silencings only affect a small subset of IESs. Retention scores range from 0 (no
retention) to 1 (IES is retained in all 800 genome copies). (E,F ) Venn diagrams depicting the overlap in IESs with an retention score higher than 0,1.
Given are the overlaps between lnc1 and Dcl5 (Sandoval et al. 2014)/Dcl2/3/5 (Sandoval et al. 2014), and PDSG2 (Arambasic et al. 2014)/Dcl5,
respectively.
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show a comparable IRS distribution to other key players of
IES elimination such as the Dcls, Ptiwis, and PDSG2 (Fig.
4B–D). IRS distribution is indicative of the general function
of a gene involved in the rearrangement mechanism rela-
tive to the function of knowngenes that impact theprocess.
All depicted key players in Figure 4B–D show a large num-
ber of IESs with a relatively low IRS, which is typical for
genes involved in the sRNA guided excision pathway.
The lnc1 knockdown has a mean IRS of 0.06 (6%). In com-
parison, knockdown of Dcl2/3 and Dcl5 lead to a mean
IRS of 3 and 2,6%, respectively (Sandoval et al. 2014).
Out of the ∼45.000 IESs, 12.431 IESs were retained with
an IRS higher than 0.05 (5%), 8.548 IESs were retained

with an IRS higher than 0.1 (10%). Depletion of lnc1 seems
to affect IESs from all sizes similarly (Fig. 5C,D). There is no
apparent bias toward smaller or larger IES judging by the
mean IRS. In order to rule out a strict cis interaction of
lnc1 with the affected IESs, we quantified IESs with an IRS
higher than 0.1 per each scaffold (Fig. 5B). Scaffolds with
a number higher than 200 show 100% retention. This is
due to the fact that they are rather small in comparison,
often only 20 kbp (Supplemental Fig. S4). As evident, the
lnc1 silencing affects IESs on all scaffolds with a similar
severity.
To estimate whether a gene is involved in a similar path-

way/molecular function to any other gene, global IRSs can

A B

C D

FIGURE 5. IESs affected by lnc1 knockdown do not show size bias. (A) Correlation matrix between several key players in the rearrangement pro-
cess and lnc1. PDSG2 is included in the matrix because of the observed correlation with lnc1 in our initial analysis. Correlations were calculated
using the Pearson method. IES retention scores for each knockdown were correlated using the correlation function in the pandas Python library
implementing the Pearson method. (B) Relative abundance of retained IESs in a lnc1 depletion background per scaffold. Most IESs can be found
on the first ∼200 scaffolds, leaving scaffolds with a higher number with only very few IESs (Supplemental Fig. S4). One represents complete re-
tention of all IESs on a given scaffold; 0 is equivalent to no retention, that is, complete excision of IESs on a given scaffold. (C,D) The relationship
between IRSs and IES length for short (≤200 bps; C ) and long (≤1000 bps; D) IES. IES length distribution is given in the background as gray his-
togram. Lines represent a mean IRS in a 5 bp (C ) and 50 bp (D) window. IRSs for single IESs are given as scatterplot in the appropriate color.

Functional lncRNA in paramecium

www.rnajournal.org 1117

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079134.122/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079134.122/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079134.122/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079134.122/-/DC1


be correlated to one another, which hint at the function of
the gene in question, for example, if IRSs of a gene silenc-
ing strongly correlate to those of aDcl2/3/5 and Ptiwi01/09
knockdown, it will probably be involved in the scanning
process, that is, the scnRNAs pathway (Swart et al. 2017).
Correlating the IRSsgenerated froma lnc1 silencing reveals
amoderate correlation with the Dcl enzymes and the Ptiwi-
enzymes (∼0.5 each, Fig. 5A; Swart et al. 2017). Lnc1 shares
half of the Dcl5-sensitive IESs and Dcl2/3/5-sensitive IESs
(Fig. 4B,E). Dcl2/3 and Ptiwi01/09 are responsible for the
biogenesis and transport of the scnRNAs, respectively, dur-
ing the early stages of the programming of the DNA elim-
ination process. Dcl5 and Ptiwi10/11 are enzymes
expressed during late stages of development andmediate
iesRNAs and transport, respectively (Bouhouche et al.
2011; Sandoval et al. 2014; Furrer et al. 2017; Swart et al.
2017). Lnc1 shows the highest correlation coefficients
with 0.7 for PDSG2, a protein involved in iesRNA process-
ing (Arambasic et al. 2014). This correlation hints at an in-
volvement in the iesRNA pathway. Lnc1 knockdown
covers ∼63% of all IESs impacted by PDSG2 knockdown
(Fig. 4D,F). Although the precise function of PDSG2 is un-
known, its depletion was shown to abolish detectable
iesRNAs, suggesting an impairment in their production or
stability (Arambasic et al. 2014). In addition to lnc1, we
have also sequenced genomic DNA from a lnc15 knock-
down (data not shown). Lnc15 does not correlate with any
of the tested gene knockdowns, indicating that the lnc1
correlations are not merely coincidental.

