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Abstract

Ciliates are prototypical, conventionally unicellular eukaryotes with separate germline
and somatic nuclei. The somatic genome arises from the germline genome through a process of
transposase-mediated DNA elimination and genome rearrangement during sexual reproduction.
Current models for genome reorganization in ciliates posit that small RNAs are transported to
the developing somatic nucleus during sexual reproduction, aiding transposases in identifying
and excising germline-specific sequences. Accompanying these sequences, known as Internally
Eliminated Sequences (IESs), and their excisases is the machinery to carry out their removal. This
includes Dicer-like and Piwi/Argonaute proteins, which generate and transport small RNAs, as

well as proteins that alter chromatin, and make DNA accessible for excision.

The ciliate Blepharisma belongs to an early diverging class of ciliates known as the
Heterotrichea. Though genome reorganization has been studied in later diverging ciliates such
the oligohymenophorean ciliates 7etrahymena and Paramecium and the spirotrich Oxytricha there
are pronounced differences in how they do so. Studying this process in an early diverging ciliate
like Blepharisma is an important contribution to the understanding of how conserved the
different elements of the genome reorganization machinery among ciliates are. This thesis
provides the first look, from a genomic perspective, at the various participants and putative

mechanisms of genome reorganization in Blepharisma.

Annotated reference genomes for the somatic and germline nuclei of Blepharisma stoltei
(strain ATCC 30299) were generated using long-read sequencing and annotation methods
tailored to the atypical genome properties of Blepharisma. The B. stoltei somatic genome is
compact (41 Mb), gene-dense (25710 genes) and contains short, 15-16 nucleotide spliceosomal

introns.

We identified key components involved in genome reorganization in the Blepharisma
somatic genome and compared them with those of the model ciliates Paramecium, Tetrahymena
and Oxytricha. Four transposase families were found encoded in the somatic and germline
genomes, namely the PiggyBac, Tcl/Mariner, Mutator and Merlin families. PiggyBac
transposases are known to be the main transposases involved in genome reorganization in the
model ciliates Paramecium and Tetrahymena, but are entirely absent in Oxytricha, which is
thought to use a transposase from another family. In Paramecium, six somatically encoded
PiggyBacs incapable of catalysis, plus one catalytically complete homolog called the PiggyMac,

14



coordinate DNA excision. This resembles the situation in Blepharisma, which has thirteen
homologs of the PiggyBac transposase, only one of which has a complete catalytic triad and is

hence likely to be the primary excisase.

The germline-limited genomic regions of Blepharisma were also characterized.
Blepharisma 1ESs share two key features with the IESs of Paramecium, namely a periodic length
distribution for short IESs and predominantly TA-dinucleotide delineated IES boundaries. We
also identified a class of 24-nucleotide small RNAs that increasingly map to IESs as development
progresses in Blepharisma. These trends are similar to those observed in Paramecium and
Tetrahymena, hence we propose that they are also so-called “scan” RNAs (scnRNAs) that guide

IES excision.

Phylogenetic analysis of the Blepharisma PiggyBac homologs showed that they share
common ancestry with the PiggyBac homologs of Paramecium and Tetrahymena, where the latter
are evolutionarily more divergent than Blepharisma and are located on more recently diverging
branches of the ciliate phylogenetic tree. Several lines of evidence from these studies therefore
indicate that a PiggyBac transposase is the most likely the main IES excisase in Blepharisma and

that the last ciliate common ancestor also possessed this type of transposase.
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Zusammenfassung

Ciliaten sind prototypische, iiblicherweise einzellige Eukaryoten mit getrennten
Keimbahn- und somatischen Zellkernen. Das somatische Genom entsteht aus dem
Keimbahngenom durch einen Prozess der Transposase-vermittelten DNA-Eliminierung und
Genom-Neuordnung wihrend der sexuellen Fortpflanzung. Aktuelle Modelle fiir die
Reorganisation des Genoms bei Wimpertierchen gehen davon aus, dass kleine RNAs wihrend
der sexuellen Fortpflanzung in den sich entwickelnden somatischen Kern transportiert werden
und Transposasen dabei helfen, keimlinienspezifische Sequenzen zu identifizieren und
auszuschneiden. Diese Sequenzen, die so genannten intern eliminierten Sequenzen (IES), und
ihre Exzisasen werden von einer Maschinerie begleitet, die ihre Entfernung durchfiihrt. Dazu
gehoren Dicer-dhnliche und Piwi/Argonaute-Proteine, die kleine RNAs erzeugen und
transportieren, sowie Proteine, die das Chromatin verindern und die DNA fiir die Exzision

zuginglich machen.

Blepharisma gehort zu einer frith divergiereden Klasse von Ciliaten, die als Heterotrichea
bekannt sind. Obwohl die Reorganisation des Genoms bei spiter divergierenden Ciliaten wie
den oligohymenophoren Ciliaten Tetrahymena und Paramecium und den spirotrichen Oxytricha
untersucht wurde, gibt es deutliche Unterschiede in der Art und Weise, wie sie dies tun. Die
Untersuchung dieses Prozesses in einem frith divergiereden Ciliaten wie Blepharisma ist ein
wichtiger Beitrag zum Verstindnis, wie konserviert die verschiedenen Elemente der Genom-
Reorganisationsmaschinerie unter Ciliaten sind. Diese Arbeit bietet den ersten Blick aus
genomischer Sicht auf die verschiedenen Teilnehmer und mutmafllichen Mechanismen der

Genomreorganisation in Blepharisma.

Mittels Long-Read-Sequenzierung und Annotationsmethoden, die auf die atypischen
Genomeigenschaften von Blepharisma zugeschnitten sind, wurden annotierte Referenzgenome
fiir die somatischen und Keimbahnkerne von Blepharisma stoltei (Stamm ATCC 30299) erstellt.
Das somatische Genom von B. stoltei ist kompakt (41 Mb), gen-dicht (25710 Gene) und enthilt

kurze, 15-16 Nukleotide umfassende spliceosomale Introns.

Wir haben Schliisselkomponenten identifiziert, die an der Reorganisation des Genoms
im somatischen Genom von Blepharisma beteiligt sind, und sie mit denen der Modell-Ciliaten
Paramecium, Tetrahymena und Oxytricha verglichen. Es wurden vier Transposase-Familien
gefunden, die in den somatischen und Keimbahn-Genomen kodiert sind, nimlich die PiggyBac-,
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Tcl/Mariner-, Mutator- und Merlin-Familien. Es ist bekannt, dass PiggyBac-Transposasen die
wichtigsten Transposasen sind, die in den Modell-Ciliaten Paramecium und Tetrahymena an der
Reorganisation des Genoms beteiligt sind, wihrend sie in Oxytricha, wo vermutlich eine
Transposase aus einer anderen Familie verwendet wird, ginzlich fehlen. In Paramecium
koordinieren sechs somatisch kodierte PiggyBacs, die nicht zur Katalyse fihig sind, sowie ein
katalytisch vollstindiges Homolog, namens PiggyMac, die DNA-Exzision. Dies dhnelt der
Situation in Blepharisma, wo es dreizehn Homologe der PiggyBac-Transposase gibt, von denen
nur eine eine vollstindige katalytische Triade besitzt und daher wahrscheinlich die primire
Exzisase ist. Die keimbahnbegrenzten genomischen Regionen von Blepharisma wurden ebenfalls
charakeerisiert. Die IES von Blepharisma haben zwei wesentliche Merkmale mit den IES von
Paramecium gemeinsam, namlich eine periodische Langenverteilung fiir kurze IES und
tiberwiegend durch TA-Dinukleotide abgegrenzte IES-Grenzen. Wir haben auch eine Klasse von
kleinen RNAs (,,small RNAs*“ ) mit 24 Nukleotiden identifiziert, die mit fortschreitender
Entwicklung in Blepharisma zunehmend den IESs zugeordnet werden. Diese Tendenzen dhneln
denen, die in Paramecium und Tetrahymena beobachtet wurden, weshalb wir vorschlagen, dass es

sich auch hier um so genannte "Scan"-RNAs (scnRNAs) handelt, die die IES-Exzision steuern.

Die phylogenetische Analyse der PiggyBac-Homologe von Blepharisma hat gezeigt, dass
sie einen gemeinsamen Ursprung mit den PiggyBac-Homologen von Paramecium und
Tetrahymena haben, wobei letztere evolutionir stirker divergieren als Blepharisma und auf
jingeren Zweigen des phylogenetischen Stammbaums der Ciliaten zu finden sind. Mehrere
Indizien aus diesen Studien deuten daher darauf hin, dass eine PiggyBac-Transposase
hochstwahrscheinlich die wichtigste IES-Exzisase in Blepharisma ist und dass der letzte

gemeinsame Vorfahre der Ciliaten ebenfalls diesen Transposasetyp besaf3.
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Chapter 1

Introduction

Plants, animals and fungi only constitute two of the eleven major eukaryotic lineages
(Keeling and Burki 2019). The majority of eukaryotes are microscopic, free-living and
unicellular. Ciliates are one such group of eukaryotes, with separate germline and somatic nuclei
in a single cell. The somatic nuclei develop from germline nuclei during sexual reproduction,
during which large sections of the germline genome are eliminated from the developing somatic
nucleus (Prescott 1994). The process of DNA elimination and reorganization which occurs in
ciliates is quite different form the mechanisms of DNA elimination which have been studied in
metazoans such as Ascaris worms and later in zebra finches, lampreys and rotifers (Wang and
Davis 2014). In metazoans, DNA is usually eliminated in the form of chromosome breakage,
diminution or rearrangement, and regulates gene dosage or mediates the sexual or immunological
identity of the cell. In ciliates, in contrast, DNA elimination is associated with the segregation of

the soma from the germline in two separate nuclei.
1.1. Nuclear dualism and genome reorganization in ciliates

Ciliates are characterized by hair-like appendages called cilia on the cell surface, which
they use for locomotion and food acquisition. Ciliates have remarkably complex cell
organization with dedicated feeding structures, usually lined with cilia or a ciliary membrane
used to grab or hydrodynamically funnel food into the cell (Figure 1.1). The dual nuclei exhibit
various morphologies (Figure 1.1). The somatic nucleus, known as a macronucleus (MAC), is
often large and contains most of the DNA of the cell. The germline nuclei, known as
micronuclei (MIC) are smaller and are transcriptionally inactive during the vegetative lifecycle of

the cell., located near the MAC:s.
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Figure 1.1. Schematic depictions of ciliate body plans and nuclear morphology. MAC:s are green and MICs are
small black dots in close proximity to MACs. Scale bars — 50 um, except for Perkinsus olseni 2 pm. A phylogenetic

tree constructed with small subunit rRNA sequences is shown next to the ciliates, using the non-ciliate dinoflagellate
Perkinsus marinus as an outgroup.

Only the pre-eminent ciliary structures of the cells are depicted in Figure 1.1, such as oral
grooves and cellular ridges. The cell surfaces of the ciliates Blepharisma stoltei, Stentor coeruleus,
Paramecium tetraurelia and Tetrahymena thermophila are actually densely packed with rows of
cilia (not shown). The ciliates Euplotes octocarinatus, Stylonychia lemnae and Oxyrticha trifallax

have rows of cilia interspersed with pellicular ridges with large, spiny ciliary structures (Figure

1.1).

Ciliates divide clonally, through vegetative reproduction, where the mother cell divides
into two daughter cells. The MAC of the mother cell divides amitotically and pinches into two
sections roughly equal in size, corresponding to each of the daughter cells (Orias 1991). Amitosis
of the MAC is coordinated by nucleoplasmic microtubules (Tucker et al. 1980), though it lacks
some of the more conspicuous features of eukaryotic mitosis such as chromatin condensation,
spindle formation and histone H3 phosphorylation (Flickinger 1965). Simultaneously, the MICs

in the mother cell are distributed among the daughter cells, where they replicate mitotically and
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restore their original number (Prescott 1994). The DNA content of the amitotically divided
MAC also undergoes amplification in the daughter cells and is restored to its former volume
(Woodard, Kaneshiro, and Gorovsky 1972). Clonal propagation is how most lab strains of

ciliates are maintained in the laboratory.

Internally Eliminated Macronuclear destined

/ Sequences sequences

‘ : (IES) MDS IES MDS (MDS)
y \ Micronucleus —
(MIC) oo || o™

SRNA |/ SRNA
y Exon Intron Exon N
Macronucleus — ] ]
(MAC)
~100 um spliced mRNA

Blepharisma NN N NN

Figure 1.2. The macronuclear genome develops from the micronuclear genome through genome reorganization
during sexual reproduction. The scissors represent transposases involved in the elimination of MIC-limited genomic
regions (IESs).

In most ciliates, the germline nucleus is physically smaller in size than the somatic
nucleus. Some ciliates have multiple MICs and an equal or fewer number of MACs. The MIC is
diploid and is transcriptionally silent during the vegetative life cycle of the cell. The MAC, in
contrast, contains a segmented, amplified version of the MIC genome (Prescott 1994). These
amplified segments correspond to specific regions of the MIC, known as macronuclear destined
sequences (MDS). The germline genome contained in the MIC consists of the all the genetic
information present in the MAC plus MIC-limited sequences. During sexual reproduction
however, the somatic nucleus emerges from the germline nucleus, by elimination of regions of
the germline genome through a process of DNA elimination, which is mediated by domesticated

transposases (Prescott 1994)(Figure 1.2).

The ciliate-specific process of genome reorganization which allows the emergence of the
MAC genome from a MIC genome occurs in addition to the other canonical processes of
meiosis, gametic fusion and recombination, which are characteristic of eukaryotic sexual
reproduction. The regions of the germline genome which are eliminated during the development
of the new MAC are known as Internally Eliminated Sequences (IESs) and the MDSs constitute

the remaining regions of the germline genome present in the MAC (Figure 1.2). The process of
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IES elimination occurs in an intermediate nuclear body known as a “macronuclear anlagen”
(MA) or the developing MAC, which appears during the later stages of sexual reproduction. The
MA matures and serves as the new MAC of the cell, while the old MAC of the cell is destroyed
during the time between the beginning of sexual reproduction and the eventual development of
the new MAC (Miyake, Rivola, and Harumoto 1991). The excision of IESs is usually
accompanied by the organization of the MDSs into chromosome-like structures, with telomeres
at their ends. These chromosome-like regions can vary in their length, from containing multiple
genes, as is the case for the ciliates Tetrahymena (Sheng et al. 2020; Eisen et al. 2006) and
Paramecium (Aury et al. 2006; Duret et al. 2008) or be limited to gene-sized segments like those

of Oxytricha (Swart et al. 2013).

MAC chromosomes are amplified to different extents in different species, resulting in the
much larger DNA content of the MAC in comparison to the MIC. In Tetrahymena thermophila,
the genomic content of the MAC is ~46 times that of the MIC (Woodard, Kaneshiro, and
Gorovsky 1972), but there is differential amplification of the MAC segments and not all MAC
segments are amplified to the same extent. Similarly, in Paramecium tetraurelia, the MAC
contains ~800 times the differentially amplified genic content of the diploid MIC (Aury et al.
2000). In Oxytricha trifallax, the MAC content is differentially amplified ~2000 times (Prescott
1994). Additionally, in some ciliates such as Oxytricha and Chilodonella unicata, a rearrangement
of MDS regions occurs during MAC development, known as genome unscrambling, where the
order and orientation of MDSs in the MIC genome is not preserved in the new MAC genome
(Chen et al. 2014; Katz and Kovner 2010). The process of genomic reorganization thus alters the

genetic content, its total amount, and in certain cases the order of MAC genome regions in the

new MAC.

In the model ciliates, Paramecium and Tetrahymena, the excision of IESs is carried out by
domesticated transposases encoded in the MAC genome. These are domesticated transposases of
the PiggyBac family (Cheng et al. 2010; Baudry et al. 2009). In Paramecium the main IES
excisase called PiggyMac, was proposed to act in a heteromeric complex with six other PiggyMac-
like proteins (PgmLs) (Bischerour et al. 2018) and excises IES precisely at IES boundaries,
typically identifiable by the TA-dinucleotide. The main Tesrahymena PiggyBac, called Tpb2 acts
to excise IESs (Cheng et al. 2010), but performs IES excision in an imprecise manner, though an

extremely weak sequence bias for the terminal direct repeat TTAA is detected at IES boundaries
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(Hamilton et al. 2016). It acts in concert with two other PiggyBac-derived genes, Tpb1 and
Tpb6, which exclusively excise a subset of intragenic IESs in a precise manner (Feng et al. 2017;
Cheng et al. 2016). In Oxytricha, transposases encode by a family of transposons known as
Telomere Bearing Elements (I'BEs) are thought to be required for the excision of IESs from the

germline genome during genome reorganization (Williams, Doak, and Herrick 1993).

IESs themselves are usually repeat rich, consisting of transposable elements (TE) in
various stages of activity and decay. The TBEs in Oxytricha, and similar elements from Euplotes,
called Tec, are Tcl/Mariner transposons, a family of Type II (“cut -and-paste”) transposons
(Herrick et al. 1985; Jahn et al. 1993)A class of IESs in Paramecium are the same kind of
transposons (Arnaiz et al. 2012). The resemblance of IESs in different ciliates to Tcl/Mariner
transposons and their excision by domesticated transposases lead to the hypothesis that IES

originated from cut-and-paste DNA transposons (Klobutcher and Herrick 1997).

There is enormous diversity of form and nuclear morphology, even among the ciliates
(Figure 1). The magnitude of this variety is illustrated by the fact that the evolutionary distance
between Tetrahymena and Euplotes is comparable to that between corn and the rat (Prescott
1994). This makes studies of any particular ciliate sub-group, relatively specific to that sub-group
and it is through comparative studies that we have the opportunity to observe generalized
principles of ciliate biology. Paramecium, Tetrahymena and Oxytricha are present on less
divergent branches of the ciliate tree, in comparison to Blepharisma and Stentor, both members of
the Heterotrichea class of ciliates constitute one of the earliest diverging lineages of ciliates

(Figure 1.1).
1.2. Blepharisma: an early-diverging ciliate lineage

Blepharisma is a heterotrichous ciliate, characterized by its pink photosensitive pigment
‘blepharismin’. It is relatively large for a unicellular organism, with specimens of the largest

Blepharisma species, B. japonicum, growing up to 500 um on their longitudinal axis.
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Figure 1.3. A Blepharisma japonicum cannibal giant (left) next to a normal-sized B. japonicum cells (top right). The
small, reflective granules in the background are Chlorogonium algae, which are the food source for Blepharisma. Scale
bar 100 pm. Transmitted light-darkfield.

While dividing vegetatively, Blepharisma cells consume bacteria, algae and even smaller
ciliates for nourishment (Giese 1973). Under conditions of high density and starvation, they can
also resort to consuming smaller conspecifics giving rise to a cannibal phenotype which is much
larger than normal cells (Giese 1938) (Figure 1.3). These cannibal giants are very conspicuous in
a cell culture and can be easily identified by the intensely colored, magenta vacuoles, which are

the digested remains of their conspecifics (Figure 1.3).

Conditions of starvation can also induce pair-formation and conjugation in Blepharisma,

which marks the onset of sexual reproduction (Miyake and Beyer 1973). Conjugation in

Blepharisma is mediated by pheromone-like substances called gamones. It is one of only two
ciliate genera, along with Euplotes where conjugation has been shown to be mediated through
soluble factors like gamones (Katashima, 1959; Kimball, 1942; Luporini et al., 1983; Vallesi et
al., 1995). Blepharisma has two mating types, distinguished by their gamone production. Mating
type I cells release gamone 1, a ~30 kDa glycoprotein (Miyake and Beyer, 1974; Sugiura and
Harumoto, 2001); mating type II cells release gamone 2, formally calcium-3-(2’- formylamino-

5’-hydroxybenzoyl) lactate, a small-molecule effector (Kubota et al., 1973).
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Gamone 1

A

)

Figure 1.4. Starvation induces cells to produce gamones. Mating type I cells produce of Gamone 1, which in turn
induces mating type II cells to produce of Gamone 2. Gamone 2 induces and upregulation in the production of

Type |

Gamone 1, which then also causes an upregulation in the production of Gamone 2. Cells exposed to the gamone
produced by the opposite mating type are primed for pair formation (*) and can form conjugating pairs. Figure

adapted from Miyake & Beyer, 1973.

Complementary mating types have been isolated for several species of Blepharisma such as
B. stoltei, B. japonicum, B. americanum and B. undulans. The Blepharisma stoltei strains used in
the present study, were originally isolated in Germany (strain ATCC 30299) and Japan (strain
HT-IV), with the former continuously cultured for over fifty years (Repak 1968), and the latter
for over a decade (personal communication, Terue Harumoto). The B. stoltei ATCC 30299
strain is of mating type I and the B. stoltei HT-IV strain is of mating type I

Blepharisma cells commit to conjugation when complementary mating types recognize
and respond to each other’s gamones, the production of which is induced and upregulated in a
reciprocative feedback loop (Figure 1.4). Cell pairs involving cells from complementary mating
types are called heterotypic pairs. Meiosis and recombination of gametic nuclei occurs in these

heterotypic pairs leading to the formation of new MACs.

Once Blepharisma cells form heterotypic pairs, conjugation progresses and is evident
though a through the intricate sequence of nuclear morphological changes seen in the cells.
During this process, some of the MICs in each of the cells undergo meiosis (meiotic MICs) and
the rest do not (somatic MICs) (Figure 1.5). A meiotic MICs eventually gives rise to two haploid
gametic nuclei. A gametic MIC (the migratory nucleus) from each conjugating cell is exchanged
with that of its partner. Subsequent fusion of the migratory and stationary haploid nuclei

generates a zygotic nucleus (synkaryon), and after successive mitotic divisions gives rise to the
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new MICs, some of which develop into the new MACs (primary macronuclear anlagen). Primary
macronuclear anlagen (MA) continue to mature, eventually growing in size and DNA content
(Miyake et al., 1991). These nuclear processes are shown in a schematic in Figure 1.5 and are

described in further detail in Chapter 4.

It is in the macronuclear anlagen, that the IESs are removed from the developing MAC.
As the anlagen develop and grow larger in size, the conjugating cells dissociate. These “ex-
conjugants” now possess an entirely new set of MICs and a new developing MAC, with a
different genotype from the old MAC. The old MAC of both the cells is degraded during
conjugation. The exconjugants, usually containing two primary MAs undergo a series of up to
three cytokinetic divisions, giving rise to two cells with one MA each, and subsequently to more

cells with a new and fully formed MAC.