Lnc1 knockdown affects iesRNA levels during DNA
elimination

Given the correlation coefficients of the lnc1 knockdown
withPDSG2knockdown,we investigatedwhetherdepletion
of lnc1 affects sRNA levels, specifically iesRNAs levels, as it is
the case for PDSG2.We isolated total RNA fromcells follow-
ing lnc1 knockdown or EV control at an early and late devel-
opmental time point and performed sRNA sequencing. The
obtained sRNA sequences were mapped to the Parame-
cium genome. Both classes of sRNAs that mediate IES exci-
sion have distinct properties when it comes to size and
temporal expression pattern: scnRNAs are exclusively 25
bp long, are produced during the early stages of develop-
ment and map to macronuclear destined sequences
(MDSs) that is, genomic sequences to be retained, as well
as IESs and other eliminated sequences (OESs) (Swart
et al. 2017). OESs are DNA sequences which are germline-
specific and cannotbemergedwith theexistinggenomeas-
sembly. iesRNAs have a size range of 25–35 bp, are pro-
duced during the late stages of development and map
exclusively to IESs, that is, sequences to be excised from
the genome (Lepere et al. 2009; Sandoval et al. 2014). We
routinely map and analyze sRNAs by size for given time
points by plotting relative abundance in a histogram, which

can give additional information about a phenotype. Disrup-
tion or delay of sRNA production is usually reflected in a vis-
ible change of abundance or timing of occurrence of those
sRNAs. Mapping and quantification of sRNAs from lnc1
knockdown and EV shows a visible reduction of iesRNAs
upon lnc1 knockdown (Fig. 6). Timing of expression of
both iesRNAs and scnRNAs as well as abundance of
scnRNAsdoes not seem tobeaffected. iesRNAsproduction
is not completely abolished upon lnc1 depletion, in contrast
to PDSG2, whose knockdown yields no detectable iesRNAs
sequences. The effect of lnc1 knockdownon iesRNAs abun-
dance suggests that lnc1 may be involved in sRNA process-
ing and further illustrates its involvement in IES elimination
during late developmental stages.

Lnc1 depletion affects nuclear localization and
distribution of Dcl5–GFP in developing macronuclei

Depletion of PDSG2 affects the localization of Dcl5, the en-
zyme responsible for iesRNAs production, in the develop-
ing MACs (Arambasic et al. 2014; Sandoval et al. 2014).
Dcl5 localizes to the developingMACs as nuclear foci (San-
doval et al. 2014). PDSG2 depletion leads to the disruption
of said Dcl5 foci (Arambasic et al. 2014). It is hypothesized
that Dcl5 operates within those foci, possibly together with
other factors, and that those foci act as processing centers
for iesRNAs production. Considering this and the fact that
nuclear condensates are a common mode of action for the
functionality of lncRNAs, we tested whether depletion of
lnc1 leads to a similar effect as PDSG2 depletion. We
tagged Dcl5 with GFP on its amino terminus (Sandoval
et al. 2014) and a silencing of lnc1, PDSG2 (Arambasic
et al. 2014) as well as a cosilencing of both and an EV con-
trol was performed as described above. The cells were
monitored throughout autogamy and imaged during de-
velopment of the new macronuclei (Fig. 7). Depletion of
lnc1 leads to the disruption of Dcl5–GFP foci in a similar
fashion as PDSG2. Interestingly, codepletion of both lnc1
and PDSG2 leads to a notable decrease of Dcl5–GFP
foci, suggesting an additive effect. Consistent with the pre-
vious study on PDSG2, disruption of Dcl5–GFPwas not ob-
served for the EV control. This result suggests a function for
lnc1 within the foci formed by Dcl5 during IES excision.

DISCUSSION

In the present study, we investigated whether Paramecium
tetraurelia harbors functional lncRNAs. To this end, we pre-
dict lncRNA candidates and show that depleting two of
them has a detrimental effect on survival (lnc1 & lnc15), mor-
phology (lnc15) and large-scale genome rearrangements
(lnc1).Weapplied a custompipeline topredict these lncRNA
candidates. Since it doesnotapplyanymachine learningand
solely works via filtering steps, the magnitude of different
lncRNA classes is limited. All of the predicted candidates
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are found intergenically to their neighboring coding gene,
technically classifying themas lincRNAs (SupplementalTable
S1). Because hits to any CDSs are filtered out in the early
steps of the pipeline, all overlapping species, which make
up a substantial amount of lncRNAs, are not caught by the
pipeline, highlighting its strict nature. NATs also will not ap-
pear in the output of the pipeline as long as they overlap
with coding transcripts, although they can be found in the in-
termediate output of the first twomodules by custom scripts.
Previously predicted putative lncRNAs such as MS2 (Tanabe
and Mori 2003; Tanabe and Le 2006) in P.tetraurelia were
found by the pipeline in the first two modules, suggesting
that it functions under agreeable parameters. In summary,
thepipeline is bynomeans analternative for use inmodel or-
ganisms where enough data is available to train machine

learning algorithms. It is meant as a first step to the discovery
of novel noncoding transcripts in nonmodel organisms or or-
ganisms with divergent biology where standard approaches
are not applicable.
Knockdown of lnc1 leads to the retention of several

thousands of IESs. The global retention is relatively low
with a mean IRS of 6% but comparable to the mean IRS
of 3% and 2.6% in aDcl2/3 andDcl5 silencing, respectively
(Sandoval et al. 2014). Dcl2/3 are responsible for the gen-
eration of scnRNAs and Dcl5 generates iesRNAs. Their si-
lencing therefore leads to IES retention in an indirect
manner, which might also be the case for lnc1. The high
correlation to the IES retention of PDSG2 and moderate
correlation to key proteins also expressed during late de-
velopment, such as Ptiwi10/11 andDcl5 silencing, suggest

FIGURE 6. lnc1 depletion affects sRNA levels. Histograms of sRNAs binned by length. The top panels show the sRNA distribution during an early
developmental time point, while the bottompanels show a late time point. Small RNAs from a lnc1 knockdown and an EV control were sequenced
from an early and late developmental time point andmapped to the Paramecium genome. The proportion of reads mapping to different features
such as the MAC genome (green) and IESs (red) is shown as different colors. A notable decrease of 26–30 bp IES-matching RNAs (iesRNAs) in the
late time point can be observed in the lnc1 knockdown.
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that lnc1 may work together with these proteins to facili-
tate IES excision during the late stages of development.
PDSG2 is suggested to be involved in the production of
iesRNAs. A previous study found that PDSG2 depletion
leads to near complete lack of iesRNAs, which was attribut-
ed to PDSG2 directly, because the scanning process ap-
peared to function normally and scnRNAs were not
retained in later stages of development (Arambasic et al.
2014). In contrast to PDSG2, we found that lnc1 does not
abolish iesRNAs production but instead leads to a notable
reduction in their abundance, suggesting that lnc1 is in-
volved in iesRNA processing. This result, as well as the cor-
relation of IRSs between PDSG2 and lnc1 further suggests
that lnc1 functions in the same pathway during late stages
of development, thus facilitating DNA elimination.

Dcl5 localizes as foci in the developingMACs. These foci
were seen to be disrupted when observing GFP tagged
Dcl5 in a PDSG2 depleted background (Arambasic et al.
2014; Sandoval et al. 2014). Nuclear condensates are fo-
cused processing centers for various cellular processes
such as splicing and translational regulation, often associat-
ed with lncRNAs. In light of this, we analyzed Dcl5–GFP lo-

calization in a lnc1, PDSG2 and lnc1/
PDSG2depletedbackground.Weob-
served the previously characterized
disruption of foci upon PDSG2 knock-
down (Arambasic et al. 2014) and
found that depletion of lnc1 has a sim-
ilar effect on Dcl5–GFP foci in the new
developing MACs. Furthermore,
codepletion of lnc1 and PDSG2 leads
to a strong decrease of the number of
Dcl5–GFP foci, suggesting an inter-
play between Dcl5, PDSG2, and lnc1
within said foci. Interaction between
lnc1, Dcl5, PDSG2, and perhaps other
proteins or ncRNAs couldmediate the
function or maintenance of those foci,
which in turn could participate in the
IES excision process. An example of
a lncRNA operating through nuclear
speckles is NEAT1, which plays an in-
tegral part in the function and forma-
tion of nuclear speckles by
functioning as a scaffold. Among nu-
merous binding partners, it interacts
with MALAT1, another lncRNA of cru-
cial importance for the function of nu-
clear speckles (Tripathi et al. 2010;
West et al. 2016; Fei et al. 2017; Cai
et al. 2020). Depletion ofNEAT1 leads
to a disruption of nuclear speckles,
however in the case of MALAT1,
depletion does not affect the forma-
tion of speckles; rather it was found