Somatic
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Meiotic micronuclei
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Figure 1.5. Schematic of nuclear processes occurring during conjugation (classified according to, and modified from
(Miyake et al., 1991)). Nuclear events occurring before and up to, but not including fusion of the gametic nuclei
(syngamy) are classified into sixteen pre-gamic stages where the MICs undergo meiosis and the haploid products of
meiotic MICs are exchanged between the conjugating cells, followed by karyogamy. After karyogamy, cells are
classified into 10 stages S (synkaryon), D1 (Ist mitosis), I1 (1st interphase), D2 (2nd mitosis), 12 (2nd interphase),
D3 (3rd mitosis), 13 (3rd interphase), D4 (4th mitosis), E1 (1st embryonic stage), E2 (2nd embryonic stage, not
shown in diagram). After E2, the exconjugants divide further and are classified into 6 stages of cell division (CD1-6)
not shown here.
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MAC development in Blepharisma can also occur through a secondary pathway, which is
predominantly seen in strains with high selfing frequency (conjugation among cells within a
clonal population). In this pathway, MICs which have not undergone meiosis can give rise to
secondary anlagen, which can develop into mature macronuclei (Miyake, Rivola, and Harumoto
1991; Suzuki 1957). This form of quasi-parthenogenetic reproduction, known as “apomixis”,
allows germline nuclei to give rise to the somatic nucleus, foregoing meiosis, the entire haploid
phase, karyogamy and the divisions of the synkaryon (Figure 1.5). A secondary pathway of MAC

development been observed in only one other ciliate, Paramecium putrinum (Jankowski 1962).
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Chapter 2

Research Aims

The basal position of Blepharisma on the ciliate tree make it an ideal model ciliate to
study the emergence of genome reorganization pathways and determine the degree of
conservation observed in these mechanisms from Blepharisma to the model ciliates Paramecium,

Tetrahymena and Oxytricha.
This thesis aimed to achieve the following objectives:

1. Generation of annotated draft genomes of the macronucleus and micronucleus of
Blepharisma stoltei (strain ATCC 30299)

2. Transcriptome sequencing of cells at multiple timepoints across conjugation and
development of the new MAC

3. Investigation of the genome rearrangement properties and potential responsible

molecules in Blepharisma

This thesis presents the work performed to achieve the objectives listed above. Chapter 3
introduces the methods and considerations underlying sequencing, assembly, structural
annotation and functional annotation of the macronuclear genome. Chapter 4 addresses
conjugation and sexual reproduction in B. stoltei and the utilization of the developmental time
series to generate RNA-seq data. The RNA-seq data together with the annotated genome of B.
stoltei ATCC 30299 provides a glimpse of the gene expression patterns during development of
the new MAC for various genes known to be involved in the genome reorganization machinery
in ciliates. Chapter 5 focuses on a specific class of transposase found in the B. stoltei MAC and
MIC genomes, encoding the PiggyBac transposase domain. One of these homologs presents a
strong case for being the main IES excisase in Blepharisma. Chapter 6 presents the collaborative
work performed on the MIC genome of B. stoltei ATCC30299 and discusses the MIC-limited
transposons and the non-autonomous miniature inverted-repeat transposable element (MITEs)
which have emerged from them. Chapter 7 presents a general discussion of Chapters 1 - 6 and
provides a brief comment on future work with Blepharisma as a model ciliate. Chapter 8 lists all

the materials and methods used in the work described in Chapters 3-6.
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Chapter 3
Preliminary assembly and annotation of the draft genome of the

Blepharisma stoltei somatic nucleus

3.1. Introduction

The genome architecture of the two ciliate nuclei is of particular interest, as the somatic
genome is actively shaped during sexual reproduction. This occurs through a process of genome
reorganization, where large portions of the germline genome are eliminated from the developing
somatic nucleus. Blepharisma is a ciliate belonging to the class of Heterotrichs, which diverged
from the rest of the ciliate classes at an early stage. Studying genome reorganization in
Blepharisma thus has the potential to illuminate the ancestral state of this process. However, the
current lack of a reference genome for the somatic nucleus of Blepharisma has limited
investigations into its genome architecture and molecular mechanisms. We aim to address this

gap by generating a reference genome for the Blepharisma somatic nucleus.

Sequencing technology for sequencing entire genomes has developed fast and has come
far since the initiation of the Human Genome Project in 1990. One of the key developments
from this project was "shotgun sequencing", a technique which Next Generation Sequencing
(NGS) relies on today. This involves breaking strands of DNA into smaller fragments at random
points, sequencing these short fragments and then computationally assembling the short
sequences to recreate the original sequences (Venter et al. 1998). At the most basic level, a
genome assembly involves organizing the sequenced DNA fragments in the form of contiguous
sequences, known as “contigs”, and further into scaffolds and ultimately chromosomes (Hunt et
al. 2014). The complexity of the assembly increases if there are many regions that are similar
(DNA repeats, alleles), if the reads are too short or contain too many errors (inaccurate reads) or

if there are not enough overlapping reads representing a DNA fragment (low coverage).

Once a genome assembly is produced, it can be used to determine the genes encoded
within it. Demarcating regions of the genome that code for proteins is known as structural
annotation or gene prediction, while assigning indications of biological function to these
predicted genes is known as functional annotation. The genetic code for a genome plays an
integral role in structural gene annotation, as it allows the determination of the longest open

reading frames. Non-standard nuclear genetic codes are most often observed in eukaryotes
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among the ciliates. Blepharisma has a non-standard genetic code, where UGA is translated as
tryptophan, instead of serving as a stop codon (Liang and Heckmann 1993). This is unlike the
ciliate genetic code utilized by most other ciliates like Paramecium, Tetrahymena and Oxytricha,
which only have one stop codon, UGA, and translate the canonical stop codons UAA and UAG
as Glutamine (Lozupone, Knight, and Landweber 2001). The non-standard genetic code of

Blepharisma is another factor to be accounted for during annotation.

The quality of the sequencing data, i.e., the raw reads, depends on the quality of DNA
used for sequencing (Chen et al., 2017). Short-read sequencing produces reads of 100-150 base
pairs (bp), which are highly accurate (Chen et al., 2017). In contrast, long-read sequencing can
produce reads longer than 10 kilobase pairs (kbp) but were previously prone to sequencing errors
(Rhoads and Au 2015). With one popular long-read sequencing technology from Pacific
Biosciences, this shortcoming has been addressed by recent advances in the High Fidelity (HiFi)
sequencing format, which generates long reads built from multiple circular consensus reads,
which have an accuracy comparable to that of short-reads (Wenger et al. 2019). To benefit from
the extended read lengths now possible with long-read sequencing, genomic DNA must have a
high molecular weight, i.e. correspond to long sequences. If the DNA is excessively fragmented
or degraded before sequencing, the quality of the sequenced reads will also be compromised.
Moreover, if the read quality is poor, then any assembly generated using those reads will reflect

this lack of accuracy. DNA extraction is therefore a critical step for quality control.

In this section, I present the exploration of suitable experimental protocols for DNA
extraction from the somatic nucleus, and several iterations and variations of DNA sequencing
and genome assembly performed before arriving at the final reference assembly of the
Blepharisma stoltei somatic genome. The B. stoltei lab strain ATCC 30299, first isolated from
Federsee (Germany) (Repak 1968), was used for all experiments and will henceforth be referred
to as simply “B. stoltei ATCC”. I also outline the iterative assessment and refinement of gene
prediction models to address challenges in annotating an atypical eukaryotic genome. Finally, I
describe the functional annotation of the reference genome. The genome assembly, augmented
with structural and functional annotations, constitutes an essential resource for further analysis of

Blepharisma’s biological pathways.
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3.2. Results
3.2.1. DNA extraction

3.2.1.1. DNA extraction from whole-cell lysate

The macronucleus (MAC) of B. stoltei contains most of the DNA present in a single cell.
In B. stoltei, the MAC is ribbon-like in shape, measuring 150-200 pm on its longer axis and 10-
20 pum in diameter. It is several times larger than the small germline nuclei, called micronuclei

(MIC), which are spherical and measure only 1-2 pm in diameter (Figure 3.1).

Figure 3.1. Blepharisma stoltei ATCC cell. Magenta regions indicate cytoplasm and ciliary structures on the cell
surface. Cyan regions indicate nuclear material stained with DAPI. Small, round cyan bodies are micronuclei; large
ribbon-like cyan structure is macronucleus. Scale bar: 50 pm.

The amount of DNA in the MAC considerably outweighs that in the MIC (Figure 3.1).
Therefore, in a lysate prepared by digesting entire cells, the majority of DNA will be from the
MAC, with very little originating from the MIC. MAC DNA extracted from the whole-cell

lysates was purified using two different methods: a spin column or spool out of a solution.

The size distribution of DNA obtained using these methods can be seen in a profile
generated using pulsed-field capillary electrophoresis (Femto Pulse, Agilent) as shown for the two
different methods: isolation using a spin column (Figure 3.2) and isolation by spooling

precipitated DNA out of the solution (Figure 3.3) (Chapter 8, section 8.2).
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The modal fragment length of DNA extracted using both these methods is larger than 10
kb, demonstrating that high-molecular weight DNA suitable for both short-read and long-read

sequencing can be isolated from B. stoltei.
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3.2.1.2. DNA extraction from MAC-enriched lysate

In addition to whole-cell lysate, DNA was extracted from purified macronuclei. The size
difference between the MAC and MIC allows the two organelles to be separated by density
gradient centrifugation. This allows nuclei with intact nuclear membranes to be distributed at
different heights of a solution with an increasing density gradient from top to bottom. Upon
centrifugation, the heavier and larger MAC:s settle to the bottom of the gradient as a pellet and
the lighter and smaller MICs, together with fragments of broken MACs, remain in the top layer
of the solution. Fractions enriched in MACs and MICs can thus be obtained by harvesting the
nuclei from the bottom and top of the centrifuged gradient, respectively (Chapter 8, section 8.3).
DNA from the MAC-enriched fraction was purified using gravity flow-based purification
columns. Figure 3.4 shows the fragment size profile, where the modal fragment size from this
preparation is well above 21 kb, thus making this sample well suited for long-read sequencing,.

This sample was sequenced using PacBio HiFi reads, which are highly accurate and used to
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3.2.2. Assembly

3.2.2.1. Short-read assembly

For a preliminary assembly, DNA extracted from a whole-cell lysate was sequenced as
150 bp paired-end Illumina reads. These reads were either trimmed to exclude regions with a
PHRED quality score lower than 28 (referred in Table 3.1 as "q28") or left untrimmed (referred
in Table 3.1 as "untrimmed") and assembled using the SPAdes genome assembler (Bankevich et
al. 2012). This yielded a 44.7 Mb genome with 2840 contigs (Table 3.1) and the length of the
longest contig of this assembly was 0.81 Mb. This genome was assessed based on several metrics
of genome quality, principal among which were the number of contigs, the N50 and L50. N50 is
the contig length such that using longer or equal length contigs accounts for at least half (50%)
of the total length of the assembly (Earl et al. 2011). This important metric indicates how well
the reads have assembled. The N50 for this assembly was 0.32 Mb, demonstrating that at least
half of the contigs in this assembly were longer than 0.3 Mb. Another metric, the L50, indicates
the fragmentation of the assembly. It constitutes the minimum number of contigs that produce
half (50%) of the bases of the assembly, i.e. the number of contigs of length at least N50 (Earl et
al. 2011). The L50 of this assembly was 47, showing that at least half of the assembly could be
re-constructed with just 47 contigs, all of which are at least 0.3Mb long (Table 3.1).

Short-read sequencing was also performed for DNA extracted from the whole-cell lysate
of other Blepharisma species, B. japonicum and B. undulans and another strain of B. stoltei (HT-

IV). SPAdes genomes were also prepared for these Blepharisma species and strains (Table 3.1).
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Table 3.1. Assessment of SPAdes genome assemblies of Blepharisma species from Illumina reads.

B. stoltei B. stoltei HT- B, inponi B, undula
Species ATCC 30299 v e (amstimedd)
(q28) (q28) 4

Number of contigs 2840 9229 1559 30724
Total length (Mb) 44.7 52.9 47.3 82.5
Largest contig (Mb) 0.81 0.54 0.97 0.15
N50 (Mb) 0.32 0.02 0.33 0.005
L50 47 493 47 3403

3.2.2.2. Long-read assembly

The DNA from the whole-cell lysate of B. stoltei was also sequenced with PacBio long-
reads. These long reads served as the basis for genome assembly, using the long-read genome
assembler Ra (Vaser and Siki¢ 2019). The genome assembled by Ra was 44.8 Mb in length. It
was more contiguous than the SPAdes assembly, as it consisted of only 137 contigs. The length
of the longest contig of the Ra assembly was 1.19 Mb, the N50 was 0.63 Mb and the L50 was 28
(Table 3.2), all indicating that the long-read assembly was better assembled and more contiguous

than the short-read SPAdes assembly.

The long-read assembler Raven (Vaser and Siki¢ 2021), a successor of Ra, was also used
to assemble the B. stoltei long-reads (Chapter 8, section 8.4.1). This assembly was 44.4 Mb in
length and consisted of 118 contigs. Its N50 and L50 were 0.79 Mb and 22, respectively.
Another long-read assembler, Flye (Kolmogorov et al. 2019), performed even better, generating a
41.9 Mb genome with 91 contigs and an N50 and L50 of 0.75 and 24. Based on optimized
parameters observed from the previous assemblies, the Flye assembly was produced by Dr.
Estienne Swart using HiFi reads, long-reads of very high accuracy obtained from the MAC-
enriched DNA (Chapter 6). While shorter than other assemblies, it was more contiguous and
was therefore used as the basis for the reference genome. This Flye assembly was further manually

curated to produce the final assembly of the B. sto/tei somatic genome (Chapter 8, section 8.4.2).
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Table 3.2. Assessment of genome assemblies of B. stoltei ATCC. The reference genome is a derivative of the Flye

assembly (Chapter 5).

Statistics

Reference

genome

Number of contigs
Total length (Mb)
Largest contig (Mb)
N50 (Mb)
L50

64
41.4
1.51
0.78

23
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3.2.3. Annotation

3.2.3.1. Structural annotation with AUGUSTUS

Demarcating regions of the genome that code for proteins, i.e., genes and non-coding
regions such as introns, is known as structural annotation. The eukaryotic gene prediction
software AUGUSTUS (Hoff and Stanke 2019), which remains best in class for eukaryotic gene
prediction (Scalzitti et al. 2020), was used for structural annotation of the B. stoltei genome.
AUGUSTUS provides pre-trained gene prediction models for several eukaryotes, among them
the ciliate Tetrahymena. Tetrahymena and Blepharisma differ greatly in genome architecture, have
a large evolutionary distance between them and use different genetic codes. The Tetrahymena
gene model was therefore not expected to be very effective at gene prediction in Blepharisma and

was used to evaluate the effectiveness of an un-trained model of gene prediction for Blepharisma.

To assess the performance of the gene prediction using various models, a set of 284
coding regions (CDSs) and 103 introns were manually curated in the B. stoltei genome, with the
help of transcriptomic data mapped to the genome assembly. This set was split into two equal
subsets, one to serve as a training dataset and the other as a testing dataset. It was already evident
from the transcriptome mapping to the assembly, that the Blepharisma somatic genome had some
unusual properties. The 103 manually annotated introns were all 15-16 bp in length, much like
the ciliate Stentor coeruleus (Slabodnick et al. 2017), a fellow heterotrich and close relative of
Blepharisma. Moreover, the genic features were packed densely, with short or negligible
intergenic regions. An initial round of gene prediction using the Tetrahymena gene model to
predict features in the testing dataset of the Blepharisma MAC genome showed an
underwhelming exon-level sensitivity of 4.6% and specificity of 8.3% (Table 3.3). Sensitivity and
specificity are measures of the rate of identification of true positives and true negatives,
respectively, in this case indicating the percentage of exonic and non-exonic regions

AUGUSTUS was able to correctly identify.

True positives

Sensitivity = — -
y True positives + False neagtives

True negatives

Specificity =
pectficity True negatives + False positives
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Gene predictions made by AUGUSTUS can be improved by supplementing the gene
prediction model with the location of exons and introns inferred from RNA-seq data. These
“hints” from transcriptomic data allowed the gene prediction accuracy using the Tetrahymena

gene model to climb to 8.0% and 9.5% for sensitivity and specificity, respectively.

Due to the demonstrable insufficiency of the Terrahymena gene model, an ab initio gene
prediction model was required for Blepharisma. AUGUSTUS can be re-trained under supervision
to develop gene models for other species ab initio. A gene prediction model has been developed
for Stentor (Slabodnick et al. 2017), which was graciously shared by the authors (Pranidhi Sood,
personal communication). This model is based on a modified version of AUGUSTUS, which
made allowances for unusual, short introns of Stentor, similar to those of Blepharisma.
Benchmarking the performance of the Stentor model against the Blepharisma test dataset showed
that exon-level sensitivity was 72.4% and specificity was 75.9%, a dramatic improvement on the
previous model. Supplied with “hints” from RNA-seq, the Stentor model predicted Blepharisma
exons with a sensitivity and specificity of 86.2% and 82.4%, respectively.

Table 3.3. AUGUSTUS parameters and respective gene prediction accuracy at the exon level. The parameters
represent only the internal parameters for gene prediction models used by AUGUSTUS, while being trained and

tested on Blepharisma data. All Sensitivity and specificity values shown here have been generated using Blepharisma
genome data.

Exon-level
Parameters T o
Sensitivity (%) Specificity (%)

Tetrahymena 4.6 8.3
Stentor 72.4 75.9
Blepharisma Set 1 65.5 68.7
Blepharisma Set 2 48.8 60.1

With RNA-seq hints

Tetrahymena 8.0 9.5
Stentor 86.2 82.4
Blepharisma Set 1 79.3 75.0
Blepharisma Set 2 84.6 85.4

While gene predictions with the Stentor model were considerably more accurate than
those produced with the 7esrahymena model, it remained to be seen whether these could be
improved by training the model specifically for Blepharisma. The training set of manually curated

Blepharisma features was used to train a version of AUGUSTUS, modified in the same way as for
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Stentor. The first gene prediction model trained with Blepharisma features had an accuracy of
65.5% sensitivity and 68.7% sensitivity. This could be boosted with “hints” to 79.3% sensitivity
and 75% specificity. To improve this further, more CDSs representing longer exons were added
to both the training and testing datasets, since these longer exons were being annotated
incorrectly as intergenic regions. This augmented dataset of features was used to train and test

gene prediction.

The second model yielded a sensitivity of 48.8% and 60.1% and gene prediction with
hints allowed a sensitivity and specificity of 84.6% and 85.4%, respectively. This gene model,
though an improvement over previous versions, still had drawbacks. While it predicted almost all
15-bp introns correctly, it also predicted additional, spurious 15-bp introns in coding regions
and intergenic regions, where there were no spliced- reads to indicate the presence of real 15-bp
introns. It missed 16-bp introns with a higher frequency than it missed 15-bp introns and also
predicted 17-20 bp and 300-450-bp introns, which were almost always incorrect predictions (as
verified by inspecting the spliced-read alignments). To circumvent these limitations, a wrapper
script for AUGUSTUS was created (https://github.com/Swart-lab/Intronarrator) to infer introns
directly from RNA-seq data and to predict genes using the “intronless” mode in AUGUSTUS
(Chapter 8, section 8.5.). This preserved the accuracy of intron annotation, while benefiting
from the high sensitivity of exon prediction by AUGUSTUS. The final set of gene predictions

for the B. stoltei MAC genome was generated using Intronarrator.

3.2.3.2. Functional annotation with HMMER3, Pannzer2 and eggNOG

The structurally annotated somatic genome of B. stoltei was used as a basis for functional
annotation. Functional annotation aims to assign a biological significance to the genes identified
through structural annotation. This involves translating the coding regions of the genes and
allowing specialized software to compare these hypothetical proteins with a database of annotated

homologs.

For the B. stoltei somatic genome, functional annotation was conducted with HMMER3
(Eddy 2011), using hmmscan, which searches protein sequences against HMM-profiles in the
PFAM-A protein database. Of the 25710 genes annotated by Intronarrator in the MAC genome,
57.6% (14817) genes were assigned PFAM domain annotations by hmmscan.
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Pannzer2 (Torénen, Medlar, and Holm 2018) and eggNOG (Huerta-Cepas et al. 2019)
were used to provide further functional annotation. Pannzer2 (Protein ANNotation with Z-
scoRE) performs homology searches to produce gene ontology (GO) annotations, together with
a free-text description. eggNOG (evolutionary genealogy of genes: Non-supervised Orthologous
Groups) is database of orthology relationships and can be used to identify orthologs in a query
genome and infer their function. Pannzer2 was able to assign gene names to 2.8% (737) genes in
the MAC genome and provided a description for 23.9% (6154) genes. EggNOG performed
marginally better, by assigning gene names to 18.6% (47806) genes and providing descriptions for

49% (12598) annotated genes.

3.3. Discussion

The procedures described here generated the predecessors of the final somatic genome
assembly and mode of structural annotation (Chapter 5), paving the way to address the principal
research questions described in Chapter 2. The somatic genomes of model ciliates Paramecium
tetraurelia (Aury et al. 20006), Tetrahymena thermophila (Eisen et al. 20006), Oxytricha trifallax
(Swart et al. 2013), Stylonychia lemnae (Aeschlimann et al. 2014), Stentor coeruleus (Slabodnick et
al. 2017), and Euplotes octocarinatus (Wang et al. 2018) have been sequenced in the last few
years, with the increasing availability and decreasing cost of high-throughput sequencing. The
addition of Blepharisma to this repertoire necessitated the optimization of several basic

procedures to the specific demands of Blepharisma culture and biology.

3.3.1. High molecular weight DNA was extracted from MAC- and MIC-enriched fractions

We were able to extract high molecular weight DNA of B. stoltei from the whole-cell
lysate, the MAC-enriched fraction and the MIC-enriched fraction of the cell lysate. Features
particular to Blepharisma, such as the pigmented pellicular layer, not accounted for in standard
protocols for DNA extraction from eukaryotic cells did not interfere with the process. The
substantial difference between the physical dimensions of the MAC and the MIC is distinctive
for Blepharisma, though there is a large amount of diversity in nuclear shapes and sizes observed
among the ciliates. The germline genomes of Paramecium was sequenced (Arnaiz et al. 2012).
using genetic material from the developing macronucleus of cells with a silenced IES-excisase
(Pgm), using short-read sequencing (Arnaiz et al. 2012). This genetic material contained a
mixture of un-modified germline DNA (60-65%) and IES-eliminated DNA (35-40%), due to
the presence of old MAC:s in the cytoplasm (Arnaiz et al. 2012). The enrichment of MICs
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directly from cell lysate avoids this particular type of contamination in the case of Blepharisma,
though this is solely a theoretical consideration, given that gene silencing in Blepharisma has only
been reported once and has since not been reproducibly demonstrated (Sobierajska et al. 2011).
Moreover, the MIC-enriched fraction from the Blepharisma cell-lysate suffers from a different
form of MAC contamination, which is caused by the fragmentation of the long and ribbonous
MAC in the lysate into smaller fragments. These fragments separate in the MIC-rich fraction of
the sucrose gradient. The sequencing of the MIC-enriched fractions showed that only ~20% of
the raw reads were MIC-specific and the rest originated from the MAC (Chapter 6), which was
nevertheless sufficient for assembling the MIC-limited regions (Chapter 6). Conversely, this
indicates that the proportion of MIC-reads in an un-fractionated, whole-cell lysate is likely to be
even smaller and its influence on the genome assembly generated from genetic material obtained

from whole cell-lysates can thus be considered negligible.