that their composition is impacted (Tripathi et al. 2010). It
is entirely conceivable that depletion of lnc1 affects the
composition, and therefore the function, of theputative nu-
clear condensates formed in developing MACs during IES
excision, leading to the observed IES retention. In light of
the presented results, we suggest lnc1 may act as a scaf-
folding molecule for proteins involved in IES excision. It is
conceivable that one of the roles lnc1 fulfils involves facili-
tation of iesRNAs production, which could be achieved by
scaffolding proteins necessary for this process such as
PDSG2. Ranging from transcription andpre-mRNAsplicing
to deposition of epigenetic marks, scaffolding lncRNAs
participate in various cellular processes and contribute
largely to nuclear architecture by providing membrane-
less compartments, which concentrate specific proteins
and nucleic acids (Rinn et al. 2007; Tsai et al. 2010; for re-
view, see Banani et al. 2017).

Interestingly, multiple other key effectors of DNA elimi-
nation in Paramecium besides Dcl5 localize to the
developingmacronuclei as foci. This includes PGM, thedo-
mesticated transposase responsible for the excision of
DNA elements and one of the earliest known proteins

FIGURE 7. lnc1 depletion affects Dcl5–GFP foci. Localization of Dcl5 tagged with GFP in the
developing MACs in the EV control as well as the lnc1 knockdown (lnc1-KD), PDSG2 knock-
down (PDSG2-KD), and cosilencing of lnc1 and PDSG2 (lnc1/PDSG2-KD). The top panels
show DAPI staining in blue, which visualizes DNA, while the panels in the middle show GFP
signal in green. Developing MACs are highlighted with arrows. The bottom panel shows a
merge of DAPI andGFP; one of the developingMACs per cell is highlighted in detail. A similar
disruption of foci can be observed between lnc1-KD and PDSG2-KD. Lnc1/PDSG2-KD shows a
visible decrease of Dcl5–GFP foci suggesting an additive effect.
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involved in IES excision (Baudry et al. 2009). Other exam-
ples of proteins with similar localization patterns include
Ezl1 (Lhuillier-Akakpo et al. 2014) and PtCAF-1 (Ignarski
et al. 2014), both of which are associated which the
H3K9me3 and H3K27me3 histone modifications. PGM,
Ezl1, and PtCAF-1 are all required for proper H3K9me3
and H3K27me3 localization, two histone modifications
needed for IES excision. A recent study conducted in Tet-
rahymena presented evidence for the fact that Ezl1 and
other members of the PRC complex form nuclear conden-
sates, which they termed “Polycomb bodies” (Xu et al.
2021). Given the link between lncRNAs, nuclear conden-
sates and the localization pattern of key effectors of IES ex-
cision, it is possible that the IES elimination process is
mediated through nuclear condensates. As mentioned
for other examples, nuclear condensates act as focussed
processing centers for various biological pathways. It is pos-
sible that DNA elimination itself and/or processes indirectly
contributing to DNA elimination, such as iesRNAs produc-
tion, are carried outwithin those environments. The spatially
confined nature of condensates and their capability to retain
or recruit specific factors could contribute to theefficiencyof
DNA elimination, especially considering the vast number of
effectors needed as well as the large ploidy of the Parame-
cium genome. Curiously, Dcl5 shows a correlation of only
0.56 with lnc1 and only roughly half of its IESs overlap with
lnc1 affected IESs. Lnc1 affected IESs are not explained by
combining the PDSG2 and Dcl5 affected IESs, suggesting
that lnc1 might have an additional function. This fact, com-
binedwith theobservedclusteringof lnc1expressionduring
vegetative growth andearly developmental stages (Fig. 2A),
as well as the mild correlation observed with Dcl2/3 and
Ptiwi1/9 silencing (Fig. 5) suggest an involvement in theearly
stages of genome rearrangements as well. It is possible that
therearemultiple functions atdifferent stagesofgenomere-
arrangements for lnc1. Because the specific molecular func-
tion of PDSG2 is unknown, we can only speculate on what
interaction lnc1 might facilitate during late development.
Further study is needed to elucidate the exact mode of ac-
tion of lnc1.
The morphological effect of lnc15 depletion hints at a