3.3.2. Short-read assemblies were produced for two strains of B. stoltei

A comparison of short-read SPAdes assemblies for the two strains of B. stoltei (ATCC
30299 and HT-1V, isolated from Aichi prefecture, Japan) showed that the HT-IV assembly is
larger than that of ATCC 30299. This indicates that the HT-IV assembly might be
heterozygous, and the allelic reads may not be reconcilable, leading to a larger assembly. This
also indicates that the somatic genome of B. stoltei strain ATCC is homozygous, a condition
which may have resulted from selfing events over the course of laboratory propagation in the 50
years since its isolation in 1968. The short-read SPAdes assemblies for B. stoltei ATCC exhibited
a higher genome size than the long-read assemblies generated by Ra and Raven. Regions of low
complexity, such as telomeres or other repeats, are difficult to resolve from the short reads. Such
low complexity regions can be better resolved through long-reads, where the contiguity of the
longer DNA sequences helps to establish the contiguity of local segments of the assembly,

accounting for the difference in genome sizes between the two modes of assembly.
3.3.3. Structural gene prediction was performed using AUGUSTUS

Most non-model organisms require ab initio gene prediction models for structural
annotation, since the current repertoire of gene prediction models listed for popular gene
prediction tools like AUGUSTUS over-represents animal metazoans, fungi, plants and green and
red algae. The non-standard genetic code of Blepharisma, where the canonical stop codon UGA

codes for tryptophan, further excluded gene prediction tools like GeneMark (Lomsadze et al.
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2005), and dependent pipelines like BRAKER (Hoff et al. 2016) and MAKER (Holt and
Yandell 2011). The ab initio gene prediction for Blepharisma involved changing hard-coded
settings for parameters required by AUGUSTUS, e.g. minimum intron length whose default
value is 39, reflecting the expected length of the shortest spliceosomal eukaryotic introns, ~40
nucleotides (Rogozin et al. 2012), outside the ciliates. This parameter was set to 9 to
accommodate the short introns found in Blepharisma. Such parameters are challenging for gene
prediction programs, which are based on statistical approaches. Most programs perform well in
intermediate cases, but struggle to identify features at extreme ends of the spectrum - such as
these very short introns (Scalzitti et al. 2020). These limitations served as the inspiration for
Intronarrator, a wrapper script developed by our group (https://github.com/Swart-
lab/Intronarrator) that invokes AUGUSTUS after inferring intronic regions directly from
transcriptomic data, thus allowing a more accurate prediction of coding regions (Chapter 5).
These small introns in the genome hint at the possible miniaturization of other non-coding
DNA features, as is often observed in eukaryotic genomes (Cavalier-Smith 2005). Gene
prediction in Blepharisma adds further support to this observation, as we find the Blepharisma
somatic genome to be relatively gene dense. The Blepharisma somatic genome contains about
600 genes per one million base pairs, with only short intervening intergenic regions, in

comparison to about 6 genes per million base pairs in humans.

3.3.4. Functional gene prediction was performed with HMMER3, Pannzer2 and eggNOG

Functional annotation of the B. stoltei MAC genome performed using HMMERS3,
Pannzer2 and eggNOG allowed protein domains, gene names and gene description to be
assigned to a sizeable fraction of the MAC genome. Functional annotation of non-model species
has limitations arising from the lack of close homologs in popular databases. Domain annotation
using PFAM relies on recognition of domains curated by the PFAM database, which are
predominantly of bacterial and opisthokont origin. Similar limitations apply to Pannzer2, which
uses the Uniprot database (Bateman et al. 2015) to infer homologs (T6éronen, Medlar, and Holm
2018) and EggNOG, which also relies on a combination of Uniprot, RefSeq and Ensembl
databases (Huerta-Cepas et al. 2019) for determining protein homology and classification of
CDSs into groups of orthologous proteins. The performance of eggNOG in assigning gene
names (18.6%) and gene descriptions (49%) was better than that of Pannzer2 (2.8% gene

names, 23% gene descriptions), which might be a consequence of the broader sampling of
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multiple databases performed by eggNOG in comparison to the single database used by
Pannzer2. Finally, in addition to these limitations of functional annotation based on protein
homology, there still remains the experimental verification of gene function, which must

eventually inform and complement these genome annotations.

The work described in this chapter provided a valuable first look at the genomic
attributes of Blepharisma and acted as the antecedent of the final genome assembly and

annotation described in the following chapters.
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4.1. Introduction

A fully annotated MAC genome for B. stoltei was produced from the precursors discussed
in Chapter 3, and now joins the sequenced and annotated genomes of the model ciliates
Paramecium, Tetrahymena and Oxytricha. A great deal is known about the mechanisms of
genome reorganization in these model ciliates. The scanning model of IES excision (Mochizuki
et al. 2002) proposes that sSRNAs generated in a complex process during sexual reproduction are
transported to the developing MAC, where they demarcate the IESs from the macronuclear-
destined sequences. They guide the excision machinery, containing a principal domesticated
transposase, to the correct regions of the genome for DNA excision. Tetrahymena has distinct
domesticated transposases that excise different subsets of IESs, namely those that are
predominantly imprecisely excised and intergenic (by Tpb2) (Cheng et al. 2010), versus those
that are rare, precisely excised and intragenic (by Tpb1 and Tpb6)

(Cheng et al. 2016; Feng et al. 2017). In Paramecium, 1ESs are predominantly intragenic (Arnaiz
etal. 2012). IES excision is precise (Arnaiz et al. 2012) and is carried out by a heteromeric

complex of PiggyMac and PiggyMac-like proteins (Bischerour et al. 2018; Dubois et al. 2017).

Participants in this process specific to genome reorganization in addition to the
transposases are Dicer-like (Dcls) proteins, which are involved in sSRNA generation; Piwi
proteins, which transport the sSRNA. In ciliates such as Paramecium and Tetrahymena, the shorter
Dicer-like proteins (Dcls) are distinguished from longer Dicer proteins (Dcrs), which possess
additional N-terminal domains and produce small RNAs involved in gene regulation, notably
siRNAs (Sandoval et al. 2014). In the scanning model of MAC development in Tetrahymena and
Paramecium, Dcls cooperate with Piwi proteins, converting long double-stranded RNA
transcripts produced in the maternal MIC into “scan RNAs” (scnRNAs)

(Mochizuki et al. 2002; Mochizuki and Gorovsky 2005; Sandoval et al. 2014; Lepere et al. 2009;
Schoeberl et al. 2012; Noto and Mochizuki 2018). Piwi-bound scnRNAs are transported to the
maternal MAC where a subtractive process takes place, leaving only scnRNAs complementary to
the MIC-limited genome. The remaining scnRNAs are transported to the new, developing
MAC, where they target MIC-limited regions for excision

(Mochizuki et al. 2002; Mochizuki and Gorovsky 2005; Sandoval et al. 2014; Lepere et al. 2009;
Schoeberl et al. 2012; Noto and Mochizuki 2018). Additionally, histone variants and histones-

modifications on nucleosomes regulate access to the DNA during the process.
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In Tetrahymena, IESs frequently contain transposons or are derived from them. These
IESs are targeted for removal by sSRNA machinery that is involved in depositing methylation
marks on Histone 3 Lysine 9 (H3K9) and Histone 3 Lysine 27 (H3K27), in a process akin to
heterochromatin formation except that the marked regions are excised entirely (Chalker, 2008;
Liu et al., 2007). In Paramecium, a mechanism involving H3K9- and H3K27-trimethylation
(H3K27me3) represses MIC genome-encoded transposable element gene expression.
Experimental elimination of these marks leads to low efficiency of IES excision and lethal
outcomes when new MAC genomes are produced (Frapporti et al., 2019). A particular histone
variant (H3.4) present in polytene DNA was proposed to be the target of trimethylation,
facilitating heterochromatinization and excision of IESs not protected by 27 nt macRNAs in the
ciliate Stylonychia (Postberg et al., 2018). These instances illustrate the pivotal role that histone

modifications and histone variant play in genome reorganization

With the annotated B. stoltei MAC genome and transcriptomic data collected over the
course of sexual reproduction and MAC development, we can carry out a comparative study of
genome reorganization in ciliates. This will allow us to identify proteins in Blepharisma that are
homologs of key proteins known to play important roles in genome reorganization in other
ciliates. Here, I present these homologs and their expression during development of the new

MAC in Blepharisma.
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4.2. Results

4.2.1. Morphological staging of conjugation time-course in B. stoltei

Complementary B. stoltei strains were treated with gamones of the opposite mating type,
before mixing to initiate conjugation (Miyake et al., 1991; Sugiura et al., 2012). Gamone 1 was
obtained as the cell-free fluid from mating-type 1 cells (Chapter 8, section 8.7) and was used to
treat mating type 2 cells. Synthetic gamone 2 was used to treat mating type 1 cells. Meiosis
begins around 2 h after conjugating cell pairs form and continues up to 18 h, when gametic
nuclei generated by meiosis are exchanged (Chapter 1, Section 1.5). This is followed by
karyogamy and mitotic multiplication of the zygotic nucleus at 22 hours. Around 26 h, new,
developing primary MACs can be observed as large irregular bodies in the conjugating pairs
(Figure 4.1). These nuclei mature into the new MAC:s of the exconjugant cell by 38 h, after
which cell division generates two daughter cells. Smaller secondary MAC:s derived directly from
MICs, and therefore without all the intermediate nuclear stages, can also be seen from 22 h,

though these eventually disappear and give way to the primary MACs.

The proportion of cells in each developmental stage was estimated by fixing cells at the
specified timepoints, counting the number of cells at each of those stages and classifying them
according to their nuclear morphology (Figure 4.1). The trend evident in the bar chart shows
that the cells progressively underwent developmental changes at different timepoints. Cells from
this developmental time course were also isolated for mRNA and small RNA extraction, which
was sequenced (RNA-seq). Samples for morphological staging and RNA-seq were taken at
intervals from the time of mixing (“0 hour” time point) up to 38 hours (Chapter 8, section 8.8).
The transcriptomic reads from each of the series of developmental timepoints were used to

analyze the expression of various genes of interest across development.
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Figure 4.1. Developmental staging of B. stoltei for RNA-seq. Classification of nuclear morphology into stages is
according to previous descriptions (Miyake et al., 1991). Nuclear events occurring before and up to, but not
including fusion of the gametic nuclei (syngamy) are classified into sixteen stages indicated by Roman numerals.
These are the pre-gamic stages of conjugation, where the MICs undergo meiosis and the haploid products of meiotic
MIC:s are exchanged between the conjugating cells. Stages after syngamy are classified into 10 stages as shown in
Figure 1.5. Illustration of various cell stages adapted from (Suzuki, 1957)). Stacked bars show the proportion of cells
at each time point at different stages of development. The number of cells inspected (n) is shown above each bar.
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4.2.2. Transcriptomic analysis of the conjugation time-course in B. stoltei

To gain an overview of the molecular processes during Blepharisma genome editing, we

examined gene expression trends across development of genes of interest.

4.2.2.1. Small RNA biogenesis machinery in B. stoltei

We found putative Dicer, Dicer-like and Piwi proteins encoded by the B. stoltei MAC
genome (Figure 4.2). The single B. stoltei Dicer (Dcr) protein has the characteristic N-terminal
Dicer domains followed by a pair of RNase III domains (PFAM domain Ribonuclease_3;
PF00636). There are also three Dicer-like proteins (Dcl1-3), which consist of RNase III domains
only. Dcll expression is upregulated shortly after conjugation begins and before onset of meiosis;
Dcl2 and Dcl3 are upregulated from meiosis onwards, peaking during anlagen formation. B.
stoltei also appears to have an additional truncated Dcr homolog (881 aa), a putative Dicer-
derived protein (Dcrd), which lacks the RNase III domain portion found in the complete Dicer

(Figure 4.2).

1 500 1,000 1,500 2,000 2,378

Paramecium tetraurelia Dicer1 = ®

Tetrahymena thermophila Dicer2 ®

Tetrahymena thermophila Dicer1 - oe O
E Paramecium tetraurelia Dicer2 - oe

Paramecium tetraurelia Dicer3 ®
Paramecium tetraurelia Dcrd

Oxytricha trifallax Dicer1 = ®

Oxytricha trifallax Dclt

Stentor coeruleus Dicer

Blepharisma stoltei ATCC 30299 Dicer
Blepharisma stoltei ATCC 30299 Dcrd

_E
Stentor coeruleus Dcl 1,2,4
Blepharisma stoltei ATCC 30299 Dcl1
Blepharisma stoltei ATCC 30299 Dcl2
Blepharisma stoltei ATCC 30299 D3 -
Stentor coeruleus Dcl 3,5 -t (\‘eé P N NP NI IS RN
_q * o

loga(TPM)

2
Oxytricha trifallax Dcl 2,3 _— @ o

Meiosis Karyogamy
Paramecium tetraurelia Dcl1 v [}

i my —
Mixing New MAC dev't

Initiate paring

e
Exconjugation
Paramecium tetraurelia Dcl2

Paramecium tetraurelia Dcl3 e Ribonuclease_3
Paramecium tetraurelia Dcl4 @ o=
Paramecium tetraurelia Dcl5 = - ResllI
Tetrahymena thermophila Dcl1 Helicase C
Perkinsus olseni i Tie (] Dicer_dimer

Figure 4.2. ReslIl, Helicase_c and Ribonuclease_3 domains in B. stoltei. Phylogeny with PFAM domain
architecture and gene expression heatmap for B. stoltei.

55



A comparative phylogenetic analysis of the Blepharisma Dicer and Dicer-like proteins
with other ciliate Dicer and Dicer-proteins reveals that the Blepharisma Dicer shares ancestry
with the Stentor Dicer protein, both of which form an outgroup to the clade of the Dicer
proteins from Paramecium, Tetrahymena and Oxytricha. Similarly, the Blepharisma Dcl proteins
are closely related to those of Stentor and more distantly related to the Dcl proteins of
Paramecium, Tetrahymena and Oxytricha. The presence of the Dicer protein suggests the presence
of an siRNA biogenesis mechanism in Blepharisma, while the Dcl proteins suggests the presence
of sSRNA biogenesis machinery involved in genome reorganization comparable to that observed

in Paramecium and Tetrahymena (Sandoval et al. 2014).

We also found nine proteins with Piwi and PAZ domains (five of them with ArgoL
domains) in the B. stoltei MAC genome. Two closely related Blepharisma Piwi paralogs, Biwi 7
and Biwi 8, are highly upregulated during meiosis and throughout subsequent development
(Figure 4.3). These genes are both among the most highly expressed genes at 26 h, when the new
MAC is forming,.
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4.2.2.2. Development-specific histone variant upregulation

We annotated the four core histones, H2A, H2B, H3 and H4, in B. stoltei using curated
domain from Histone DB (v2.0) to generate HMM (Hidden Markov Model) profiles and used
hmmscan to annotate the histone candidate genes (Figure 4.4). We found eleven putative H2A,
five H2B, eleven H3 and five H4 histone proteins. Histone H2A forms dimers with histone H2B
and histone H3 forms dimers with histone H4 (Malik and Henikoff, 2003). The H2B and H4
histones are known to be more conserved in comparison to H2A and H3 across several
eukaryotic lineages (Malik and Henikoff, 2003). The trend of greater diversity in homologs of
H2A and H3 in other eukaryotic lineages is also preserved in Blepharisma, where we find twice as

many H2A homologs as those of H2B and almost twice as many H3 homologs as those of H4.

While nine of the eleven H2A candidates are ~120 aa long and possess an H2A_C (H2A
C-terminal) domain in addition to the identifiable H2A domain, the two remaining do not and
are distinctly longer (Contig_7.¢1593 ~300 and Contig_44.¢g977 ~700 aa). One of the five H2B
proteins also diverges from the domain structure seen in the majority of the H2B candidates,
since it possesses several TPR (Tetratricopeptide repeat) domains in addition to the H2B domain
and is also much longer, ~600 aa compared with the 120 aa length of the others. A similar
divergence from majority domain structure and length is also seen in two of the eleven H3
proteins, where the ~900 aa outliers include VIT (Vault protein inter-alpha-trypsin) and VWA_3
(Von Willebrand factor type A) domains in addition to the H3-specific domain. A slightly longer
H4 candidate is also present among the set of putative H4 proteins. Awaiting biochemical
verification, we suspect that the non-conforming candidates are not typical histones, and might

be proteins with possessing histone-like domains which may be co-opted for other functions.

57



Core histones

200 300 400 500 600 700 800 900 1,032

Contig_30.g371 -
Contig_13.g1017
Contig_9.g459
Contig_5.9g562
Contig_36.9802
Contig_29.g138
Contig_52.91268
Contig_14.g1274
Contig_20.g464
Contig_7.g1593
Contig_44.9977

Contig_7.g1440-
Contig_1.g163
Contig_31.g820
Contig_18.9833
Contig_30.g247

Contig_34.9124 -
Contig_6.9638
Contig_36.91038
Contig_14.g1340 1
Contig_13.9762 -
Contig_20.g107 -
Contig_27.9320 -
Contig_43.g564
Contig_32.g1073

Contig_3.g1267 — )
Contig_33.g1327 e T
Contig_14.91339+ o
Contig_6.9637 - )
Contlg_139761 b -
Contig_20.9108 1 =
Contig_27.93194 | [ | | —
" :‘3% a\eé 0;\ Mft‘::s :‘(\ ,\bx\,\q,‘(i?,\\%@‘(\%g‘(\,b%‘(\
‘(\0(\8 Mixing Karyogam[\}llew MAC dev't ExTnjugation
(e Initiate paring
; ; @IS  Histone (HistoneDB: H2A) @ TPR 1
Timepoints Histone H2A_C TPR 8
loga(TPM) @  Histone (HistoneDB: H2B) @ TPR 11
@G Histone (HistoneDB: H3) TPR 12
. - @G Histone (HistoneDB: H4) VIT
3 6 9 @ VWA 3

Figure 4.4. Histones and histone-domain-containing proteins in Blepharisma. Gene expression heatmaps are shown
as in previous figures, clustered according to major histone type as classified according to HistoneDB domain
models. Domains from PFAM and HistoneDB are shown to the right.
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Since substantial upregulation of certain histone variants occurs during development in
both Oxytricha and Stylonychia, including during the period of genome editing (Aeschlimann et
al., 2014; Forcob et al., 2014; Postberg et al., 2018), we examined the patterns of expression
during Blepharisma development. Among the Blepharisma histones, particular candidates of three
of the core histones H2A, H2B and H3 are constitutively expressed at similar levels throughout
the cycle of sexual reproduction, while others are upregulated at timepoints corresponding to
different stages of meiosis (6 h and 14 h timepoints) and subsequently during new MAC
development (Figure 4.4).

4.2.3. Transposase domains encoded in the B. stoltei somatic genome and their

expression

The annotation of PEAM protein domains in predicted genes (CDSs) in the MAC also
allowed us to search for and compare the presence of transposase domains in the Blepharisma
MAC genome with other ciliate MAC genomes. The CDS regions of the Blepharisma somatic
genome appear to encode several families of transposases (Figure 4.5), a feature also observed in

other ciliates.

MAC CDSs from gene prediction
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Figure 4.5. MAC genome-encoded transposases in ciliates. Presence/absence matrix of PFAM transposase domains
detected in predicted MAC genome-encoded ciliate proteins.
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Notable among the transposase domains present in the Blepharisma somatic genome is
the DDE_Tnp_1_7 domain, which represents the PiggyBac family of transposases. This domain
is also present in Paramecium and Tetrahymena, where the principal transposase involved in
genome reorganization is known to be a PiggyBac transposase, called PiggyMac in Paramecium
(Baudry et al. 2009), and Tetrahymena PiggyBac2 (Tpb2) in Tetrahymena (Cheng et al. 2010).
Conspicuously, this domain is absent in Oxy#richa (Swart et al. 2013), where the principal actors
in genome reorganization are the germline-encoded Telomere Bearing Elements (TBEs), which

encode a DDE_3 domain transposase (Nowacki et al. 2009).

Other transposase families such as those represented by the DDE_1 domain
(Pogo/Tigger family transposases), the DDE_3 domain (T'c1/Mariner family transposases), the
DDE_Tnp_IS1595 domain (Merlin family transposases) and the MULE domain (Mutator

family transposases) are also present in the somatic genome of Blepharisma.

4.2.3.1. PiggyBac family (DDE_Tnp_1_7) transposases in the MAC genome
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Figure 4.6. DDE_Tnp_1_7 domain in B.stoltei. Phylogeny with PFAM domain architecture and gene
expression heatmap for Blepharisma. “Mixing” indicates when cells of the two complementary mating types were
mixed. Outgroup: PiggyBac element from Trichoplusia ni. Catalytic residues: D- aspartate

Using HMMER (hmmscan) searches for the characteristic domain of PiggyBac
transposases, DDE_Tnp_1_7 (PF13843), we found eight PiggyBac homologs in the B. stoltei
MAC genome. Active transposons are characterized by terminal repeats on either side. However,

none of the Blepharisma PiggyBac homologs were flanked by terminal repeats (identified by
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RepeatModeler). We also found PiggyBac homologs in the MAC genomes of B. stoltei HT-1IV

and B. japonicum R1072, two other Blepharisma species we sequenced.

PiggyBac transposases possess three catalytic aspartate (D) residues, known as the DDD -
catalytic triad. Reminiscent of Paramecium tetraurelia, which has ten PiggyMac homologs, but
just one homolog with a complete catalytic triad (Bischerour et al. 2018), the DDD triad is
preserved in just a single Blepharisma PiggyBac homolog (Figure 4.6; Contig_49.¢1063), which
we call the Blepharisma PiggyMac or BPgm. This gene is strongly upregulated during
development from 22 to 38 h, when new MACs develop and IES excision is required (Figure
4.6).

PiggyMac homologs are also present in other heterotrich ciliates but have not yet been
described because of genome assembly or annotation challenges. Using BPgm as a query
sequence, we found convincing homologs containing the conserved catalytic DDD-motif in a
genome assembly of the heterotrichous ciliate Condylostoma magnum (TBLASTN e-value 2e-24
to 2e-37). All the C. magnum PiggyMac homologs have a complete DDD-catalytic triad. While
we failed to detect the DDE_Tnp_1_7 domain in predicted genes of the heterotrich Stentor
coeruleus, we detected relatively weak adjacent TBLASTN matches split across two frames in its
draft MAC genome (e-value 7e-15; SteCoe_contig_741 positions 6558-5475). After joining
ORFs corresponding to this region and translating them, we obtained a more convincing
DDE_Tnp_1_7 match with HMMER3 (e-value 2e-24). This either corresponds to a
pseudogene or a poorly assembled genomic region. In addition, we searched for PiggyMac
homologs in the MAC genome of the pathogenic oligohymenophorean ciliate Ichthyophthirius
multifiliis (Coyne et al. 2011). We used the 7. thermophila Tpb2 as a query for TBLASTN
searches, since Tetrahymena belongs to the same ciliate sub-class as Ichthyophthirus. However the
search returned no hits. A HMMER search using hmmscan with a six-frame translation of the
Ichthyophthirus MAC genome against the PFAM-A database also did not return any matches
with independent E-values (i-E-value) less than 1. We note that based on BUSCO analyses
(Chapter 5, Supplementary Figure S5.1), the Ichthyophthirus genome appears to be less complete
than other ciliates we examined. A better genome assembly will therefore be needed to confirm

the absence or presence of PiggyBac homologs encoded in the Ichthyophthirus MAC genome.
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4.2.3.2. Pogo/Tigger family (DDE_1) transposases in the MAC genome
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Figure 4.7. DDE_1 domain-containing proteins in Blepharisma. DDE_1 domain phylogeny with PEAM domain
architecture and gene expression heatmap for Blepharisma.

Three Blepharisma MAC genome-encoded proteins possess the PFAM domain DDE_1
(PF03184; Figure 4.7). The PFAM domain HTH_Tnp_Tc5 (PF03221) occurs most commonly
in combinations with this domain (5898 sequences; PFAM version 35). The CENP-B_N
domain, one instance of which we see in the Blepharisma DDE_1 domain proteins, is
characteristic of numerous transposases, notably those of the Tigger and Pogo families (Gao et
al., 2020). Though pairwise sequence identity is low amongst the Blepharisma DDE_1 proteins
(avg. 28.3%) in their multiple sequence alignment, the CENP-B_N domain in one of them
appears to align reasonably well to corresponding regions in the two proteins lacking this
domain, suggesting it deteriorated beyond the recognition capabilities of HMMER3 and the
given PFAM domain model. BLASTp matches for all three proteins in GenBank are annotated
either as Jerky or Tigger homologs (Jerky transposases belong to the Tigger transposase family
(Gao et al., 2020)). Given that none of the Blepharisma MAC DDE_1 domain proteins appear

to have a complete catalytic triad, it is unlikely they are involved in transposition or IES excision.

4.2.3.3. Tcl/Mariner family (DDE_3) transposases in the MAC genome

Six MAC-encoded transposases containing the DDE_3 domain (PF13358) are present in
the Blepharisma MAC, all of which are substantially upregulated in MAC development and five
of which possess the complete DDE catalytic triad characteristic of Tc1/Mariner transposases
(Figure 4.8). All six Blepharisma DDE_3 genes have at least 150x HiFi read coverage, consistent
with their presence in bona fide MAC DNA. Given that all but one of the B. stoltei paralogs
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appear to possess a complete catalytic triad, there is a possibility that they may be involved in

some [ES exicison.
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Figure 4.8. DDE_3 domain-containing proteins in Blepharisma. DDE_3 domain phylogeny with PEAM domain
architecture and gene expression heatmap for Blepharisma.

4.2.3.4. Merlin family (DDE_Tnp_IS1595) and Mutator family (MULE) transposases in
the MAC genome
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Figure 4.9. DDE_Tnp_IS1595 domain-containing proteins in Blepharisma. DDE_Tnp_IS1595 domain phylogeny

with PFAM domain architecture and gene expression heatmap for Blepharisma.

We found five instances of the DDE_Tnp_IS1595 transposase (PFAM PF12762)
domain and six instances of the MULE transposase (PFAM PF10551) domain in the

Blepharisma MAC genome.

DDE_Tnp_IS1595 domains are characteristic of the Merlin transposon family and
MULE is part of the Mutator transposon family (Yuan and Wessler, 2011). Their underlying
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genes are upregulated during MAC development (Figure 4.9, Figure 4.10). Consistent with the

notion of transposase domestication, the genes encoding DDE_Tnp_IS1595 and MULE

proteins also appear to lack flanking transposon terminal inverted repeats. Additionally, members

of both IS1595 and MULE transposases appear to have complete catalytic triads. Despite the

presence of these transposases in the Blepharisma MAC and other ciliates (Figure 4.5) and their

upregulation during MAC development, their role in genome reorganization remains

undetermined.
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Figure 4.10. MULE domain-containing proteins in Blepharisma. MULE domain phylogeny with PFAM domain

architecture and gene expression heatmap for Blepharisma.
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4.3. Discussion

The ciliate somatic genome serves as a standard eukaryotic nucleus during the vegetative
lifecycle of the cell. During the sexual cycle, however, the maternal somatic genome of the two
cells participating in conjugation is either systematically degraded or diluted over successive cell
divisions, while a new somatic genome arises from the newly formed zygotic germline nucleus.
The developing somatic genome is thus the site of several key processes, such as DNA
elimination and genome reorganization, which must be successfully executed to ensure the later

vegetative health of the cell.

Genome reorganization has been characterized in model ciliates like Paramecium,
Tetrahymena and Oxytricha. Its general mechanisms and participant protein identified in these
model ciliates can be used for the comparative study of orthologous proteins in Blepharisma.
Knowledge of the presence and expression of key proteins involved in genome reorganization is

necessary prior to experimental investigation of their involvement in MAC development.

4.3.1. Small RNA biogenesis in ciliates is critical for genome reorganization

Development-specific proteins responsible for small RNA (sRNA) generation and
transport play an important role in ciliate genome editing
(Chalker, Meyer, and Mochizuki 2013). We found Dicer, Dicer-derived and Dicer-like proteins
in the Blepharisma MAC genome, which play an important role in sSRNA generation. In
Paramecium, two Dcls are co-expressed and cooperate to produce scnRNAs
(Sandoval et al. 2014), thus we predict that Blepharisma Dcl2 and Dcl3 may cooperate. In
Tetrahymena and Paramecium, massive production of scnRNAs, using the Dcls and highly
upregulated Piwis, initiates from meiotic nuclei. During development in Blepharisma, we observe
a similar pattern of massive production of development-specific sSRNAs (Figure 6.6), whose
detailed analysis is reported in conjunction with the draft B. stoltei ATCC 30299 MIC genome
(Seah, et. al, 2022, Chapter 6). Since Blepharisma species are distantly related to other ciliates
whose sSRNAs have been characterized, this suggests that an ancient, development-specific sSRNA

gene expression program may have been established in the ciliate common ancestor.

In ciliates, some Piwi proteins play a role in gene regulation in vegetative cells (Gotz et
al., 2016) while others are involved in genome editing (Bouhouche et al., 2011; Fang et al.,

2012; Mochizuki et al., 2002). The high expression of the Blepharisma Piwis, Biwi 7, Biwi 8,
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during sexual reproduction is a trend also observed in other ciliates. In Stylonychia lemnae, the
massive upregulation of a Piwi homolog involved in genome editing was so conspicuous that it
could be identified by subtractive hybridization of RNA (Fetzer et al. 2002). The ortholog of this
gene in Stylonychia lemnae’s close relative, Oxytricha trifallax, is also one of the most highly

transcribed and upregulated genes (Fang et al. 2012) during MAC development.

4.3.2. Histones in Blepharisma

Genome rearrangement in ciliates is influenced by processes that modify and regulate
nucleosomes and consequently mediate the ability of IES-excision machinery to access the
underlying DNA. The modification of core histones by acetylation and methylation is involved
in allowing or repressing access to the DNA. The observed patterns of histone expression suggest
that even the Blepharisma genome encodes variants that are likely to have a range of different
functions, including in genome editing and likely also during DNA amplification in the
developing new MAC. Histone H4, in contrast, appears to be expressed at relatively similar levels
throughout conjugation. This constitutive expression of histone H4 is a characteristic shared
among eukaryotes, which lack functional variants due their highly conserved constitution. This is
a trait suggested to be favored by the greater necessity of this histone to maintain several protein-

protein contacts with the other three histones (Malik and Henikoff, 2003).

Centromeric histones are involved in chromosome segregation in eukaryotes and have
also been reported in the ciliates Paramecium tetraurelia and Tetrahymena thermophila
(Cervantes et al. 2006). They are variants of Histone H3 (CenH3), which are longer and more
divergent in sequence, and the ciliate candidates are comparable in their properties to other
eukaryotic centromeric histones (Cervantes et al. 2006). We did not observe such histones in
Blepharisma. While histone variants remain to be identified specifically in Blepharisma, the
upregulated expression of certain H2A, H2B and H3 histones indicates that a parallel process

may be at work in this ciliate.
4.3.3. Blepharisma possesses additional domesticated transposases whose roles await
determination

All ciliate species have multiple MAC genome-encoded transposase families (Figure 4.5).
Though upregulation of some of these homologs in model ciliates has been noted

(Swart et al. 2013; Chen et al. 2014; Vogt and Mochizuki 2013), their roles remain to be
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determined. In Blepharisma, the MAC genome encodes transposases with the PFAM domains
“DDE_17, “DDE_3”, “DDE_Tnp_IS1595” and “MULE” in addition to the PiggyBac

homologs.

In Blepharisma and numerous other organisms, the DDE_1 domains co-occur with
CENPB domains. Two such proteins represent entirely different proposed exaptations in
mammals, where it acts as a centromere-binding protein, and fission yeast, where it acts as a
regulatory protein
(Mojzita and Hohmann 2006; Hohmann 1993; Casola, Hucks, and Feschotte 2008). Given the
great evolutionary distances involved, there is no reason to expect that the Blepharisma homologs
possess either function. None of the three proteins with co-occurring DDE_1 and CENPB
domains have a complete catalytic triad, making it unlikely that these are active transposases or

IES excisases, though all three are noticeably upregulated during MAC development.

Of the six proteins with the PFAM domain DDE_3 encoded by Blepharisma MAC
genes, five possess a complete catalytic triad. All the “DDE_3” protein genes are upregulated
during conjugation in B. stoltei, peaking during new MAC development. The DDE_3 domain is
also characteristic of DDE transposases encoded by the Telomere-Bearing Element transposons
(TBEs) of Oxytricha trifallax (Williams et al., 1993; Witherspoon et al., 1997), which, despite
being germline-limited, are proposed to be involved in IES excision (Nowacki et al., 2009).
DDE_3-containing transposons, called Tec elements, are found in another spirotrichous ciliate,
Euplotes crassus, but no role in genome editing has been established for these (Jahn et al., 1993).
TBEs and Tec elements do not share obvious features, other than possessing an encoded protein

belonging to the IS630-Tcl1 transposase (super)-family (Doak et al., 1994).

A number of DDE_Tnp_IS1595 and MULE domain-containing proteins in Blepharisma
have complete catalytic triads and also show pronounced upregulation during Blepharisma MAC
development. Among other ciliates with draft MAC genomes, the IS1595- and MULE
transposase-like domains have so far only been observed in the spirotrichous ciliates Oxytricha
and Szylonychia (Figure 4.5) (Aeschlimann et al. 2014; Swart et al. 2013). Currently no particular
functions have been demonstrated for these proteins in these ciliates, but their genes were

substantially upregulated during their development (Swart et al. 2013; Chen et al. 2014).

The genes encoding all these transposase domains lack flanking terminal repeats

characteristic of active transposons, suggesting they are further classes of domesticated
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transposases. Many of these additional domesticated transposases have complete catalytic triads
and are substantially upregulated during Blepharisma development, but it remains to be
established whether they are capable of excision and, if so, whether this is precise. Should the
additional Blepharisma domesticated transposases be still capable of excision, they might be

involved in the excision of a subset of the intergenic IESs, though not in a precise form.

It is important to consider the upregulation of transposases during MAC developments,
since it is crucial that the timing of IES excisase expression should coincide with the formation of
the new MAC genome. However, equally important is the manner in which the excisase
performs DNA elimination. Upon excision, classical cut-and-paste transposases in eukaryotes
typically leave behind additional bases, notably including the target-site duplication arising where
they were inserted, forming a “footprint” (van Luenen, Colloms, and Plasterk 1994). PiggyBac
homologs, eight of which we found in Blepharisma, are unique in performing precise, “seamless”
excision in eukaryotes (Elick, Bauser, and Fraser 1996). This conserves the number of bases at
the site of transposon insertion after excision, a property rendering them popular for genetic
engineering (Q. Chen et al. 2020). Tetrahymena Tpb2 is the only example of a PiggyBac
homolog associated with imprecise excision (Cheng et al. 2010). Since intragenic IESs are
abundant in Blepharisma (Chapter 6), like Paramecium and unlike Tetrahymena, it is essential
that these are excised precisely. This imposes an important constraint on transposase candidates
for the main IES excisase in Blepharisma, in spite of the presence of multiple transposases families
upregulated during MAC development. The high expression of the Blepharisma PiggyBac
homologs, coupled with the intragenic nature of IESs in Blepharisma (Chapter 6), strongly
indicates that a PiggyBac homolog is the main IES excisase in Blepharisma. A detailed analysis of

the PiggyBac homologs of Blepharisma is presented in Chapter 5.

The work presented so far indicates the presence of sSRNA-generation and transport
machinery i.e. homologs of Dicer, Dicer-like and Piwi protein and a full complement of histones
in Blepharisma, in addition to several families of transposases. From these individual parts, it
appears that the molecular toolkit present in B. stoltei contains all the key components stipulated
by the scanning model of IES excision, where regions in the developing MAC genome are
differentially marked for retention or excision through transposases by a specific family of
sRNAs, which have been generated and transported in concert by the Dicer-like and Piwi

proteins. This demonstrates that genome reorganization in Blepharisma proceeds through similar
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mechanisms to the scanning model. This implies that the last ciliate common ancestor already
possessed this machinery and that deviations from the scanning model, which may be discovered
in the future in other ciliates are more likely to be modifications acquired by the separate

lineages, as opposed to being traits common among ciliate lineages.
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5.1. Introduction

DNA excision in ciliates is a spectacular and widespread form of natural genome editing
with profound consequences for what germline and somatic genomes mean (Arnaiz et al., 2012;
Chen et al., 2014; Hamilton et al., 2016; Swart and Nowacki, 2015). Though the responsible
processes are under active study, much remains to be learnt from these master DNA

manipulators, including how and why this remarkable situation arose in them.

Knowledge of ciliate genome editing mechanisms is dominated by 7ezrahymena and
Paramecium (class Oligohymenophorea), with additional input from Oxytricha, Stylonychia and
Euplotes (class Spirotrichea) (Chalker et al., 2013; Vogt et al., 2013). The remaining nine ciliate
classes await detailed characterization. To advance investigation of natural genome editing and
tackle questions about its origin we focused on the ciliate species Blepharisma stoltei. Together
with its sister-class, Karyorelictea, the class Heterotrichea, to which this ciliate species belongs,
represent the earliest branching ciliate lineages, more distantly related to current model ciliates
than those models are to each other (Lynn, 2010). Furthermore, the genus Blepharisma exhibits
distinctive alternative somatic nuclear developmental pathways, which have the potential to

disentangle genome editing processes from indirect influences of preceding pathways.

As in model ciliates, we show in an accompanying paper (Chapter 6) that MIC-specific
sequences are removed to form a functional Blepharisma MAC genome (Seah, et al. 2022). Like
other ciliates, the resulting MAC genome appears to have been freed of mobile elements and
other forms of junk DNA contained in the MIC genome (Klobutcher and Herrick, 1997).
However, this situation is an oversimplification of the actual MAC genome content (Chapter 6).
In the best studied ciliates, genome editing is thought to be coordinated or assisted by small
RNAs (sRNAs) (Chalker et al., 2013). Specific MIC-limited DNA segments — internally
eliminated sequences (IESs) — are excised by domesticated transposases (Arnaiz et al., 2012;
Chalker et al., 2013; Klobutcher and Herrick, 1995; Prescott, 1994). Large scale genome-wide
DNA amplification accompanies genome editing, producing thousands of copies in mature

MAG:s of larger ciliate species (Klobutcher and Herrick, 1997; Prescott, 1994).

Here we provide essential somatic genome and transcriptomic resources for B. stoltei.
From long-read sequencing, the B. stoltei MAC genome appears to be organized as numerous
alternative minichromosomes. Among Blepharisma’s MAC-encoded transposase genes we

identified were PiggyBac transposase homologs, which, thus far only reported in the distantly
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related ciliates Paramecium and Tetrahymena. A few Blepharisma PiggyBac homologs are
substantially upregulated in MAC development, including the main candidate IES excisase.
Consistent with ancient origins of ciliate genome editing, Blepharisma shares pronounced
development-specific upregulation of homologs known to be involved in this process.
Blepharisma therefore represents an invaluable outgroup for investigations of genome editing

evolution.
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5.2. Results

5.2.1. A compact somatic genome with a minichromosomal architecture

The draft Blepharisma stoltei ATCC 30299 MAC genome is compact (41 Mb) and AT
rich (66%), like most sequenced ciliate MAC genomes (Figure 5.1A, Table S$5.1, S5.2,). The
genome is gene-dense (25,711 predicted genes), with short intergenic regions, tiny,
predominantly 15 and 16 bp introns (Figure 5.2) and untranslated regions (UTRs) (Figure
5.3A). B. stoltei uses an alternative nuclear genetic code with UGA codons reassigned from stops

to tryptophan (Figure 1B).

From joint variant calling of reads from strains ATCC 30299 and HT-1V, strain ATCC
30299 appears to be virtually homozygous, with only 1277 heterozygous single-nucleotide
polymorphisms (SNPs) compared to 193725 in strain HT-IV (i.e., individual heterozygosity of
3.08 x 107 vs. 4.67 x 107 respectively). Low SNP levels were likely beneficial for overall genomic
contiguity, since heterozygosity poses significant algorithmic challenges for assembly software
(Chin et al., 2016). For brevity’s sake, we refer to this genome as the Blepharisma MAC genome
(and “Blepharisma’ for the associated strain). Though the final assembly comprises 64 telomere-
to-telomere sequences, MAC chromosome boundaries cannot be defined given the extensive
natural fragmentation of the Blepharisma MAC genome (characterized in the upcoming

sections), hence we simply refer to “contigs”.

Figure 5.1. Analysis of assembly completeness and genetic code. A. Completeness of the B. szoltei ATCC 30299
MAC assembly was estimated by the percentage of BUSCOs found in the assembly with reference to the OrthoDB
v10 alveolate database. The nature of the ortholog-matches is indicated by characters followed by counts: C
(complete orthologs) - light blue, D (duplicated orthologs) - dark blue, F (fragmented orthologs) - yellow and M
(missing orthologs) - red. B. Prediction for B. stoltei ATCC 30299 MAC genome by PORC; codons that are stops in
the standard genetic code are highlighted in orange.
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5.2.1.1. Blepharisma has short spliceosomal introns

Blepharisma introns are mostly (97%) 15 or 16 nucleotides (nt) long, like those of Stentor
(Figure 5.2D). Though intron reduction (7389 introns predicted in the reference B. stoltei MAC
genome, i.e., 0.29 introns per gene) is not as extreme as some other microbial eukaryotes, like
Giardia lamblia (Roy et al. 2012), where almost all have been lost, both Blepharisma and Stentor
have much fewer introns relative to other ciliates (e.g., intron densities of 1.6, 2.3 and 4.8 introns
per gene in Paramecium, Oxytricha and Tetrahymena, respectively(Bondarenko and Gelfand
2016)) and to the putative, relatively intron-rich eukaryotic common ancestor (Csuros et al.

2011), along with their extreme length reduction.

Blepharisma 15 nt introns possess a characteristic branch-point “A”, as would be expected
in classical models of lariat formation during mRNA splicing (Figure 5.2C). 16 nt introns almost
invariably have an “A” at either 10 or 11 nt downstream of the donor site (i.e., only one of 499
does not, but has “A” at 9 nt), although this is not obvious in the consensus sequence logo
because the position is variable (Figure 5.2D). Similarly, 17 nt introns all possess “A” at 10-12 nt
downstream of the donor site. Only a few intron bases, 5-8 and 12, of Blepharisma’s 15 nt
introns are relatively unconstrained (Figure 5.2C). This leaves little room for the presence of any

additional regulatory elements in the mRNA or underlying DNA.

In the final gene predictions, just over 1% of predicted Blepharisma introns lack
canonical GT-AG boundaries (62 out of 4670 introns). Just under half of these (30) are 15 or 16
bp long and predominantly appear to represent true spliceosomal introns. The boundaries of two
predicted introns with CT-AC boundaries (14 and 15 nt in length) resulted from misalignment
of nucleotides in the mapped spliced reads at conventional GT-AG junctions. We found no
evidence of minor spliceosomal RNAs (U11, U12, U4atac, and Ubatac) using Infernal searches
(E-value < 10).

Visual inspection of the mapped RNA-seq data to the non-canonical Blepharisma introns
and predicted coding sequences suggests that the GC-AG, GT-GG and GG-AG introns are
correct, i.e., lead to prediction of complete coding sequences downstream of their locations.
Lower frequency alternative splicing may occur in some cases (e.g. Figure $5.4G), but these

generate prematurely terminated coding sequences.
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Figure 5.2. Intron splicing. A. Distribution of intron splicing fraction of candidate sense introns in the B. stoltei
MAC genome. B. Distribution of intron splicing fractions of introns according to intron lengths. C. Distribution of
intron splicing fraction of candidate antisense introns. D. Distribution of intron lengths from predicted genes. E.
Sequence logos for 15 bp introns (splicing frequency > 0.5). F. Sequence logos for all predicted 16 nt introns, and
16 nt introns with “A” at either position -7 or -6 (counting from the 3" end). The number of introns underlying the
logos are indicated to the right. G. Distribution of intron splicing fractions of introns according to intron lengths.
H. Sample of RNA-seq reads mapped to a GT-GG intron from gene BSTOLATCC_MAC21551
(Contig_57.g761). Translation in alternative reading frames downstream of the predicted intron leads to premature
stop codons soon after the intron.
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Figure 5.3. A gene-dense somatic genome with a minichromosomal architecture. A. HiFi (DNA) and RNA-seq
coverage across a representative B. stoltei ATCC30299 MAC genome contig (Contig_1). Y scale is linear for HiFi
reads and logarithmic (base 10) for RNA-seq. Plus strand (relative to the contig) RNA-seq coverage is green; minus
strand RNA-seq coverage is blue. Between the RNA-seq coverage graphs each arrow represents a predicted gene.
Two orthogroups classified by OrthoFinder are shown. B. Mapping of a subset telomere-containing HiFi reads to a
B. stoltei MAC genome contig region, with alternative telomere addition sites (ATASs) shown by blue (5°) or mauve
(3’) arrows. Pink bars at read ends indicate soft-masking, typically of telomeric repeats.
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5.2.1.2. Blepharisma has minichromosomal architecture in the somatic genome

The basic telomere unit of Blepharisma is a permutation of CCCTAACA, like its
heterotrich relative Stentor coeruleus (Slabodnick et al., 2017) (Figure 5.4C). Since a compelling
candidate for a telomerase ncRNA (TERC) could not be found in either Blepharisma or Stentor
using Infernal (Nawrocki et al., 2009) and RFAM models (RF00025 - ciliate TERC; RF00024 -
vertebrate TERC), it was not possible to delimit the repeat ends. Heterotrichs may use a different
or very divergent ncRNA. In contrast to the extremely short (20 bp) MAC telomeres of
spirotrichs like Oxytricha with extreme MAC genome fragmentation (Swart et al., 2013),
sequenced Blepharisma MAC telomeres are moderately long (Figure 5.4A), with a mode of 209
bp (~26 repeats of the 8 bp motif), extending to a few kilobases.