functional involvement of this candidate in the cytoskele-
ton or the cortical body of Paramecia cells. The fungal
pathogen Cryptococcus neoformans utilizes a lncRNA
to facilitate its transition from yeast to hypha, by regulat-
ing the key player in hypha formation Znf2 in cis (Chacko
et al. 2015). Another lncRNA termed Tug1 was shown to
be responsible for male fertility. Knockout mice showed a
low sperm count as well as abnormal sperm morphology
(Lewandowski et al. 2020). Similar to those two lncRNAs,
we speculate that lnc15 may be involved in proper cell
formation and morphology, by either directly controlling
cytoskeletal elements or indirectly by controlling their ex-
pression. These cells also have difficulties dividing prop-
erly, further hinting at an involvement in cytoskeletal

function (Supplemental Fig. S3B). Some cells surviving
lnc15 depletion and morphologically reverting to seem-
ingly wild-type cells may indicate a dilution effect.
Lnc15 may be needed at a set equilibrium for the
cell to maintain proper morphology. RNAi by feeding
may be insufficient to disrupt lnc15 function, since it
will be expressed at normal levels once the siRNAs are
completely digested.

MATERIALS AND METHODS

Paramecium cultivation

Paramecium tetraurelia strain 51 of mating-type 7 was used in this
study. Cultivation and autogamy were carried out at 27°C as pre-
viously described (Beisson et al. 2010). Cells were grown in wheat
grass powder (WGP; Pines International) infusion medium bacte-
rized with Klebsiella pneumonia, supplemented with 0.8 mg/L of
β-sitosterol (Calbiochem, Millipore).

Total RNA extraction, rRNA/mRNA depletion
and sequencing

Total RNA was extracted from 200–400 mL of a Paramecium cul-
ture during the vegetative growth state, an early developmental
time point (15% of cells with fragmented old MAC), a late time
point (40% of cells have visible anlagen; ∼12 h after all cells are
fragmented), and a post-autogamous time point (2 d after sam-
pling of the late stage), using TRI reagent (Sigma-Aldrich) ac-
cording to the manufacturer’s protocol. Ribosomal RNA was
depleted using the Ribo-Zero Gold rRNA Removal Kit (yeast;
Illumina) following the manufacturer’s protocol. This kit has
been previously used for studies conducted in Paramecium
(Gotz et al. 2016; Pirritano et al. 2020). In order to eliminate
the majority of mRNA transcripts, we performed poly(A) deple-
tion using the Dynabeads mRNA Purification Kit (Invitrogen,
Thermo Fisher Scientific). In contrast to the manufacturer’s pro-
tocol, we discarded the pulled-down mRNA and purified the su-
pernatant using the RNA Clean & Concentrator-25 Kit (Zymo
Research). An Illumina TruSeq, Stranded mRNA library was pre-
pared according to standard Illumina protocols and sequenced
with 100 cycles single-end at the NGS platform at the
University of Bern. For small RNA sequencing, RNA was extract-
ed as described above and sequenced by the NGS facility at
Fasteris SA. An Illumina Small RNA-seq library was prepared ac-
cording to standard Illumina protocols and sequenced with 50
cycles single-end.

RNAi by feeding

Knockdown (KD) of lncRNA candidates was performed using
RNAi by feeding as previously described (Beisson et al. 2010).
Lnc1/15 fragments were cloned into L4440 vector and trans-
formed into HT1115 feeding bacteria. Precultures of feeding bac-
teria were inoculated overnight with shaking at 37°C in LB media
supplemented with 0.0125 mg/mL tetracycline and 0.1 mg/mL
ampicillin. The preculture was diluted 1:100 in WGP medium
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containing 0.1 mg/mL ampicillin and expanded overnight at
37°C. The following day, the bacterial culture was diluted 1:4 in
WGP medium containing 0.1 mg/mL ampicillin and incubated
at 37°C with shaking until it reached the log growth phase (OD
between 0.07 and 0.1). OD was assessed using an LLG-uniSPEC
2 spectrophotometer (Lab Logistics Group) according to theman-
ufacturer’s instructions. Double strand RNA production was
induced by the addition of 0.4 mM IPTG and incubation of the
culture at 37°C for at least 4 h with shaking. After induction, the
silencing medium was cooled down to 27°C and supplemented
with 0.8 mg/L of β-sitosterol. Paramecium cells were seeded at
a concentration of 100 cells per mL into the silencing medium
and continuously diluted with additional silencing medium over
the next few days in order to allow robust silencing during vege-
tative growth. “Empty Vector” (EV) silencing, RNAi using L4440
plasmid without an insert, was used for subsequent analysis as a
negative control.