With a moderately strict definition of possessing at least three consecutive telomeric
repeats, one in eight reads in the Blepharisma HiFi library were telomere-bearing. Telomeric
reads are distributed across the entire genome (Figure 5.3B). Typically, a minority of mapped
reads are telomere-bearing at individual internal positions, and so we term them alternative
telomere addition sites (ATASs) (Figure 5.3B). We identified 46705 potential ATASs, the
majority of which (38686) were represented by only one mapped HiFi read.

The expected distance between telomeres, and hence the average MAC DNA molecule
length, is about 130 kb. This is consistent with the raw input MAC DNA lengths, which were
mostly longer than 10 kb and as long as 1.5 Mb (Figure 3.4), and the small fraction (1.3%) of
Blepharisma’s HiFi reads bound by telomeres on both ends. Excluding the length of the
telomeres, telomere-bound reads may be as short as 4 kb (Figure 5.4B). Given the frequency of
telomere-bearing reads, we expect many additional two-telomere DNA molecules longer than 12
kb, the approximate maximum length of the HiFi reads (Figure 5.4A). Since the lengths of the
sequenced two-telomere DNA molecules on average imply that they encode multiple genes, we
propose classifying them as “minichromosomes”. This places them between the
“nanochromosomes” of ciliates like Oxytricha and Stylonychia, which typically encode single
genes and a few kilobases long (Aeschlimann et al., 2014; Swart et al., 2013), and Paramecium
tetraurelia and Tetrahymena thermophila MAC chromosomes which are hundreds of kilobases to
megabases long (Aury et al., 2006; Sheng et al., 2020; Zagulski et al., 2004). The Paramecium
bursaria MAC genome is considerably more fragmented than those of other previously examined

Paramecium species, and have thus also been classified as minichromosomes (Cheng et al., 2020).
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Beyond the first 2-5 bp corresponding to the junction sequences, the average base
composition on the chromosome flanking ATAS junctions shows an asymmetrical bias (Figure
5.4D). From position +6 onwards there is an enrichment of T to about 40% and A to 35-39%,
compared to the genome-wide frequencies of 33% each. At position +19 to +23, there is a slight
decrease in T to 37-39%. AT values gradually decline back to about 35% each by position +150.
Correspondingly, G and C are depleted downstream of ATAS junctions, dropping to a
minimum of 8.6% and 11% respectively around position +37, compared to the genome-wide
average of 17% each. AT enrichment and GC depletion upstream of ATAS junctions are less

pronounced.

If breakage and chromosome healing were random, we would not expect such an
asymmetry. This suggests that there is a nucleotide bias, whether in the initiation of breaks,
telomere addition, or in the processing of breaks before telomere addition. However, we have not
yet identified any conserved motif like the 15 bp chromosome breakage site (CBS) in
Tetrahymena (Yao et al. 1990) nor a short 10-bp sequence periodicity in base composition like in
Oxytricha trifallax (Cavalcanti et al. 2004). Therefore, telomere addition in B. stoltei appears to
involve base-pairing of short segments of about 2 bp between the telomere and chromosome,
with a bias centered on the “CT” in the telomere unit, and an asymmetrical preference for AT-

rich sequences on the chromosomal side of the junction.

Figure 5.4. Properties of minichromosomes, telomeres, and alternative telomere addition sites. A. Length
distribution of telomeres of telomere-bearing HiFi reads. B. Length distribution of HiFi reads delimited by
telomeres. C. Diagram of a telomere-bearing read mapped onto genome reference at an ATAS. Sequence which is
ambiguously chromosomal or telomeric is “junction sequence”; junction coordinate which maximizes telomere
repeat length on the read is the “first identifiable breakpoint”; the coordinate maximizing alignment length to
reference is the “last identifiable breakpoint”. The last telomeric unit permutation at the last identifiable breakpoint
is underlined (length 8 bp). D. Mean base frequencies in +/- 1 kbp flanking ATAS junctions. E. Sequence logos of
chromosomal sequence at ATAS junctions, sorted by which permutation of the telomeric repeat is present (plot
labels). Logos are aligned to the “last identifiable breakpoint” between positions 20 and 21; telomeric repeats on
telomere-bearing reads begin to the left of the breakpoint. F. Frequencies of 2-mers in whole genome (blue), in
telomeres (green), and at ATAS junctions (chromosomal side after last identifiable breakpoint, orange). G.
Histogram of junction sequence lengths for ATASs in B. stoltei. H. Counts of each telomere repeat permutation at
ATAS junctions (last identifiable breakpoint).
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Most ATAS junctions in B. stoltei have an overlapping junction sequence, on average 2-3
bp long (Figure 5.4G). This can also be observed when separate sequence logos are drawn for
each of the possible telomere repeat permutations observed at the ATAS junction (Figure 5.4E).
Such a short overlap of a few base pairs between telomere repeat and chromosome sequence is
similar to what has been observed in other organisms, such as 3-5 bp in yeast (Putnam et al.
2004) and 2-4 bp in humans (Morin 1991). This is in contrast to Tetrahymena where telomeres
are often added to sites that have no homology to the telomere sequence (Wang and Blackburn

1997).

We hypothesized that the location of ATAS junctions in the genome might be randomly
distributed and simply reflect the baseline sequence composition of the genome and/or the
telomeres. To test this, we counted the frequency of 2-mers in the MAC genome (excluding
telomeric regions) and in the telomere repeats, and compared them to the 2-mer frequencies
observed at ATAS junctions (2 bp on chromosomal side of last identifiable breakpoints, Figure
5.4F). Sequence composition of the telomeres does have a strong influence, as 2-mers that are
not represented in the telomeres (AT, GC, CG, GA) are poorly represented at ATAS junctions
even though they may be frequent in the genome, e.g. GA, 12.0% in genome vs. 0.36% at
ATAS; AT, 10.4% vs. 1.7%. However, 2-mer frequencies at ATAS junctions do not match
frequencies in the telomeres closely either. For example, the 2-mer AG is about twice as frequent
at ATAS junctions as compared to telomeres, and as compared to the genome generally. Instead,
the telomere permutations at ATAS junctions are not uniformly distributed; the permutation
CTAACACC is the most common, followed by its adjacent permutations TAACACCC and
AACACCCT (using last identifiable breakpoints, Figure 5.4H). These would account for the

three most common 2-mers at ATAS junctions: AG (canonical form of CT), AA, and TA.

5.2.2. PiggyBac transposases in the somatic and germline genomes of Blepharisma

We examined gene expression trends across development of the PiggyBac transposases
found in the somatic genome of Blepharisma (Chapter 4). A detailed account of conjugation and

the changes in nuclear morphology which accompany it is provided in Chapter 4 .
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5.2.2.1. Asingle Blepharisma PiggyBac homolog has a complete catalytic triad

We detected distinct PEAM identifiers for transposase domains in Blepharisma (Figure
5.5A). Using HMMER searches with the domain characteristic of PiggyBac homologs,
DDE_Tnp_1_7 (PF13843), we found eight homologs in the B. stoltei ATCC MAC genome and
five additional ones within IESs, none of which were flanked by terminal repeats (identified by
RepeatModeler). We also found PiggyBac homologs in the MAC genomes of B. stoltei HT-1IV
and B. japonicum R1072.

Reminiscent of Paramecium tetraurelia, which, among ten PiggyMac homologs, has just
one homolog with a complete catalytic triad (Bischerour et al., 2018), the DDD triad is
preserved in just a single Blepahrisma PiggyBac homolog (Figure 5.5B; Contig_49.g1063,
BSTOLATCC_MACI17466). This gene is strongly upregulated during development from 22 to
38 h, when new MACs develop and IES excision is required (Figure 5.5B). In a multiple
sequence alignment the canonical catalytic triad second aspartate of a lower-expressed, MIC-

limited PiggyBac is offset by one amino acid (Supplemental data S5).

There are significant similarities in the basic properties of Blepharisma and Paramecium
IESs, detailed in the Blepharisma MIC genome report (Chapter 6). Consequently, adopting the
Paramecium nomenclature, we refer to the primary candidate IES excisase as Blepharisma
PiggyMac (BPgm) and the other somatic homologs as BPgm-Likes (BPgmLs). By extension, we
refer to their close relatives which are germline-limited as PiggyMics (Figure 5.5.B). Other than
the PFAM DDE_Tnp_1_7 domain, three Blepharisma MAC genome-encoded PiggyBac
homologs also possess a short, characteristic cysteine-rich domain (CRD) (Figure 5.5C), which is
absent from the other BPgmLs and PiggyMics. PiggyBac CRDs have been classified into three
different groups and are essential for Paramecium 1ES excision (Guérineau et al., 2021). In
Blepharisma, the CRD consists of five cysteine residues arranged as CxxC-CxxCxxxxH-
Cxxx(Y)H (where C, H, Y and x respectively denote cysteine, histidine, tyrosine and any other

residue).
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Figure 5.5. MAC genome-encoded transposases in ciliates and properties of a putative Blepharisma I1ES excisase. A.
Presence/absence matrix of PFAM transposase domains detected in predicted MAC genome-encoded ciliate
proteins. Ciliate classes are indicated before the binomial species names. B. DDE_Tnp_1_7 domain phylogeny with
PFAM domain architecture and gene expression heatmap for Blepharisma. “Mixing” indicates when cells of the two
complementary mating types were mixed. Outgroup: PiggyBac element from T7ichoplusia ni. Catalytic residues: D-
aspartate, D'~ aspartate residue with 1 aa translocation. C. Cysteine-rich domains of PiggyBac homologs. PBLE
transposases: Ago (Aphis gossypii); Bmo (Bombyx mori); Cag (Ctenoplusia agnata); Har (Helicoverpa armigera); Hvi
(Heliothis virescens); PB-Tni (Trichoplusia ni); Mlu (PiggyBat from Myotis lucifugus); PLE-wu (Spodoptera
frugiperda). Domesticated PGBD transposases: Oni (Oreochromis niloticus); Py (Pundamilia nyererei); Lia5, Tpbl,
Tpb2, Tpb6 and Tpb7 (Tetrahymena thermophila); Pgm, PgmL1, Pgml 2, Pgml 3a/b/c, Pgml4a/b, Pgml5a/b
(Paramecium tetraurelia); Tru (Takifugu rubripes); Pgbd2, Pgbd3 and Pgbd4 (Homo sapiens).

Two Blepharisma homologs possess this CRD without the penultimate tyrosine residue,
while the third contains a tyrosine residue before the final histidine. This -YH feature towards
the end of the CxxC-CxxCxxxxH-Cxxx(Y)H CRD is shared by all the PiggyBac homologs we
found in Condylostoma, the bat PiggyBac-like element (PBLE) and human PiggyBac element-
derived (PGBD) proteins PGBD2 and PGBD3. In contrast, PiggyBac homologs from
Paramecium and Tetrahymena have a CRD with six cysteine residues arranged in the variants of
the motif CxxC-CxxC-Cx{2-7}Cx{3,4}H, and group together with human PGDB4 and
Spodoptera frugiperda PBLE (Figure 5.5C).

5.2.2.2. PiggyBac transposases are subject to purifying selection

Previous experiments involving individual or paired gene knockdowns of most of the ten
Paramecium tetraurelia PiggyMac(-like) paralogs led to substantial IES retention, even though
only one PiggyMac gene (Pgm) has the complete catalytic triad, indicating that all these proteins
are functional (Bischerour et al., 2018). To examine functional constraints on Paramecium
PiggyMac homologs we examined non-synonymous (dx) to synonymous substitution rates (ds),
i.e. = dn/ds, for pairwise codon sequence alignments using two closely related Paramecium
species (P. tetraurelia and P. octaurelia). All dn/ds values for pairwise comparisons of each of the
catalytically incomplete P. tetraurelia PgmLs versus the complete Pgm, were less than 1, ranging
from 0.01 to 0.25 (Table S5.3). All dn/ds values for pairwise comparisons between P. retraurelia
and P. octaurelia PiggyBac orthologs were also substantially less than 1, ranging from 0.02 to
0.11 (Table S5.4). Since dn/ds= 1 indicates genes evolving neutrally (Yang and Nielsen, 2000),

none of these genes are likely pseudogenes, and all appear subject to similar purifying selection.
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Table 5.1. Blepharisma PiggyMac-like substitution rates. Reference gene: Contig_49.g1063

Gene ID dn/ds dn ds
Contig_3.g998 0.0093 0.7106 76.4367
Contig_13.879 0.0551 0.8871 16.0867
Contig_13.6927 0.0261 0.5547 21.2267
Contig_17.¢391 0.0087 0.8394 96.9223
Contig_17.g392 0.0076 0.8195 107.6866
Contig_60.g827 0.1351 0.8401 6.2209
Contig_61.g932 0.0836 0.7727 9.2391

cORF_Contig_17. g3 0.0765 0.653 8.5395
cORF_Contig_17. g4/5 0.0068 0.5852 85.9998
cORF_Contig_21. g21 0.0697 0.4729 6.7874

cORF_Contig_39. g3 0.2763 1.2445 4.5036
cORF_Contig_39. g3/4 0.007 0.6817 97.5885

Only one of Blepharisma’s eight MAC and five MIC PiggyBac homologs has the
complete, characteristic DDD triad necessary for catalysis. In pairwise comparisons of each of the
MAC homologs with incomplete/missing triads versus the complete one dn/ds ranges from
0.0076 to 0.1351 (Table 5.1). The pairwise non-synonymous to synonymous substitution rates
of the PiggyMics in comparison to the BPgm were also much less than 1 (range 0.007 to 0.2),
indicating they are also subject to purifying selection. We detected PiggyBac homologs in two
other heterotrichs, but not the oligohymenophorean Ichthyophthirius multifiliis (“Supplemental

information”).
5.2.3. PiggyBac transposases originated early in ciliate evolution

To determine whether the Blepharisma PiggyBac homologs share a common ciliate
ancestor with the oligohymenophorean PiggyBacs, or whether they arose from independent
acquisitions in major ciliate groups, we created a large phylogeny of PiggyBac homologs
representative of putative domesticated transposases from Blepharisma stoltei ATCC 30299,
Condylostoma magnum, Paramecium spp., Tetrahymena thermophila, as well as PiggyBac-like
elements (PBLEs (Bouallegue et al., 2017)) from diverse eukaryotes (Figure 5.6). All the
heterotrichous ciliates PiggyBac homologs, ie. BPgm, BPgmlLs 1-7 and PiggyMics grouped
together with the Condylostoma Pgms. The ciliate Pgms and PgmLs largely cluster as a single

clade, with the exception of PiggyMic 5, which appears as a low-support outgroup to
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opisthokont, archaeplastid and stramenopile PiggyBac-like elements. PiggyMic 5 has the shortest
detected DDE_Tnp_1_7 domain (26 a.a.) and appeared poorly aligned relative to the other

homologs.
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Figure 5.6. Phylogeny of ciliate PiggyBac homologs and eukaryotic PBLEs. Highlighted clade contains all PiggyBac
homologs found in Heterotrichea, containing MAC and MIC-limited homologs of PiggyMac from Blepharisma and
PiggyMac homologs of Condylostoma magnum. The tree is rooted at the PiggyBac-like element of Entamoecba

invadens.
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5.3. Discussion
5.3.1. The Blepharisma MAC genome is organized as minichromosomes

Alternative telomere addition sites in the MAC genome tend to be intergenic in model
ciliates like Oxytricha trifallax (Swart et al., 2013). In Blepharisma, we found more intergenic
ATASs (28309) than intragenic ones (18396). As intergenic regions only make up 10.1 Mb of
the assembly, the intergenic frequency of ATASs is about five-fold higher (2.81 per 1 kb) than
intragenic frequency (0.562 per 1 kb). The presence of intragenic ATASs raises the question how
the cell tolerates or deals with mRNAs encoding partial proteins transcribed from 3’ truncated
genes. Since the sequence data was from a clonal population, it is not possible to tell how much
ATAS variability there is within individual cells. However, it is conceivable that their positional
variation in single cells reflects that of the population. In this case, together with redundancy

from massive DNA amplification there would likely be sufficient intact copies of every gene.

Blepharisma, like the heterotirch Stentor, has predominantly 15 nt introns, making them
the shortest spliceosomal introns in eukaryotes. Blepharisma appears to lack a minor spliceosome
and minor spliceosomal introns. As far as we are aware no minor spliceosomal introns have been
reported in any ciliates. Loss of minor spliceosomal machinery and introns, relative to the
eukaryotic common ancestor, may be relatively common in alveolates including ciliates (Russell

et al. 2000).

5.3.2. A PiggyBac is the main IES excisase in Blepharisma

In Paramecium tetraurelia and Tetrahymena thermophila, PiggyBac transposases are
responsible for IES excision during genome editing (Baudry et al., 2009; Cheng et al., 2010).
These transposases appear to have been domesticated, i.e., their genes are no longer contained in
transposons but are encoded in the somatic genome where they play an essential genome
development role (Baudry et al., 2009; Cheng et al., 2010). PiggyBac homologs typically have a
DDD catalytic triad (Yuan and Wessler, 2011), which is preserved in Paramecium PiggyMac
(Pgm) and Tetrahymena PiggyBac homologs Tpb1 and Tpb2 (Bischerour et al., 2018; Cheng et
al., 2010). Among ciliates, domesticated PiggyBac transposases have so far only been reported in
these model oligohymenophorean genera. Notably they have not been detected in either the

MAC or MIC genome of the spirotrich Oxytricha trifallax (Chen et al., 2014; Swart et al., 2013).
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The responsible IES excisases in the less-studied spirotrichs, Oxytricha, Stylonychia and Euplotes,
are not as evident. Oxytricha’s TBE transposases are considered to be involved in IES excision,
but are encoded by full-length germline-limited transposons and are absent from the MAC
(Nowacki et al., 2009), unlike the primary, MAC genome-encoded IES excisase Tpb2 in
Tetrahymena, and the Paramecium PiggyMacs and PiggyMac-likes. The pronounced
developmental upregulation of numerous additional MAC- and MIC-encoded transposases in
Oxytricha raises the possibility that transposases other than those of TBEs could also be involved
in IES excision (Chen et al., 2014; Swart et al., 2013). Knowledge of IESs in other ciliates is
sparse, primarily confined to the phyllopharyngean Chilodonella uncinata (Zufall and Katz, 2007;

Zufall et al., 2012). As far as we are aware, no specific IES excisases have been proposed for them.

Since the oligohymenophorean PiggyBac homologs are clear IES excisases, we sought and
found eight homologs of these genes in the Blepharisma MAC genome and five in the IESs.
Blepharisma is the first ciliate genus aside from Tezrahymena and Paramecium in which such
proteins have been reported. The Blepharisma PiggyBac homologs are distantly related to the
PiggyBac homologs of both Tetrahymena and Paramecium. Additional searches revealed clear
PiggyBac homologs in Condylostoma magnum, and a weaker pair of matches in Stentor coeruleus,
suggesting that these are a common feature of heterotrich ciliates. A single Blepharisma PiggyBac
homolog has a complete canonical DDD catalytic triad, and its gene is highly upregulated during
MAC development. This is reminiscent of Paramecium tetraurelia, in which just one of the nine
PiggyBac homologs, PiggyMac, has a complete DDD catalytic triad (Bischerour et al., 2018). As
is characteristic of PiggyBac homologs, each of the three PiggyBac homologs in Blepharisma,
Paramecium and Tetrahymena also has a C-terminal, cysteine-rich, zinc finger domain. The
organization of the heterotrich PiggyBac homolog zinc finger domains is more similar to
comparable domains of Homo sapiens PGBD2 and PGBD3 homologs than the zinc finger

domains in Paramecium and Tetrahymena PiggyBac homologs.

In Paramecium aside from PiggyMac, all PiggyMac-likes have incomplete catalytic triads,
and thus are likely catalytically inactive, but nevertheless their gene knockdowns lead to
pronounced IES retention (Bischerour et al., 2018). It has therefore been proposed that the
PiggyMac-likes may function as heteromeric multi-subunit complexes in conjunction with
PiggyMac during DNA excision (Bischerour et al., 2018). On the other hand, cryo-EM

structures available for moth PiggyBac transposase support a model in which these proteins
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function as a homodimeric complex iz vitro (Chen et al., 2020). Furthermore, the primary
Tetrahymena PiggyBac, Tpb2, is able to perform cleavage in vitro alone (Cheng et al., 2010). In
other eukaryotes, domesticated PiggyBacs without complete catalytic triads are thought to be
retained due to co-option of their DNA-binding domains by the host genomes (Sarkar et al.,
2003). One possibility for such purely DNA-binding transposase-derived proteins in ciliates
could be in regulating the excision of DNA by the catalytically active transposases. Future
experimental analyses of the BPgm and the BPgm-likes could aid in resolving the conundrums

and understanding of possible interactions between catalytically active and inactive transposases.
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Supplementary figures

Figure §5.1. B. stoltei ATCC30299 MAC genome orthogroups and assembly graph. Bandage
(Wick et al., 2015) representation of Flye 2.8.1 assembly graph. Edges corresponding to contigs
are colored by coverage (brightest pink = 160x, black=0x).
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Figure S5.2. Experimental approach for conjugation RNA-seq time series. Complementary

mating type strains of Blepharisma stoltei were harvested and cleaned by starving overnight. The

cleaned cultures were treated in a time-staggered format, with gamones of the complementary

mating type, where gamone 2 was a solution of the synthetic gamone 2 calcium salt and gamone

1 was provided as the cell-free fluid (CFF) harvested from mating-type I cells. Two sets of time-

staggered gamone-treated cultures were used for the time series. Set I, indicated by the solid line,

was mixed and used to observe and collect samples at 0 hours, 2 hours, 6 hours, 26 hours and 30

hours after mixing. Set II, indicated by the dashed lines, was mixed and used to observe and collect

samples at 14 hours, 18 hours, 22 hours and 38 hours after mixing. Test tubes indicate Trizol

samples prepared for RNA-extraction which were stored at -80 °C before processing. Cells

collected for imaging were obtained shortly before the remainder were transferred into Trizol.
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Supplementary tables

Table S5.1. Genome properties of the long-read assemblies for B. stoltei.

Flye Flye Flye Flye
(v2.7) (v2.7) (v2.7) (v2.8) .
Assembly Replicate  Replicate  Combine Combine Final assembly
1 2 d d
Contigs 89 86 74 72 64, (excluding
mitogenome)
Mean coverage 76 70 145 145 NA
(from flye.log)

%GC 33.3 33.3 33.4 32.9 33.6
Longest contig (bp) 2036921 1188116 1541963 1608201 1514878
Assembly size (bp) 4272128 430263 8 43062848 42982242 41464486

N50 738771 757357 799426 817639 795340

Two telomeres 38 37 36 16 64
One telomere 36 36 25 32 0
Zero telomeres 15 13 13 24 0
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Table S5.2. Genome properties of model and non-model ciliates.