Post-autogamous assessment of survival after RNA

Viability of progeny Paramecium cells following vegetative silenc-
ing of lncRNA candidates was assessed by refeeding the cells
post autogamy. Thirty post-autogamous cells per condition
were monitored over the span of 3 d and survival was quantified.

IES retention PCR

IES retention PCRs were performed as previously described, us-
ing genomic DNA from post-autogamous cells and standard
primers (Sandoval et al. 2014).

Macronuclear DNA extraction and Illumina
sequencing

Macronuclear DNA was extracted from a lnc1-KD cell culture a
few days after completing autogamy as previously described
(Arnaiz et al. 2012). An Illumina TruSeq, PCR-free DNA library
was prepared according to standard Illumina protocols and se-
quenced with 150 cycles paired-end at the NGS platform at the
University of Bern.

RT-qPCR

Total RNA from vegetative cells in silencing medium was extract-
ed as described above and reverse transcribed into cDNA using
the GoScript RT System (Promega) and primers containing ran-
dom hexamers. qPCR on EV, lnc1-KD, and lnc15-KD was per-
formed using MESA Green qPCR MasterMix Plus for SYBR
Assay on an ABI Prism 7000 Sequence Detection System (7000
SDS instrument) according to the manufacturer’s protocol.
GAPDH was used to normalize the expression levels of lnc1 and
lnc15 to the EV sample with the ΔΔCt method (primers are listed
in Supplemental Table S2).

Confocal microscopy

Cells were collected at different developmental time points and
stored in 70% EtOH at 4°C. For imaging, cells were washed twice

with PBS and incubated in staining solution (0.5% Triton; 0.002%
4,6-diamidino-2-2phenylindole [DAPI] in PBS) for 1 h at room
temperature. Following staining, cells were mounted onto mi-
croscopy slides using ProLong Glass Antifade Mountant with
NucBlue (Invitrogen) and imaged on a Leica SP8 STED confocal
microscope using the 63× oil objective.

Modular pipeline to predict lncRNAs without
machine learning algorithms

The first two modules comprise de novo and reference-based
transcriptome assemblies and their initial filtering. Both modules
take a FastQ file as input. The resulting candidates are pro-
cessed by the third module, which filters for coding domains.
Transcripts that pass this filter are further evaluated by the fourth
module, which collapses duplicated candidates, filters for non-
lnc ncRNA species and adds another coding potential check.
Transcripts that pass the pipeline are considered putative
lncRNAs.

Reference-based module: the FastQ file is, if necessary,
trimmed with bbduk.sh version 38.98 (ktrim= l mink=11 qtrim =
rl trimq=15) and mapped to a given genome with HiSat2 version
2.1.0 with the ‐‐dta flag active. The generated SAM file is passed
to StringTie version 2.1.1 together with a GFF/GTF file to assem-
ble transcripts. The GTF file is passed to the first module of the
FEELnc pipeline, which identifies non-lncRNA transcripts and ap-
plies a size filter of 200 bp (Wucher et al. 2017). The resulting GTF
file is converted to a FastA using gffread version 0.11.7. and a ref-
erence genome.

De novo-based module: The FastQ is, if necessary, trimmed
with bbduk.sh, and passed to SPAdes version 3.13.1 which is ex-
ecutedwith standard parameters adding the ‐‐rna flag. The result-
ing transcripts are filtered by size, with a cut-off of 200 bp. These
transcripts are aligned to the reference genome using blastn ver-
sion 2.9.0+ and filtered for overlaps with annotated coding genes
using custom scripts.

Coding domain filter: The putative transcripts from both mod-
ules are translated in all six reading frames and the peptide se-
quences are passed to HMMer (hmmsearch) version 3.3, which
searches a provided Pfam database for coding domains. The
HMMer output is filtered by the provided full sequence and
best domain E-values. If both E-values are smaller than 1×10−3,
the transcript was discarded as possibly protein coding. The pu-
tative candidates are written to a FastA.

Last filter: Until now, the putative transcripts were kept sepa-
rate. They are checked for overlapping transcripts by blastn
with the -ungapped flag set and using custom scripts. The larger
transcript is kept if one transcript spanned the other. If tran-
scripts are 80%–85% identical, the larger transcript is kept.
The collapsed putative transcripts are filtered for possible sn/
sno/tRNAs that may have been missed by the annotation of
the organism in question using Infernal version 1.1.3, applying
filters at levels used by Rfam, using clan competition, which
scores the best hit in relation to hits in the same clan and
removing redundant hits (the following flags were set: ‐‐rfam
‐‐cut_ga ‐‐nohmmonly ‐‐oclan ‐‐oskip ‐‐clanin <input.clanin>).
Hits with an E-value lower than 1×10−3 were discarded. CPC2
version 1.0.1 was run with default parameters and transcripts
with the coding flag were discarded.
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Genome-wide analysis and calculation of IES
retention scores (IRSs)

IRSs were calculated using ParTIES as described in Denby Wilkes
et al. (2016). For each IES, reads with excised IESs (IES–) and with
unexcised IESs (IES+) were counted, and IRSs were calculated
[IRS = IES+/(IES++ IES−)].

Small RNA mapping and quantification

Small RNAs were binned into different size classes (15–35 nt) and
then mapped with HiSat2 (version 2.1.0) using default parame-
ters. Mapped reads were filtered to specific features including
MAC, IES, and OES sequences, the mitochondrial DNA, DNA se-
quence of the feeding bacteria Klebsiella pneumoniae and the
L4440 vector (Addgene) backbone. We normalized the mapped
reads with the total number of reads.

Reference genomes used for read mapping

The following sequenceswereused for the analysis andmappingof
sequencing data: the Paramecium tetraurelia strain 51 MAC ge-
nome (Aury et al. 2006) (https://paramecium.i2bc.paris-saclay.fr/
files/Paramecium/tetraurelia/51/sequences/ptetraurelia_mac_51
.fa), theMAC+ IESgenome (Arnaiz et al. 2012) (https://paramecium
.i2bc.paris-saclay.fr/files/Paramecium/tetraurelia/51/sequences/
ptetraurelia_mac_51_with_ies.fa), the FACS sorted MIC genome
(Guerin et al. 2017) (https://paramecium.i2bc.paris-saclay.fr/
download/Paramecium/tetraurelia/51/sequences/ptetraurelia_mi
c2.fa), the mitochondrial DNA (Pritchard et al. 1990) (https://
paramecium.i2bc.paris-saclay.fr/download/Paramecium/all/all/
se quences/paramecium_mitochondrial_genomes_v1.1.fa), and
the Klebsiella pneumoniae genome (Liu et al. 2012) (https://www
.ncbi.nlm.nih.gov/assembly/GCF_000240185.1/).

GFP localization experiments with Dcl5

Dcl5 tagged with GFP on its amino terminus (Sandoval et al. 2014)
was used for the localization experiments. Paramecium cells were
microinjected with the Dcl5–GFP linearized plasmid (Beisson
et al. 2010). The transformed cells were subjected to lnc1,
PDSG2, and EV silencing as described above and observed
throughout their development. This was followed by imaging on
a Leica microscope.

DATA DEPOSITION

All sequencing data sets are available in the NCBI BioProject data-
base under accession number PRJNA789403. The hard-coded
script of the pipeline is available at GitHub (https://github.com/
SebastianBechara). lncRNA sequences have been deposited at
GenBank under the accession numbers OL962699–OL962713 (in-
dividual accession numbers are listed in Supplemental Table S1).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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Sebastian Bechara and Lyna Kabbani are first authors of this pa-
per, “Identification of novel, functional long noncoding RNAs
involved in programmed, large-scale genome rearrange-
ments.” They both performed their doctoral studies in the lab-
oratory of ProfessorMariusz Nowacki. Sebastian completed his
doctoral studies at the end of 2021 and continued working in
the lab as a postdoc, while Lyna just defended her thesis at
the end ofMay 2022. TheNowacki lab focusesmainly on epige-
netics in the ciliate Paramecium tetraurelia. More precisely, the
lab studies RNA mediated elimination of transposon-derived
DNA elements.

What are themajor results described in your paper and how do
they impact this branch of the field?