Genome

Species size Genome architecture Gen?S Codon reassignments
(zygosity)
(Mb)
Blepharisma stoltei 41 Minichromosomes 25726(n) UGA > W
Stentor coeruleus 77* ? 31426%*(n)  Standard genetic code?
Paramecium tetraurelia 723 Chromosomes?, 4 39642°(n) UAA, UAG > Q!
Tetrahy mena 103° Chromosomes® 26258°(n) UAA, UAG > Q!
thermophila
Euplotes octocarinatus 887 Nanochromosomes®  290767(n) UGA -> C°
Stylonychia lemnae 5210 Nanochromosomes  15102(n)" UAA, UAG > Q!
Oxytricha trifallax 50" Nanochromosomes'' 18400 (n)"! UAA, UAG > Q!
Perkinsus olseni 63" Chromosomes'? 17342(4n)"*  Standard genetic code'”
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Table S5.3. Substitution rates between Paramecium tetraurelia PiggyMac-like genes and

PiggyMac.
Gene abbreviation  P. tetraurelia gene ID dn/ds d ds

PGML2 PTET.51.1.G0380073 0.0773 1.1082 14.3409
PGML3a PTET.51.1.G0010374 0.1245 1.0335 8.3021
PGML3b PTET.51.1.G0080308 0.0404 1.1559 28.6183
PGML3c PTET.51.1.G0020217 0.1508 1.0885 7.216
PGML4a PTET.51.1.G0340197 0.1161 0.9593 8.2612
PGML4b PTET.51.1.G0480099 0.2535 1.1062 4.3641
PGML5a PTET.51.1.G0570051 0.0141 1.1514 81.7442
PGML5b PTET.51.1.G0510172 0.0138 1.1642 84.3893

Reference gene: PGM - PTET.51.1.G0490162
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Table S5.4. Substitution rates between Paramecium tetraurelia and Paramecium octaurelia

PiggyMac and PiggyMac-likes

abbiii‘;on P. tetraurelia gene 1D P. octaurelia gene ID da/ds  dw ds
PGM  PTET.51.1.G0490162 POCT.K8.1.G71800002770580243 0.0234 0.0073 0.3106
PGML2  PTET.51.1.G0380073 POCT.K8.1.G71800002770130227 0.0180 0.0045 0.2507
PGML3a PTET.51.1.G0010374 POCT.K8.1.G71800002770510320 0.0229 0.0082 0.3600
PGML3b  PTET.51.1.G0080308 POCT.K8.1.G71800002770810134 0.0818 0.0245 0.2993
PGML3c PTET.51.1.G0020217 POCT.K8.1.G71800002770610330 0.1052 0.0365 0.3469
PGML4a | LETSLLGO3MOI7 b0 o kg 1.G71800002770180100  0.0425 0.0139 03262
PGML4b  PTET.51.1.G0480099 POCT.K8.1.G71800002770140101 0.0627 0.0153 0.2445
PGML5a PTET.51.1.G0570051 POCT.K8.1.G71800002770010048 0.0393 0.0110 0.2800
PGML5b  PTET.51.1.G0510172 POCT.K8.1.G71800002769800173 0.0596 0.0123 0.2071

Observed dn/ds values for orthologous pairs of PiggyMac and PiggyMac-like proteins
from P. tetraurelia and P. octaurelia.(PGMLI, 95.1% nucleotide identity, PGML3c, 89.7%

nucleotide identity)
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6.1. Introduction

Ciliates are microbial eukaryotes that maintain separate germline and somatic genomes in
each cell, housed in two types of nuclei. During the sexual life cycle, germline micronuclei
(MICs) develop into new somatic macronuclei (MACs) via a process of small RNA (sRNA)-
assisted DNA elimination and DNA amplification. Most gene expression takes place from the

resulting somatic MAC.

Germline-limited genome segments, called internally eliminated sequences (IESs), are
excised during development from MIC to MAC. The MAC genome content is hence a subset of
the germline MIC. Each taxon studied thus far has its own peculiarities. For example,
Paramecium 1ESs are typically short, have unique sequence content, and are precisely excised, vs.
those in Tetrahymena that are longer, more repetitive, and imprecisely excised (Hamilton et al.

2016; Arnaiz et al. 2012; L. Feng et al. 2017).

Ciliate IESs are thought to originate from cut-and-paste DNA transposons (Klobutcher
and Herrick 1997) (Figure 6.1B), because: (i) 5°-TA-3’ motifs at IES boundaries (Euplotes,
Paramecium) resemble the terminal direct repeats of Tcl/Mariner-superfamily transposons
(Klobutcher and Herrick 1995); (ii) transposon-derived “domesticated” excisases are used to
remove [ESs (Baudry et al. 2009; Cheng et al. 2010; Nowacki et al. 2009); and (iii) intact
transposons encoding transposases are mostly germline-limited (Herrick et al. 1985; Jahn et al.
1993; Le Mouél et al. 2003; Arnaiz et al. 2012). Recently, non-autonomous mobile elements
without transposases have been found in Paramecium spp. (Sellis et al. 2021). They resemble
miniature inverted-repeat transposable elements (MITEs), but the autonomous counterparts of
most of them, including the most abundant ones (thousands of copies), were not identified.
MITEs, which are common in plants and animals, are deletion derivatives of Tcl/Mariner
transposons, generally short (<500 bp), lacking coding sequences, and bounded by terminal

repeats (Cedric Feschotte, Zhang, and Wessler 2002).

Developmental DNA elimination has been called “genome defense” because the process
removes IESs, which not only derive from selfish genetic elements (transposons), but are often
intragenic and hence deleterious if not removed (Yao, Fuller, and Xi 2003). The “defense”
analogy was popularized due to parallels to other eukaryotes where small RNA-mediated DNA
heterochromatinization is thought to suppress mobile element proliferation (Grewal and Jia

2007; Vogt and Mochizuki 2013; Coyne, Lhuillier-Akakpo, and Duharcourt 2012). Ciliates use
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development-specific sSRNAs to guide DNA elimination; in oligohymenophoreans, they mark
sequences for elimination (Mochizuki et al. 2002; Yao, Fuller, and Xi 2003; Sandoval et al.
2014), whereas spirotrich sSRNAs mark sequences to be retained (Zahler et al. 2012; Fang et al.
2012). Histone modifications are also required for elimination (Liu et al. 2007; Taverna, Coyne,
and Allis 2002). However, this model has been questioned because sSRNAs may not always be
strictly necessary: in Paramecium, knockdown of key sSRNA biogenesis enzymes had a smaller
effect on shorter IESs, and were only weakly correlated with the more potent effects of knocking

down the main IES excisase (Sandoval et al. 2014; Swart et al. 2014).

Other phenomena during genome editing can vary markedly between the few model
ciliate species that have been studied in detail (reviews: (Coyne, Lhuillier-Akakpo, and
Duharcourt 2012; Chalker, Meyer, and Mochizuki 2013; Rzeszutek, Maurer-Alcal4, and
Nowacki 2020)). For example, germline chromosomes are fragmented into smaller somatic ones
to some degree in all species, but spirotrichs produce extreme somatic “nanochromosomes” with
only one or a few genes on average. “Unscrambling” of nonsequential MAC-destined sequences
into the correct order in the somatic genome occurs frequently in some spirotrichs, e.g. Oxytricha
and Stylonychia (Prescott and Greslin 1992), infrequently in 7etrahymena (Hamilton et al. 2016),
and has not been reported in other ciliates (e.g. Paramecium and Euplotes). Furthermore, draft-
quality germline genomes are available from only two out of eleven class-level taxa (following
taxonomy of Lynn 2010): Oligohymenophorea (Hamilton et al. 2016; Sellis et al. 2021; Arnaiz
et al. 2012; Guérin et al. 2017) and Spirotrichea (X. Chen et al. 2014).

Since it is not apparent which genome editing elements are common to all ciliates, we
targeted the heterotrich Blepharisma stoltei (class Heterotrichea), whose last common ancestor
with other ciliates with sequenced germline genomes is the last common ancestor of all ciliates
(F. Gao and Katz 2014). Blepharisma has been a laboratory model for photobiology (Giese 1973)
and mating factors (Kubota et al. 1973; Miyake and Beyer 1974; Miyake, Rivola, and Harumoto
1991; Sugiura and Harumoto 2001), so cultivated strains and protocols for inducing conjugation
and development are available, and now too an accurate, highly contiguous draft somatic genome
for B. stoltei (Singh et al. 2021). The somatic genome encodes a likely IES excisase, Blepharisma
PiggyMac (BPgm), most closely related to the main IES excisases of Paramecium (PiggyMac) and
Tetrahymena (Tpb2). Other somatic PiggyBac paralogs are also present but lack a complete

“catalytic triad”, similar to the situation in Paramecium (Bischerour et al. 2018). BPgm is
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upregulated during new somatic MAC formation along with other development-specific genes,
including homologs of sSRNA biogenesis proteins implicated in genome editing (Singh et al.

2021).

In this study, we assembled a draft germline genome for Blepharisma stoltei. Through
single molecule long read sequencing and a targeted assembly approach, we could fully assemble
numerous [ESs containing long, repetitive elements, which is not feasible with short read
shotgun sequencing alone. We found numerous short (<115 bp), precisely excised IESs with a
periodic length distribution like in Paramecium. However, most IESs were longer (up to several
kbp) and contained numerous repeat elements, including several “mobile IESs” where the IES
corresponds to a complete repeat unit, and a Tcl/Mariner transposon whose non-autonomous
MITE was also the most abundant repeat in the genome. We also identified small RNAs
expressed during sexual development with characteristics of scnRNAs that guide DNA
elimination in other ciliates. These results show common characteristics of germline-limited
DNA in ciliates, but also illustrate how MITEs could be an intermediate stage in the origin and

proliferation of IESs.
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6.2. Results

6.2.1. Detection and targeted assembly of ca. forty thousand germline-limited IESs

We enriched germline micronuclei from Blepharisma stoltei strain ATCC 30299, and
reconstructed 39799 IESs (13.2 Mbp, average coverage ~45x) scaffolded on the previously
assembled 41 Mbp somatic genome (Chapter 5) (Singh et al. 2021), using a mapping and
targeted assembly approach for PacBio long reads (Seah and Swart 2021). This MAC-scaffolded
germline assembly is here referred to as the “MAC+IES” assembly. About 70% of all predicted
IESs were intragenic (within coding sequences or introns), implying precise excision of IESs, as
they would otherwise cause deleterious frameshifts. However, genes occupied 77% of the somatic
assembly (excluding telomeres), so there was a small but statistically significant (p = 3 x 102%)

relative depletion of intragenic IESs.

6.2.2. A “hybrid” IES length distribution with periodic length peaks for short IESs

Most IESs were short (median 255 bp, mean 421 bp), but the distribution was long-
tailed (90th percentile 603 bp, max 7251 bp). The length distribution was not unimodal, but
had multiple peaks at specific length values (Figure 6.1A, Table $6.1), and could roughly be
divided into two ranges: a “periodic” range from ~65 to 115 bp (11030 IESs), and a “non-
periodic” range >115 bp (29646).

The “periodic” IES size range contained sharp peaks every 10 to 11 bp, similar to the
periodicity of IESs in Paramecium tetraurelia (Arnaiz et al. 2012; Guérin et al. 2017). The first
peak in B. stoltei was centered at 65 bp, compared to 28 bp in P. tetraurelia, and there was no
“forbidden” peak. The most abundant “periodic” length peaks were at 72 bp and 110 bp. The
“non-periodic” range (2115 bp) contained isolated peaks at 153, 174, 228, and 389 bp, which
has no obvious periodicity. Only 9701 IESs (total 1.36 Mbp) were contained within the size
classes (width at half peak height) represented by the above peaks (both periodic and non-
periodic) (Table S6.1), meaning that most IESs had lengths outside the peak values.

6.2.3. IESs are bounded by heterogeneous direct and inverted terminal repeats

In other ciliates, IES boundaries often have conserved terminal repeat motifs that could
reflect excisase cut site preferences, or IES origins from specific classes of transposons. We

therefore searched for both direct and inverted terminal repeats in Blepharisma IESs.
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About three quarters of IESs (30212, 9.43 Mbp) were bounded by terminal direct repeats
(TDRs) that contained the sequence TA (“TA-bound”). Other non-TA TDRs accounted for
another 6566 (2.85 Mbp); the remainder were not TDR-bound, though some may be assembly
errors (Figure 6.1A). B. stoltei genomes were AT-rich (somatic 33.5% GC, IESs 33.3% GC) like
most ciliates, but the number of TA- and TDR-bound sequences was unlikely to be due to
nucleotide composition alone (Figure 6.2A, 6.2B). The most common TDRs were simple
alternations of T and A (TA, TAT/ATA, TATA), especially in IESs up to 228 bp (Figure 6.2C),
with the exception of TAA/TTA (see below).
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Figure 6.1. A “hybrid” IES length distribution with periodic length peaks for short IESs. (A) IES length histogram
(0 to 500 bp (inset: full range), stacked bars for types of terminal direct repeats (TDRs) at IES boundaries: TA-
bound (blue), no TDRs (orange), non-TA TDRs (green). Peaks for IES size classes discussed are marked; dashed
vertical line indicates length cutoff (50 bp). (B) Comparison of cut-and-paste DNA transposons (above) and ciliate
genome editing (below), showing parallels between target site duplications (TSD) of transposons and terminal direct
repeats (TDRs) bounding IESs, and effects of precise vs. imprecise excision. MDS - macronuclear-destined
sequence, TIR - terminal inverted repeat. (C) “Cryptic” IES length histogram, same color legend as panel A. (D)
Sequence logos for MDS-IES junctions for TA-bound IESs of specific size classes, centered on the “TA” of the
TDR.

112



Erroneous, low-frequency excision of MAC-destined sequences by the excision
machinery (“cryptic” IESs) was also detected in MAC DNA libraries, with a slight peak at 72 bp
(Figure 6.1C). Of 10048 cryptic IESs, 56% were TA-bound; TAA/TTA-bound IESs were also
common, which suggests that the observed TDRs, including TAA/TTA, represented intrinsic cut

site preferences of the domesticated excisase(s) (Figure 6.1C, Figure S6.1C to E).

Terminal inverted repeats (TIRs) at IES junctions were heterogeneous among IES size
classes (Figure 6.1D, Figure 6.2F), and no single TIR motif was generally conserved across all
Blepharisma 1ESs, unlike the 5>-TAYNR-3’ motif of Paramecium 1ESs. Considering only TA-
bound IESs, sequence logos of IES junctions for the “periodic” IESs had a weak consensus 5’-
TAT rrn tee t-3° (weakly conserved bases in lowercase). “Non-periodic” IESs had different
signatures, e.g. ~153 and ~174 bp IESs had similar consensus 5’-TAT Agn nnT TT-3". Despite
their heterogeneity, TIRs were more common and longer than expected by chance, even with a
strict criterion of no gaps or mismatches (Figure 6.2D to F). Sequence clustering of long (=10
bp) TIRs showed distinct TIRs associated with specific IES lengths. Additionally, 376

palindromic IESs were identified, of

Figure 6.2. IESs are bounded by heterogeneous direct and inverted terminal repeats. (A) Numbers of terminal direct
repeats (TDRs) per TDR length observed (blue) vs. number expected by random chance if bases were independently
distributed (orange). (B) Ratio of observed to expected numbers of TDRs by length. (C) Length distributions of
IESs containing TDRs of lengths 2, 3, 4, and 5 bp; the most abundant TDR sequences per TDR length are shown
in color (sequences and their reverse complements are counted together, because TDRs could be encountered in
either orientation, e.g. TAA/TTA), simple T/A alternations are in shades of blue. NB: plots in panel C have
different vertical axis scales. (D) Observed IESs per terminal inverted repeat (TIR) length (blue line) vs. expected
number by chance alone (orange). (E) Same as panel D but for P. tetraurelia. (F) Lengths (scatter-overlaid boxplot)
of IESs containing long TIRs (210 bp), grouped by their TIR sequence (rows). Each TIR-cluster is annotated with
the median IES length (bp), cluster size (n), TDR consensus sequence, and TIR representative sequence.
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which 153 (40.7%) fell within the same ~228 bp length peak, despite comprising several

apparently unrelated palindrome sequences (Figure S6.2, Supplementary Information).

IESs in the ~389 bp sze peak had distinctive TDRs and TIRs, indicating that they are a
family of mobile IESs, described further below (see “Pogo/Tigger-family transposon with
abundant MITEs”).

6.2.4. Repeat elements are abundant in long, non-periodic IESs

A quarter of the MAC+IES assembly (12.7 Mbp, 23.3%) was composed of interspersed
repeats, however a much larger sequence fraction was repetitive in the germline-limited IESs
(71.0%) than in the somatic genome (8.12%) (Figure 6.3A). The majority of sequence content
contained in IESs 2115 bp was annotated as repetitive, whereas the converse was true for shorter
“periodic” IESs (Figure 6.3C), which parallels the pattern of short, unique IESs in Paramecium
(Arnaiz et al. 2012).

Most interspersed repeats could not be classified to a known transposable element class
by RepeatClassifier (Figure 6.3B, Table S6.2). The most abundant classifiable type was
DNA/TcMar-Tc2, all of which actually belonged to a single repeat family rnd-1_family-1,
followed by LINE/RTE-X. The most abundant repeat family, rnd-1_family-0, was unclassified
and made up 21.2% (2.69 Mbp) of the total repetitive sequence. Repeat families rnd-1_family-0
and rnd-1_family-1 were related to each other and are discussed further below (“Pogo/Tigger-

family transposon with abundant MITEs”).
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bp.

Three non-periodic IES length peaks (153, 174, 389 bp) could be attributed to specific
repeat families, suggesting that they proliferated recently (Table S6.3, Figure 6.3C, S6.3B). This
was most pronounced for the ~389 bp peak, where 68.5% of the sequence content belonged to
rnd-1_family-0, whereas about a quarter of the ~153 and ~174 bp peaks was composed of repeat

families rnd-1_family-87 (palindromic) and rnd-1_family-82 respectively.

6.2.5. Germline-limited repeats include few autonomous transposons but many MITEs

Unlike Tetrahymena and Oxytricha where transposases are abundant in the germline-
limited IESs but rare in the somatic genome, Blepharisma encoded only a few dozen identifiable
transposase domains in either the germline-limited or somatic genomes. Cut-and-paste DNA
transposase domains of the DDE/D superfamily identified in Blepharisma included DDE_1 and
DDE_3 (Tcl/Mariner family), DDE_Tnp_1_7 (PiggyBac), DDE_Tnp_IS1595 (Merlin), and
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MULE (Mutator) (Figure 6.4E, Table S6.4). Not all copies of DDE/D transposase domains in
Blepharisma contained an intact catalytic triad, suggesting that some may be inactive fragments
or pseudogenes. Nonetheless, domains with an intact triad were found in both germline-limited
and somatic sequences. In general, the expression level of somatic genes was higher than the

expression of the germline-limited ones (Figure S6.4B).

To identify intact transposon units, we examined the seven repeat families in the
MACHIES assembly that could be classified by RepeatClassifier (Figure 6.3B). Of these, only two
were predominantly germline-limited and represented by more than one full-length copy, namely
rnd-1_family-1 and rnd-1_family-73 (Table S6.5). They contained transposases that were
distinct from those found in the MAC (Figure 6.4).

6.2.5.1. Pogo/Tigger-family transposon with abundant MITEs

Repeat elements of rnd-1_family-1 were bound by a ~30 bp terminal inverted repeat
(TIR) 5°-CTC CCC CCC CCC CTC CGT GAG CGA ACA AAA-3’ (poly-C run length was
variable, possibly from assembly errors), and were flanked by a putative target site duplication
(TSD) 5’-TAA-3’ (or its reverse complement 5°-TTA-3’) (Figure 6.4B). All thirty intact (295%
of consensus length) copies of this family were found within IESs, and had high sequence

identity (median 0.5% divergence from consensus).

The encoded transposase (~1200 bp) contained two domains characteristic of Pogo
transposases from the Tcl/Mariner superfamily: a DDE/D superfamily endonuclease domain
(DDE_1, Pfam PF03184) and a helix-turn-helix domain (HTH_Tnp_Tc5, Pfam PF03221) (B.
Gao et al. 2020). The conserved acidic residues (“catalytic triad”) characteristic of DDE/D
transposases (Yuan and Wessler 2011) were also present, with the motif DD35D, i.e. all three
residues were Asp, 35 a.a. between the second and third conserved Asp. Phylogeny of the
DDE_1 domain placed the transposase in the Pogo/Tigger family, most closely related to the
Tc2 subfamily and a sequence from the oyster Crassostrea, all of which also had the DD35D
motif (Figure 6.4A). The transposase appeared to be germline-limited, with only ten partial
Tblastn hits in the somatic MAC genome (seven on “cruft” contigs) mostly overlapping the
HTH_Tnp_Tc5 domain (17 to 84 a.a., E-values 2.3 x 10" to 1.4 x 10°°) and no matches to the
DDE 1 domain. However, the TIR did
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(<5% divergence) were short fragments, but all full-length copies were low-divergence. (E) Counts of transposase-
related domains in different ciliates, comparing somatic (green) to germline-limited (orange).(F) Sequence logos for
Bogo and BogoMITE repeat boundaries, aligned on the terminal inverted repeats (TIRs) and terminal direct repeats
(TDRs). 3’-boundaries have been reverse complemented to show the TIRs. Sequence logos were generated from
alignments of full-length, intact Bogo elements (>1.8 kbp) and BogoMITEs (between 385-395 bp), with columns

comprising >90% gaps removed.
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not match previously characterized TIR signatures for the Tc2, Fot, and Pogo
subfamilies. A search of all B. stoltei IES sequences against HMM:s for known DNA transposon
TIRs in the Dfam database found only three matches with E-value < 0.01, none from the above

subfamilies.

The same TIR and TSD were also found in another repeat family rnd-1_family-0, which
was the most abundant repeat in the genome (Figure S6.4A), but these were short elements
(consensus ~390 bp) without any predicted coding sequences. rnd-1_family-0 elements were
often “mobile IESs” (Arnaiz et al. 2012): they constituted most of the ~389 bp IES size class
(Figure 6.3C); the TSDs bounding the repeats (TAA/TTA) were the TDRs for most of these
IESs (Figure 6.2C), and the C-rich TIR motif corresponded to the C-rich IES junctions (Figure
1D, Figure 2F). Copies of rnd-1_family-0 were also found nested in longer IESs, suggesting
recent proliferation (Figure S6.3C). Degenerated or partial copies were found in shorter IESs
(Figure 3C), with copies >5% divergence from consensus having median length 308 bp, vs. 388
bp for copies <5% divergence (Figure 6.4D).

Therefore, we interpreted rnd-1_family-1 as a new Pogo/Tigger transposon, with a non-
autonomous derivative MITE, rnd-1_family-0. We propose the names Bogo for the transposon
and BogoMITE for its MITE. Given their palindromic nature, both the rnd-1_family-87 and
rnd-1_family-160 repeats may also be MITE IESs.

6.2.5.2. Tcl-family transposon with microsatellites

Another IES-limited repeat family, rnd-1_family-73, also contained a coding sequence
for a DDE/D-type transposase. Twenty-two copies were “full-length” (>80% consensus) with
low sequence divergence from the consensus (median 0.6%). A putative complete transposon
bounded by a TSD 5°-TATA-3’ and a 38 bp TIR 5>-GTA CCC CCC CCC TCG TTT GTC
GCATTT TCT AGT TTT TT-3’ could be defined after manual curation of repeat boundaries
(Figure 6.4C). Nine of these were mobile IESs, with the TSDs corresponding to the IES
junctions. The remaining cases were nested in larger IESs alongside other repeat elements. Ten
repeats also contained a microsatellite with -5 to 42 copies of its 10 bp repeat unit 5-GGG AAG
GAC T-3’ (Figure 6.4C) not found elsewhere in the genome. We propose the name BstTc1 for

this putative transposon.
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The transposase encoded in full-length copies of BstTc1 contained a conserved DDE/D
superfamily domain (DDE_3, Pfam PF13358), phylogenetically affiliated to the Tcl family
although the exact placement is unclear, grouping with only moderate support with Tcl
elements from Crassostrea and Hydra (Figure 6.4A). Its catalytic triad motif DD34E differed
from previously reported motifs for the Tcl family, DD41D, DD37D or DD36E (Dupeyron et

al. 2020), so it may be a novel subfamily.

6.2.6. Non-LTR retrotransposon sequences in both the somatic and germline genomes

Three retrotransposon repeat families in the MAC+IES assembly were classified by
RepeatClassifier, i.e. “LINE” or “LINE/RTE-X” (Table $6.5). Two of these were more closely
related with numerous very high identity sequences (>97%) (Figure 6.5A), suggesting recent
radiation of two related retrotransposon elements, while the third was more divergent (Figure
6.5B; Supplementary Information). Unlike the Bogo and BstT'C1-derived elements, more
retrotransposon-derived sequences were detected in the B. stoltei somatic MAC genome than in
assembled IESs (Figure 6.4E, Table S6.5). However genes in IESs may be undercounted because
of (i) lower completeness of germline vs. somatic assembly; (ii) indels caused by the lower
accuracy of the uncorrected long reads used to assemble IESs that prevent prediction; and (iii)
shorter total length of IESs than somatic sequence. Consistent with them being true somatic
sequences, mappings of error-corrected HiFi reads from a MAC-enrichment library spanned well
into flanking regions (Figure 6.5C; Figure S6.5A, $6.5B). In each repeat family, some loci
showed sharp dips in coverage suggesting partial excision as IESs while other loci did not (Figure
S6.5B). In MAC-enriched DNA, coverage of such sequences is well above residual IES coverage
(Figure S6.1B).
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1_family-273 and rnd-1_family-276 retrotransposon sequences. (B) Phylogeny of rnd-4_family-193 retrotransposon
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193). Only sequence columns with < 90% gaps are shown. Soft clipped regions of reads able to align to flanking
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retrotransposon copies from rnd-1_family-273. Schematic for consequences of IES excision (Contig_45). Identity
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Twenty-nine genes in the main somatic assembly encoded full or partial reverse
transcriptase domains (RVT_1, Pfam PF00078) (Singh et al. 2021). The four longest
retrotransposon genes also encode an N-terminal apurinic/apyrimidinic endonuclease (AP)
endonuclease (Exo_endo_phos_2, Pfam PF14529) domain upstream of RVT_1. This domain
pair is characteristic of some proteins from non-LTR retrotransposons/LINE-like transposable
elements, e.g. the BS element from Drosophila melanogaster (UniProt Q955X7) (Udomkit et al.
1995; Han 2010). In contrast to the development-specific upregulation of retrotransposon genes
in Tetrahymena (Fillingham et al. 2004) and Oxytricha (X. Chen et al. 2014), expression of
Blepharisma genes encoding proteins containing RVT_1 or Exo_endo_phos_2 domains was
negligible in starved cells and throughout a post-conjugation developmental time series, for both
germline-limited and somatic genes (Figure S6.4B) (Singh et al. 2021). The only exception was a
somatic APEX1 protein homolog (BSTOLATCC_MAC3189). APEX1 is involved in DNA
repair (Fritz 2000), and Blastp best matches of the Blepharisma protein to GenBank’s NR

database are other similarly annotated proteins.

Six retrotransposon-derived sequences from repeat family rnd-1_family-273 contained a
central IES that encoded almost half the amino acids of an Exo_endo_phos_2 endonuclease
domain (Figure 6.5D). Excision of the IES during development would thus knock out the
endonuclease domain in the somatic version of the gene. Furthermore, the repeat units as a
whole had >99% identity to each other over their ~4.1 kbp length, and were flanked by
dissimilar sequences (Figure 6.5D). The similar length of these IESs (173 to 182 bp), their
homologous location relative to the coding sequence, and their high sequence identity (>96%) all
point to a replication of an ancestral retrotransposon which coincidentally contained a sequence
recognized and excised as an IES. In two of these cases, the endonuclease and reverse
transcriptase domains can be linked into a single reading frame when the IES is present (Figure
6.5D). None of Blepharisma’s putative domesticated transposases are anywhere near as abundant
as the retrotransposon repeats in the somatic genome, let alone show signs of substantial recent

replication.

6.2.7. Development-specific 24 nt small RNAs are likely scnRNAs in Blepharisma

stoltei

Small RNA (sRNA) libraries were sequenced from a developmental time series, where

two complementary mating types of B. stoltei (strains ATCC 30299 and HT-IV) were separately
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gamone-treated and then mixed to initiate conjugation. Expression patterns of somatic genes
from mRNA-seq and the morphological staging have been reported previously (Chapter 3)
(Singh et al. 2021). Briefly: after mating types were mixed (0 h), cells paired, produced gametic
nuclei by meiosis and exchanged them (2 to 18 h), followed by karyogamy (18 to 22 h) and
development of the zygotic nuclei to new macronuclei (22 h onwards). At 38 h, about a third of

observed cells were exconjugants.

The most abundant sSRNA length classes were 22 and 24 nt, comprising 32% and 30%
of the total reads respectively (Figure 6.6A), consistent with other ciliates, where Dicer-generated,
mRNA-derived siRNAs employed in gene silencing are typically 21 or 22 nt long, whereas
development-specific sSRNAs are distinct and consistently 22 bp longer (Mochizuki et al. 2002;
Lepere et al. 2009).

Developmental dynamics of the 24 nt Blepharisma sSRNA resembled scnRNAs of other
species. Coverage of 24 nt sSRNAs mapping to all feature types initially increased from 2 to 6 h
and appeared to plateau up to about 14 h. Coverage over IESs then continued to increase from
14 h to 22 h, reaching ~25 RPKM until the end of the experiment (38 h), whereas coverage
declined over coding sequences (CDSs) and other genomic regions (“NON?”) after 14 h. The
initial increase across all feature types coincided with meiotic stages iv to viii of (Miyake, Rivola,
and Harumoto 1991) (Singh et al. 2021), whereas the divergence between IESs and the rest of
the genome corresponded to the onset of karyogamy (Figure 6B). In contrast, 22 nt sSRNAs were
initially abundant (albeit with high variance) at CDS and NON regions but low (<1 RPKM) at
IESs, and declined sharply to <5 RPKM in all features from 6 h onwards (Figure 6.6B).

Blepharisma 24 nt sSRNAs had a strongly conserved 5’-U base preference, like scnRNAs in
other ciliates (Lepére et al. 2009; Zahler et al. 2012; Mochizuki and Kurth 2013). For 24 nt
sRNAs mapping to IESs, this 5’-U bias was consistent across all time points, except for a slight
decrease at 6 h time point (Figure 6.6D, S6.6). Those mapping to CDSs initially displayed no
biases, but from 6 h onwards displayed a 5°-U bias. We interpret this to mean that 24 nt sSRNAs
that mapped on IESs were predominantly scnRNAs at all time points, whereas those mapped to
CDSs were initially siRNAs and other types of small RNAs, before being dominated by scnRNAs
from 6 h onwards. In contrast, 22 nt sSRNAs mapping to CDSs showed no strong biases for any

base at any position, whereas 22 nt reads mapping to IESs had a small to moderate 5’-U bias
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only from 6 h onwards. The 5’-U bias in 22 nt sSRNAs mapping to IESs may represent true 22 nt
scnRNAs, or fragments of originally 24 nt scnRNAs.

6.2.8. Putative scnRNAs have lower coverage over periodic IESs and BogoMITE IESs

The relative expression levels of the putative scnRNAs also differed between IES size
classes. Based on the IES length distribution and repeat content, we divided IESs into five
groups: (1) short “periodic” IESs (<115 bp), (2) BogoMITE mobile IESs, because that was the
most abundant repeat family, (3) IESs with full-length Bogo transposons, (4) IESs with full-
length BstTcl transposons, and (5) all other IESs (“non-periodic”). BogoMITE IESs and
periodic IESs had lower scnRNA coverage (max -5 and 10 RPKM respectively) compared with
nonperiodic IESs (-30 RPKM). The former were comparable to or even lower than expression
levels over non-IES features (Figure 6.6C). Nonetheless, scnRNA coverage of BogoMITE IESs
and periodic IESs showed an initial increase then plateau, without the subsequent decline seen in
non-IES regions. Bogo-containing IESs had similar scnRNA coverage to other non-periodic

IESs, but BstTcl-containing IESs had higher coverage (Figure 6.6C).

Because of the repetitive sequence content in IESs and the short sSRNA length, it is
possible that the expression levels calculated could be affected by mis-mapping. We reason that
such mismapping would not influence the results described above, because “periodic” IESs
(group 1) had low repetitive content, whereas the transposon-containing IESs (groups 2, 3, 4)
each represented a single repeat family so any mismappings would be contained within the same

group and count towards the same RPKM value.

Figure 6.6. Development-specific 24 nt small RNAs are likely scnRNAs in B. stoltei. (A) Read length histogram for
all sSRNAs in the time series. (B) Relative expression (RPKM units, vertical axis) of 22 and 24 nt sSRNAs mapping to
different feature types across time series: blue - IES, orange - CDS, green - all other regions not annotated as IES or
CDS (including UTRs and intergenic regions which are difficult to delimit exactly with available data). Timing of
developmental stages inferred from morphology are labeled below (Chapter 3) (Singh et al. 2021). (C) Relative
expression of 22 and 24 nt sSRNAs mapping to different categories of IESs: containing full-length copies of BstTc1
and Bogo transposons, at least 90% covered by BogoMITE elements, IESs in the periodic length range (< 115 bp),
and all other IESs (“non-periodic”). (D) Sequence logos for 22 and 24 sRNAs mapping to CDS and IES features in
controls and different time points (rows).
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6.3. Discussion

The germline genome of Blepharisma stoltei, belonging to the earliest diverging lineage of
ciliates sequenced to date, has similarities to established model species, especially the shorrt,
periodic IES lengths resembling those of Paramecium. It also provides fresh observations, notably
recent proliferation of non-autonomous mobile elements (MITEs) that have autonomous

counterparts in the same genome, and the finding of retroelements in the somatic genome.

6.3.1. Comparison to IESs in other ciliates

Most Blepharisma IESs are short, TA-bound, and intragenic, more similar to Paramecium
than Tetrahymena or spirotrichs. The most striking parallel is the sharply periodic length
distribution of short IESs with peaks every ~10 bp, coinciding with the DNA helical turn,
implying that the Blepharisma excisase complex has analogous geometric constraints as proposed
for Paramecium (Arnaiz et al. 2012). Blepharisma “periodic” 1ESs are longer on average and do
not have a “missing” second peak, but the last peak (~110 bp) is still below the persistence length
of DNA. In contrast, Tetrahymena thermophila has a continuous distribution (average length -3
kbp) (Hamilton et al. 2016; Seah and Swart 2021), while Oxyzricha trifallax non-scrambled IESs
(length ~20 bp) have weak periodicity (X. Chen et al. 2014). Periodicity is consistent with a
single primary IES excisase, rather than multiple excisase families, which would smooth the

length distribution.

Longer, nonperiodic IESs of Blepharisma contain more repeats, including whole
transposons, resembling 7etrahymena where 41.7% of high-confidence IESs comprise putative
transposons (Hamilton et al. 2016), some of which can be grouped into families (Wuitschick et
al. 2002; Fillingham et al. 2004). However, Blepharisma’s long IESs encode much fewer
transposases, and their length distribution is not unimodal but long-tailed with distinct peaks
representing individual abundant families. Germline-specific repeats and transposons across
Paramecium spp. have recently been surveyed (Sellis et al. 2021), but were likely underestimated
because such repeats are difficult to assemble from short-read data even with high coverage, as we

saw with Blepharisma BogoMITE elements, (Supplementary Information, Figure S6.1A).

Consistent with the scnRNA turnover model, Blepharisma 24 nt sSRNAs mapping to IESs

increase during post-conjugation development more than those mapping to CDSs. In this

model, RNA intermediates are produced from both IESs and MDSs (Malone et al. 2005;
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Mochizuki and Gorovsky 2005), but those from MDSs are selectively degraded, allowing the
remaining scnRNAs to mark IESs for excision. This complements our finding that MAC-
encoded homologs to proteins involved in scnRNA biogenesis, Dicer-like (Dcl) and Piwi, are
highly upregulated during development (Singh et al. 2021). Furthermore, higher coverage of
Blepharisma scnRNAs in longer (presumably younger) IESs than in short (-older) periodic IESs
mirrors the pattern in Paramecium, where younger IESs are more likely to require scnRNAs for

efficient excision (Sellis et al. 2021; Lhuillier-Akakpo et al. 2014).

6.3.2. Are MITEs a missing link in the IBAF model?

The prevailing Invasion-Bloom-Abdication-Fade (IBAF) model for the evolution of IESs
hypothesizes that they originate from cut-and-paste DNA transposons that invade and proliferate
(“bloom”) in the germline genome (Klobutcher and Herrick 1997). Transposon proliferation
stops (“abdication”) when its transposase is domesticated by a host promoter, releasing the
transposons from purifying selection, whereupon their sequences erode by drift (“fade”).
Depictions of the IBAF model usually show all the transposons expressing transposases during
“bloom”, i.e. functioning as autonomous transposons (Klobutcher and Herrick 1997; Y. Feng
and Landweber 2021). This is reasonable for Tetrahymena and Oxytricha, which have hundreds
of germline-encoded transposases that vastly outnumber those in the somatic genome (Table
S6.4). However, Blepharisma only has a few dozen transposases in total, like Paramecium,
although germline-limited transposases in the latter may also be more severely underestimated by

short read sequencing.

127



A 1.Invasion Abundance

"periodic”
new transposon IESs
existing IES somatic gene
4 . full length
5 P .~ domesticated | transposon
; excisase gene —
o excisase ES length
2. MITE production
transposition ,~~~~™ K K
A N—
p neWYMTE | (Vi — X
P '
MITE can be excised by N omesteaiod ussse”
3a. MITIES bloom domesticated excisase
new transposase
titrated by MITIESs TS ‘
e MITIES proliferates | 3h. Negative selection
@bH ﬁ»—ﬁ 2 | Titrates progenitor | Not fixed in population
ransposase {
P i, X N
4 rad?f ti som;tic geneFisrupted
0ss-of-function Y
mutation(s) %7 2’« -
— NS - S X At .
i) Vertical inactjvation \ Vi
@”H = 4 | Transposase loss-of-function
decay de<c_ay
B i. Insertion of novel transposon ii. Exaptive recognition of motif within TSD by
CCTTAATTCC  original host sequence domesticated excisase
TDR IES TDR
CCTTAATT TTAATTCC CCTTA TAATTCC

TSD transposon TSD
CCTTAATTCC original host sequence restored

Figure 6.7. Model for transposon fixation as IESs in a ciliate genome with an existing domesticated excisase. (A)
Graphs depict IES length distribution. (1) Invasion of germline genome by full length transposon (green); existing
IESs (blue) are excised by domesticated excisase. (2) New transposon produces MITEs. (3a) If MITEs can be excised
by domesticated excisase, they proliferate and titrate the progenitor transposase. (4) MITEs proliferation causes
vertical inactivation of the full length transposon; loss of function stops production of new MITEs, leading to
eventual decay. (3b) If the MITE cannot be excised by domesticated excisase, it is more likely to cause deleterious
mutations upon insertion, and is therefore selected against and does not reach fixation. (B) If a transposon TSD
contains a submotif that can be recognized by the domesticated excisase, it can theoretically be excised cleanly
without leaving a “footprint”, avoiding potential frameshift mutations.

This discrepancy can be resolved by taking MITEs into account. In Blepharisma this is
best exemplified by the few copies of the autonomous Bogo transposon compared to thousands
of non-autonomous BogoMITEs. The consistent lengths of BogoMITEs, their high sequence
identity, and occasional nested insertion inside unrelated IESs are the clearest illustrations to date

of recent MITE proliferation as mobile IESs. Bogo is also the first Pogo/Tigger transposon found
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in a ciliate germline; this subfamily is known to be especially prone to MITE formation (C
Feschotte and Moucheés 2000; Guermonprez, Loot, and Casacuberta 2008). The prevalence of
IESs bound by terminal inverted repeats, including numerous palindromic IESs (Figure 6.2D,

S6.2), also suggest that many more Blepharisma 1ESs are MITE derivatives.

In Paramecium spp., MITEs of the Thon and Merou transposons have been identified
but only numbered about a dozen copies per genome, and their transposases belong to a different
family within the DDE/D superfamily (Figure 6.4). The most abundant mobile IES family in
Paramecium, FAM_2183, is probably a MITE but its autonomous counterpart was not found
(Sellis et al. 2021). MITEs as intermediates in the transposon/IES life cycle can hence explain
why Blepharisma and Paramecium have few MIC-encoded transposases compared to Oxytricha

and Tetrahymena.

MITE: also provide a mechanism for transposon/IES proliferation to be self-limiting
(Figure 6.7A). When MITEs outnumber the autonomous transposon, active transposase protein
is more likely to bind to target sites in MITEs than the full length transposon (“titration”),
hindering the replication of the autonomous version, which buys time for loss-of-function
mutations to inactivate the transposases (“fade”). This “vertical inactivation” scenario (Hartl,
Lohe, and Lozovskaya 1997) was already discussed in the original IBAF proposal (Klobutcher

and Herrick 1997), but no plausible examples from ciliates were known at the time.

6.3.3. Is “genome defense” a flawed analogy?

The IBAF model also does not explain how ciliates can consistently and precisely excise
novel mobile elements from different transposon families that invade the germline genome. The
domesticated excisases of Paramecium (Baudry et al. 2009), Tetrahymena (Cheng et al. 2010),
and Blepharisma (Singh et al. 2021) belong to the PiggyBac family. Except for Tetrahymena
Tpb2, PiggyBacs are known to perform seamless excision, where the host sequence after
transposon excision is identical to that before insertion (Q. Chen et al. 2020). This would make
them the ideal progenitor for IESs that insert into coding sequences; indeed, PiggyBac
transposons are also known to produce MITEs (Wang et al. 2010; Mitra et al. 2013). By
extension, the first IESs probably originated from PiggyBac transposons. But what about
subsequent invasions by other transposons that leave behind “scars” upon excision? Such
imprecision would cause deleterious frameshift mutations in coding regions. How can they
invade the germline genome and yet avoid deleterious effects?
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Part of the answer lies in the “hijacking” model proposed from Paramecium (Sellis et al.
2021; Arnaiz et al. 2012), whereby the domestication of PiggyBac changed the dynamic for
subsequent transposon invasions. New transposons would persist as IESs only if they also encode
a seamless excisase, or if they can also be recognized and cut by the already-domesticated
PiggyBac (exaptation). The latter favors the invasion of transposons that produce a TSD
containing a submotif that can be recognized as a cut site by PiggyBac (Figure 6.7B). The
similarity between boundaries of IESs and transposons would hence not be due to common
origin or sequence evolution after IESs have fixed in the germline (Klobutcher and Herrick
1997), but rather because of selection for transposons whose TSDs already match the excision
site preferences of domesticated PiggyBac. Analogous exaptation of TSDs for excision has been
demonstrated in another context: the independent origin of introns from MITEs in at least two
different eukaryotes, where one of the TSDs produced upon MITE insertion has been co-opted
as an intron splice site (Huff, Zilberman, and Roy 2016). Cross-talk between different (albeit

related) transposases for MITE transposition has also been documented (Cédric Feschotte et al.

2005).

We further argue that “genome defense” is a teleological expression that confuses cause
and effect. Domesticated excisases actually help mobile elements to accumulate in the germline,
because they shield them from selection by effectively excising them from the somatic genome.
Tetrahymena is the exception that proves the rule: its domesticated excisase appears to be
imprecise; correspondingly, most of its IESs are intergenic, because intragenic IESs have been
efficiently removed by selection (L. Feng et al. 2017; Cheng et al. 2016). The origins of gene
silencing by DNA methylation in vertebrates have also been reinterpreted with similar reasoning.
Vertebrates have high levels of CpG methylation that inactivates transposons, which was thus
proposed to “compensate for” transposon proliferation in eukaryotic genomes (Bestor 1990).
When seen from a non-teleological perspective, it is precisely because CpG-mediated transposon
inactivation is so effective, preventing exposure to selection, that transposons persist, leading to

larger genomes (Zhou et al. 2020).

6.3.4. Why does the Blepharisma somatic genome have retrotransposon-derivatives?

Transposon-related sequences are typically germline-limited in other model ciliates,

which was formerly interpreted as successful “genome defense” keeping them out of the somatic

MAC genome (Fillingham et al. 2004; Guérin et al. 2017; Hamilton et al. 2016; Swart et al.
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2013; X. Chen et al. 2014). We hence did not expect to find several retrotransposon-derived
sequences in the Blepharisma MAC genome. Some show signs of partial excision or possible
absence of the locus in part of the population, but plenty have uniform coverage typical of

somatic sequences.

Recent retrotransposon proliferation in the soma, patchy distribution of different somatic
transposase classes across ciliates (Table S6.4) (Singh et al. 2021), and recent horizontal
acquisition of bacterial genes in Blepharisma (Swart et al., in prep.) all suggest that “genome
defense” is at best leaky. We conjecture that if foreign DNA lacks suitable target sites recognized
by the excisase, it might still be marked by scnRNAs but fail to be excised or be only partially
excised (e.g. the IESs in Figure 6.5C). Nonetheless such DNA would still be deleterious if

inserted intragenically.