We were able to identify and validate the first known functional
lncRNAs in ciliates, particularly in the context of DNA elimination
and maintenance of cell morphology. We successfully predicted
lncRNA candidates using a custom pipeline and found that the
depletion of two candidates (lnc1 and lnc15) has severe conse-
quences for the cell. Depletion of lnc1 leads to impaired DNA
elimination in a genome-wide fashion, while depletion of lnc15 se-
verely impacts cell morphology and division. Our results shed light
on a potential other layer of regulation of programmed DNA elim-
ination and offers a pipeline that may be used for lncRNA identifi-
cation in nonmodel organisms.

What led you to study RNA or this aspect of RNA science?

LK: I became fascinated with genetics duringmy bachelor studies.
After joining Professor Nowacki’s lab for my master’s degree, my
interest in RNA biology grew immensely, especially due to the un-
usual nature of ciliate genetics. As a single cell, Paramecium is
heavily reliant on epigenetics for its development. RNA is a large
driver for these epigenetic processes; thus I became interested
in “unusual” nucleic acids such as DNA:RNA hybrids and sought
to study the roles of sRNAs during DNA elimination, and later
also lncRNAs, with Sebastian. Similarly to DNA:RNA hybrids,
lncRNAs were initially thought to be mere by-products of cellular

processes. Today, we know that both nucleic acid structures play
important roles in maintaining genome integrity.

SB: I always had a thing for weird “off” topic things, be it with mu-
sic, movies, or something else. That was also the casewith science.
I found the research most people were invested in not to be that
interesting in my eyes. So, once I had heard for the first time of
lncRNAs, I instantly became hooked. Mostly because the lecturer
back then said something along the lines (I’m paraphrasing from
German) of “We initially thought them to be mere by-products
of other RNA pathways, leftover junk so to say.” The idea of “rub-
bish” turning into this overly complex and vital field always fasci-
nated me.

During the course of these experiments, were there any
surprising results or particular difficulties that altered your
thinking and subsequent focus?

LK: To be honest, Sebastian and I were both very surprised to ob-
serve such dramatic effects when we initially depleted the two
lncRNA candidates described in our publication. Paramecium is
an extremely difficult organism to work with, especially due to
the technical limitations and the lack of established methods.
Due to this, the project was a challenging one from the start, there-
fore wewere positively surprised about the accuracy of Sebastian’s
custom pipeline, as well as the obvious phenotypes that resulted
from the depletions.

What are some of the landmark moments that provoked your
interest in science or your development as a scientist?

LK: During my undergraduate studies, I unfortunately reached a
point where I felt terribly incompetent and inferior compared to
my peers. I started seriously questioning my ability to do research.
I then at some point had a moment where I remembered my love
for science and realized that I did not want to give up or quit, de-
spite how I felt aboutmy abilities at the time. This spurredme on to
conceptualize my future PhD project, and I regained my confi-
dence as I worked on it. I would say that the entire experience
made me a stronger, more resilient person and shaped my way
to conduct science for the better.

If you were able to give one piece of advice to your younger
self, what would that be?

SB: “Go study informatics, like you had intended to do.” Maybe
not go into video game development, but more toward software
engineering. And since I more or less ended up as a bioinformati-
cian anyway, that advice wouldn’t hurt. Jobs as a full-fledged IT
person are more stable and better paid.

What are your subsequent near- or long-term career plans?

LK: I am fortunate enough to have been accepted as a postdoctor-
al fellow in Professor Jeremy Sanford’s lab at the University of
Santa Cruz, California. I will continue my work on RNA biology,
this time in the context of leukemia. I am excited for this opportu-
nity, and I will see where this path takes me next; however, I do
plan on coming back to Switzerland in the long term.
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SB: For now, I’m a postdoc where I also did my PhD. I’m planning
on doing a data science advanced studies degree and finding a
job as a data scientist at a bigger company, if need be, also outside
of biology, as these jobs tend to be way more stable than anything
comparable in academic science.

How did you decide to work together as cofirst authors?

Sebastian conceptualized the project initially with Professor
Nowacki and sought to deepen his knowledge in bioinformatics

after working mainly in wet lab during his studies. Lyna in parallel
was in the process of optimizing a sequencing method designed
to isolate chromatin associated RNAs for our model organism,
Paramecium. After Sebastian performed the prediction of
lncRNA candidates from RNA sequencing using his custom pipe-
line, we were able to find the candidates in Lyna’s data as well.
This prompted a collaboration between Lyna and Sebastian, the
latter of whom was nearing the end of his doctoral studies.
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