Ciliate somatic MACs may be unable to repress mobile elements by
heterochromatinization like germline MICs and other eukaryotic nuclei. In Tetrahymena, most
MAC DNA is not associated with classical heterochromatin marks (Liu et al. 2007), while in
Paramecium MACs, H3K27me3 is not associated with transcription repression, despite being a
classic heterochromatin mark in multicellular eukaryotes (Drews et al. 2021). In such a
permissive expression environment, selection against mobile elements that are not already excised
as [ESs may be especially effective, unless they are relatively inactive like the Blepharisma
retroelements. On the other hand, regular Blepharisma stock culture passaging maintains a small
effective population size, which would be expected to counteract selection against mobile element

accumulation in the soma.

The genome defense model may lead one to dismiss IES retention in the somatic genome
as excisase inefficiency or MIC contamination of the library, however, IES excision is not all-or-
nothing but a continuum. Experimental evolution experiments in Paramecium suggest that IES
retention variability is itself a plastic and evolvable trait with consequences for genotypic diversity
(Catania, Rothering, and Vitali 2021; Vitali, Hagen, and Catania 2019). Assembly algorithms
tend to eliminate repetitive and lower-coverage regions, which are characteristic of mobile
elements and partially retained IESs, thus presenting an oversimplified, “pristine” view of somatic
genomes. Accurate long read sequencing, haplotype-aware assemblers, and sequence graphs will

all play a role in building a more realistic picture of genome heterogeneity.
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6.3.5. Conclusion

Why have we credited developmental DNA elimination with defending the genome,
when natural selection has been doing the hard work? Apart from technical biases during genome
assembly, there is also sampling bias by using lab strains. These are often clonal and largely
homozygous; if so, we would not observe accumulation of strongly deleterious foreign DNA that
actually needs defending against, but only IESs that have reached fixation and that are already
efficiently excised and non-deleterious. Purifying selection against deleterious IESs has had to be
indirectly observed, e.g. in the lack of intragenic IESs in Tetrahymena, where excision is imprecise
(Hamilton et al. 2016), and the statistical depletion of quasi-IES sequences in the Paramecium
somatic genome (Swart et al. 2014). Similar evolutionary logic applies to the CRISPR defense
systems of prokaryotes, where hidden fitness costs (autoimmunity) have been underestimated
because those individuals are removed by selection (Stern et al. 2010), hence the phenomenon is
easily misinterpreted as inheritance of acquired traits (Weiss 2015). Most studies on ciliate
developmental DNA elimination to date have focussed on the underlying molecular
mechanisms, but to understand its origins and evolution we should expand our view to diverse

ciliates and their germline genomes from natural populations.
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Supplementary figures

Figure S$6.1. (A) Comparison of IES reconstructions from MIC-enrichment library sequenced
with short reads by ParTIES (above) vs. from long reads by BleTIES (below). Main panels: IES
length histograms up to 500 bp, insets: IES retention scores colored by TDR sequence type.
Length peak at -390 bp representing BogoMITE element is present in BleTIES reconstruction
but not ParTIES. (B) IES retention scores from MAC-enrichment library sequenced with PacBio
HiFi reads. (C) Retention scores of cryptic IESs from MAC read library, colored by TDR
sequence type: TA-bound (blue), no TDR (orange), or a non-"TA” TDR (green). (D) Length
distribution of cryptic IESs containing “TTA” or “TAA” in their TDR, detail <500 bp, inset
detail <150 bp. (E) Sequence logos of TA-bound cryptic IES junctions centered on the TA
motif, for all cryptic IESs (above) and the subset in the ~72 bp size class (below). (F) Mapping
pileup at IES with TA-containing TDR. For aligned reads in panels E and F, dots: bases identical
to reference, dashes: gaps relative to reference, red bar: read clipping. (G) Mapping pileup at IES
with non-TA-containing TDR.
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Figure $6.2. Strip plots of IES lengths for palindromic IESs (290% self-alignment identity),
after they have been clustered by sequence identity (rows represent clusters). Each cluster is
annotated with the median IES length and the cluster size. Insets: (A) Overall sequence length
distribution histogram for all palindromic IESs. The most common length of palindromic IESs is
~230 bp. (B, C) Dendrogram of sequence distance and multiple sequence alignment of

palindromic IESs with ~230 bp length to illustrate that they comprise several distinct, unrelated
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Figure §6.3. Most abundant repeat families in non-periodic IES size classes. (A) Total lengths
(horizontal axis) of the top ten repeat families per IES size class (panel rows). (B) Top repeat
family (by sequence length) for each IES size class (panel rows); the total length covered by that
repeat family within IESs vs. the lengths of those IESs is shown in red, superimposed on the total
sequence vs. IES length distribution of IESs in general (grey). Arrowheads mark centers of the
size classes. (C) Examples of nested repeats within IESs. Nested elements can be recognized when
the two outer repeat elements belong to the same family and align to consecutive parts of its
family’s consensus sequence, implying that the inner element has likely been inserted into the
middle of an existing element. Coordinates of the split segments are relative to the repeat family

consensus.
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Figure S6.4. Expression of genes with transposase domains. Comparison of expression levels
for MAC- vs. MIC-limited transposase-related domains across developmental time series;
heatmap color scaled to log(transcripts per million). Domain architecture shown
diagrammatically.
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Figure §6.5. (A) As in Figure 6.5A. (B) As in Figure 6.5A. Inset shows coverage across the entire
contig and position of the retrotransposon gene. (C) Alignment of MAC+IES and somatic
genomic sequences for Contig_44 retroelement genes from Figure 6.5A, showing how excision of
the central IES deletes part of the endonuclease domain and produces a premature stop codon.
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Figure $6.6. Per-position base entropy of 22 nt and 24 nt sSRNAs from developmental time
series showing conservation of 5’-U in 24 nt sSRNAs. Each plot symbol represents positional
sequence entropy (symbol size) for a given nucleotide base (columns) and position in the SRNA
sequence (vertical axis) and time point (horizontal axis), in sSRNAs mapping to different feature

types (rows).

A C G U
22 nt g
=Ll
:‘(%15
IES 210
<
§s
O [ S R R
g
z2
215
CDS 210
35
&
0
5
z20
%15 Entro
NON 210 02"5y
o . N
g9 . 050
0 . 075
_ . 100
24 nt 5 o 125
= 204
S
‘B
o
IES 210
&
o e E e R I R S S SR .
g
=20
.‘%
CDS _§10,
3
o o e e e e e
5
=20
.“%
NON 1o
3
o 0, ~~~~~

0 1 2 3 4 0 f 2 3 4 0 f 22 30 4 0 10 2 30 40
Timepoint (h) Timepoint (h) Timepoint (h) Timepoint (h)

140



Supplementary tables

Table S6.1.

IES size classes, defined by peak calling on the length distribution of TA-bound IESs. Lower and

upper lengths per size class are inclusive. Only TA-bound IESs on main assembly contigs are

included in the counts and total lengths.

Peak center (bp) Lower bound (bp) Upper bound (bp) No. IESs Total IES length (bp)

65
72
82
92
101
110
153
174
228

389

64

70

80

90

99

108
151
173
225

385

66
74
84
94
103
112
155
175
231

393

207
2717
1035

819

688
1592

336

377

769

876

13415
195724
85017
75458
69638
175060
51478
65575
175422
340798
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Table S6.2.

Summary of RepeatMasker annotations in B. stoltei MAC+IES assembly for each repeat class, as
classified by RepeatClassifier. The most abundant repeat family (rnd-1_family-0) is also listed
separately, despite being unclassified. Only one family, rnd-1_family-1, is classified as

DNA/TcMar-Tc2. Total annotated length does not account for overlapping annotations.

Class Number of annotated Total sequence length
elements annotated (bp)
Unknown (excluding rnd- 41836 11279760
1_family-0)
rnd-1_family-0 (Unknown) 8369 2692873
Simple_repeat 6878 613736
Low_complexity 2511 123672
rnd-1_family-1 (DNA/TcMar- 539 104263
Tc2)
LINE/RTE-X 94 51679
LTR/Pao 39 10475
LINE 28 38630
DNA/TcMar-Tcl 24 38070
Unknown/Helitron-2 23 11025
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Table S6.3.

Top five most abundant repeat families in specific IES size classes (defined in Table S1). Repeats

comprising > 20% of the total IES length of particular size classes are highlighted in bold font.

Repeat family Number  Fraction of total IES length  IES size class (peak
center bp)

rnd-1_family-397 712 0.044433 65
A-rich 134 0.008362 65
rnd-1_family-157 67 0.004181 65
rnd-1_family-151 65 0.004056 65
rnd-4_family-596 64 0.003994 65
A-rich 2735 0.012229 72
rnd-1_family-438 1898 0.008487 72
rnd-1_family-397 1511 0.006756 72
rnd-1_family-398 508 0.002271 72
(T)n 450 0.002012 72
A-rich 741 0.007556 82
rnd-1_family-397 441 0.004497 82
rnd-2_family-94 182 0.001856 82
rnd-1_family-0 171 0.001744 82
(AT)n 153 0.001560 82
A-rich 570 0.006505 92
rnd-1_family-205 400 0.004565 92
rnd-1_family-0 270 0.003081 92
rnd-2_family-11 209 0.002385 92
rnd-3_family-853 160 0.001826 92
A-rich 801 0.009991 101
rnd-3_family-853 679 0.008469 101
rnd-4_family-1308 277 0.003455 101
rnd-1_family-0 174 0.002170 101

143



(TATAA)n
rnd-3_family-853
A-rich
rnd-2_family-11
rnd-2_family-94
rnd-1_family-210
rnd-1_family-87
rnd-1_family-203
rnd-1_family-181
rnd-1_family-93
rnd-4_family-669
rnd-1_family-82
rnd-1_family-80
rnd-1_family-93
rnd-1_family-65
rnd-1_family-224
rnd-1_family-160
rnd-1_family-10
rnd-1_family-16
rnd-1_family-14
rnd-4_family-669
rnd-1_family-0
rnd-4_family-95
rnd-3_family-190
rnd-4_family-1308

rnd-1_family-25

128
2275
1134
336
247
239
14889
5865
1331
1059
621
19793
6065
4335
3970
2951
18889
10109
9541
9344
9054
294091
38821
9012
5945
4430

0.001596
0.011457
0.005711
0.001692
0.001244
0.001204
0.236551
0.093181
0.021146
0.016825
0.009866
0.268358
0.082231
0.058775
0.053826
0.040010
0.093361
0.049965
0.047158
0.046184
0.044750
0.684765
0.090391
0.020984
0.013842
0.010315

101
110
110
110
110
110
153
153
153
153
153
174
174
174
174
174
228
228
228
228
228
389
389
389
389
389
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Table S6.4.

Numbers of transposase-related Pfam domains in MAC vs. MIC-limited sequences (IESs) for

different ciliate species, based on hmmscan search of six-frame translations (6ft), six-frame

translations split on stop codons (6ft split, shown in Figure 4E), or predicted coding sequences

only (cds).
Blopharismassoi | e T Osyoicha ifulas
£ ERp Ep ERp g
DDE_1 0O 3 14 0 0 0 O O O 1 8 0 0 0 O
DDE_3 2 2 6 15 1 3 0 7 0O 0 3 886 0 0 2 415
DDE_Tnp_1_7 7 0 9 5 1 0 9 0 3 0 3 42 0 0 0 O
DDE_Tnp_IS1595 2 3 5 3 0 0 O O 0 0 1 183 17 7 28
Exo_endo_phos_2 50 12 1 0 o0 1T O O0 O 1T 5 0 0 0 1
HTH_Tnp_Tc5 1 1 4 22 5 9 12 3 0 1 1 5 0 1 2 1
MULE 3 2 6 7 0 0 O O O O O 2 2 8 6 0
RVT_1 10 4 27 8 0 0 3 4 0 0 3 38 0 0 0 45
Transposase_mut 6o 0 o 1 0 O O O 0 0 O 2 0 1 0
Dimer_Tnp_hAT 6o 0 o o o0 o0 o0 o 0 3 1 163 0 0 0 O
HTH_Tnp_1 6o o 1 0 0 O0 O 0O 0 0 O 0 0 0 O
HTH_ Tnp_ Tc3.2 0 0 0 0 O O 0 0 0 0 0 142 0 0 0 O
Transposase_1 6 o0 o o0 o0 o0 o0 o o o o0 3 0 o0 0 O
Helitron_like_ N o6 o0 o0 o0 o0 o0 o0 o o o o0 o0 o o o0 3
Tnp_zf-ribbon_2 6 o0 o o0 o0 o0 o0 o o o 1 o0 0 o0 0 O
DDE_Tnp_1 6 o0 o o0 o0 o0 o0 o o o o o0 o 3 2 0
DDE_Tnp_1_2 6 o0 o o0 o0 o0 o0 o o o o o0 o 1 1 O
DDE_Tnp_1_3 6 o0 o o0 o0 o0 o0 o o o o o0 o0 o 1 O
DDE_5 6 o0 o o0 o0 o0 o0 o o o o o0 o0 2 0 O

145



Table S6.5.

Summary of RepeatMasker annotations for individual repeat families that were classified by

RepeatClassifier. Repeats identified predominantly in IESs are highlighted in bold.

RepeatClassifier classifications that appear to be errors or spurious annotations are surrounded in

parentheses: family rnd-1_family-283 mostly comprises ubiquitin sequences, whereas rnd-

4_family-1389 contains abundant WD40 repeats.

All copies Full length copies only
Class Cons N Median Total No. N Total No. % div.
Repeat family ~ (RepeatClassifier  len. copy len.  len. on ° " len. on vs.
) bp) © (bp) (bp) IESs °  (bp) IESs cons
rnd-1_family-1 TcMar/Tc2 1833 593 91 104802 505 30 54844 30 0.5
rnd-1_family-73 DNAQIC Ma 00 28 1640 38098 27 22 36273 22 0.6
rnd-1_family-
LINE 3618 23 1319 38653 2 6 21708 0 16.9
273
rnd- 12—7fzmlly’ LINE/RTE-X 3270 15 723 16197 4 2 6451 1 295
rnd-1_family-
283 (LTR/Pao) 358 39 339 10514 3 24 8438 0 16.25
rnd-4_family-
193 LINE/RTE-X 4628 79 279 35576 36 1 4628 1 9.5
tnd-4_family- - (Unknown/Helic 0 0 11049 0 1 2108 0 58
1389 ron-2)
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Table S6.6.

Counts of intra- vs. intergenic localization for IESs in different size classes (defined in Table

S6.1).

IES size class  Intergenic Intragenic  IES size Ratio Fraction pseudo-
(peak center class type intra:zinter-  replicates with higher

bp) genic ratio

65 78 178 periodic 2.282051 0.434

72 851 2300 periodic 2.702703 1.000

82 352 883 periodic 2.508523 0.895

92 331 652 periodic 1.969789 0.013

101 264 549 periodic 2.079545 0.069

110 512 1324 periodic 2.585938 0.995

153 83 199 nonper 2.397590 0.615

174 143 295 nonper 2.062937 0.137

228 257 652 nonper 2.536965 0.913

389 373 767 nonper 2.056300 0.040
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Blepharisma, a distinctive genus of single-celled ciliates known for the red, light-sensitive
pigment, blepharismin, in their sub-pellicular membranes (Giese 1973), and unusual
nuclear/developmental biology (Miyake, Rivola, and Harumoto 1991), belongs to the early-
diverging Heterotrichea lineage of ciliates. Blepharisma has been the subject of studies on
photosensitivity, gamone-mediated cell conjugation and nuclear development during sexual

reproduction for the greater part of the last century and have continued into the 21 century.

(Friedl, Miyake, and Heckmann 1983; Giese 1973; Larsen 1983; Kubota et al. 1973;
Miyake 1982; Kovaleva, Raikov, and Miyake 1997; Miyake and Bleyman 1976; Honda and
Miyake 1976; Sugiura, Yamanaka, and Suzaki 2016; Sugiura et al. 2005; Terazima, Harumoto,
and Tsunoda 2013; Miyake, Rivola, and Harumoto 1991; Sugiura and Harumoto 2001; Sugiura
et al. 2010; Terazima and Harumoto 2004; Stolte 1924). Conjugation in Blepharisma can be
synchronized by pre-treatment with gamones (Miyake, 1968). Blepharisma is one of only two
ciliate genera, where gamone-mediated cell pairing has been observed (Miyake, 1978) and the
only genus for which one of these gamones, a small-molecule derivative of tryptophan (Kubota et

al., 1973), has been chemically synthesized (Tokoroyama et al., 1973).

The process of genome rearrangement in ciliates is unique among eukaryotes and has
been studied in model ciliates such as the oligohymenophorean ciliates Paramecium and
Tetrahymena and the spirotrichous ciliate Oxytricha, which are on evolutionarily divergent
branches of the ciliate phylogenetic tree (Vogt et al. 2013). Investigations of the molecular
mechanisms and participants of genome reorganization in Blepharisma therefore provide the
opportunity to investigate what might be the closest approximation to the ancestral state of this

process in ciliates.

This study has generated several resources for the scientific community which can inform
and enable further studies of Blepharisma, among them: i. highly contiguous assemblies for the
MAC and the MAC+IES genomes of Blepharisma (Chapter 5, Chapter 6) generated from high-
molecular weight DNA obtained from enriched Blepharisma somatic and germline nuclei and
sequenced using both short-read and long-read sequencing (Chapter 3), ii. structural and
functional annotations of the MAC and the MAC+IES genomes of Blepharisma (Chapter 3), iii.
RNA-seq data across multiple consecutive timepoints during sexual reproduction through
conjugation, complementing the gene annotations to indicate levels of gene expression during

the time course (Chapter 4), iv. small RNA-seq data, complementing the gene and IES

156



annotations to indicate levels of SRNA expression during the time course and their corresponding
loci of origin (Chapter 6). Furthermore, the analysis of PiggyBac homologs encoded in the
Blepharisma MAC genome (Chapter 5) reveals several similarities in the mode of IES through
PiggyBac homologs between Blepharisma and the model ciliate Paramecium, where this
mechanism has been studied over the past few decades in great genomic and molecular detail
(Baudry et al. 2009; Dubois et al. 2017; Bischerour et al. 2018; Duharcourt and Betermier 2014;
Aury et al. 2006; Arnaiz et al. 2012).

7.1. The macronuclear and micronuclear genomes of Blepharisma are structurally

and functionally annotated

Reliable genome annotation was made possible by the high completeness and contiguity
of the MAC assembly. Ab initio genome annotation was performed by generating gene
prediction models specifically for Blepharisma using the eukaryotic gene prediction software
AUGUSTUS. The gene prediction models were complemented by RNA-seq data for accurately
annotating Blepharisma’s miniscule 15-16 bp spliceosomal introns (Chapter 3, Chapter 5).
Accurate gene prediction allowed us to locate genes of interest, encoding key protein domains,
such as the PiggyBac DDE_Tnp_1_7 domain. Though the MAC genome of Stentor was
assembled several years ago (Slabodnick et al. 2017), it has been difficult to find PiggyBac
domains in the genome by directly annotating the CDS regions, in a manner similar to
Blepharisma. One homolog of PiggyBac in Stentor was detected in its reference MAC genome,
which was assembled solely from Illumina reads, as a region split across two open reading frames
(Section 4.2.3.). This illustrates both the importance of a contiguous assembly for inferring
pertinent genetic information, as well as the pitfalls of automated gene prediction, when

performed on fragmented assemblies.

7.2. Expression of genes in the genome reorganization toolkit is upregulated during

development of the new MAC

The transcriptomic data obtained at the different stages of conjugation, coupled with the
annotated genome of the Blepharisma MAC facilitated the gene expression analysis for
determining the role of different genes unregulated during our timeframe of interest, namely the
duration in which DNA elimination i.e., IES excision occurs in the new, developing somatic
nuclei of the conjugating cells (Chapter 4). Homologs of proteins implicated in genome editing

were present among the genes most highly differentially upregulated during new MAC
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development, notably the Dicer-like and Piwi proteins which are candidate genes responsible for
development-specific SRNA biogenesis (Chapter 4). In current models of IES excision, MIC-
limited sequence demarcation by deposition of methylation marks on histones occurs in an
sRNA-dependent process (Chalker, Meyer, and Mochizuki 2013). These sequences are
recognized by domesticated transposases whose excision is supported by additional proteins that
somehow recognize these marks (Chalker, Meyer, and Mochizuki 2013). Together with MIC
sequencing we observed abundant, development-specific sSRNA production in Blepharisma

resembling other model ciliates (Chapter 6).
7.3. Multiple transposase families and a putative IES excisase in Blepharisma

The annotated somatic and germline genomes, together with transcriptomic data allowed
us to probe one of the key aspects of Blepharisma genome reorganization: the nature of the
machinery responsible for IES excision in Blepharisma. Blepharisma has multiple transposase
domains encoded in its somatic and germline genomes (Chapter 5, Figure 5.5A; Chapter 6,
Figure 6.4E), all of which are upregulated to various degrees during MAC development (Chapter
4, Figures 4.6,4.7,4.8 and 4.9). Several MAC-encoded transposases with DDE_Tnp_1_7,
DDE_3, DDE_Tnp_IS1595 (PFAM PF12762) and MULE (PFAM PF10551) protein domains,
with the exception of the ones with the DDE_1 (PF03184) domain, have complete catalytic
triads, constituted by the DDD/E motif. Moreover, these transposases appear to be domesticated
in the somatic genome, as they lack TIRs or other flanking terminal repeats, which might
indicate the presence of a transposon sequence environment (Volff 2000). It is therefore, not
immediately clear, which one of the MAC encoded transposases might be involved in IES

excision, based on the presence of a catalytic triad or expression patterns alone.

In the model ciliates Paramecium and Tetrahymena, the main IES excisase is a
domesticated transposase of the PiggyBac family encoded in the MAC genome and is expressed
at high levels exclusively during development of the new MAC (Cheng et al. 2010; Arnaiz et al.
2010). The domesticated PiggyBac transposase in Paramecium is called PiggyMac (Pgm) (Baudry
et al. 2009) and that of Tetrahymena is called Tpb2 (Tetrahymena PiggyBac 2)(Cheng et al.
2010). Silencing their respective PiggyBac homologs through RNAI leads to massive retention of
IESs in the developing MAC and leads to cell mortality (Arnaiz et al. 2010; Cheng et al. 2010),
demonstrating these PiggyBac excisases are the main effectors of IES elimination. In Oxytricha,

IES elimination is proposed to be dependent on the self-excision of TBE transposons from the
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germline genome, also exclusively expressed during MAC development. Silencing of TBEs leads
to widespread IES retention and cell death (Nowacki et al. 2009), indicating their similarly
critical role in IES elimination in Oxy#richa. The oligohymenophorean PiggyBac transposases are
characterized by the DDE_Tnp_1_7 (PF13843 ) protein domain, and the Oxytricha TBEs
encode a transposase with the DDE_3 (PF13358) protein domain. While other transposase
domains are found in the somatic and germline genomes of Paramecium, Tetrahymena and
Oxytricha (Chapter 6, Figure 6.4E), investigations of their possible involvement or otherwise in

IES excision have yet to be reported.

7.4. Blepharisma IESs share several characteristics with Paramecium IESs

The sequencing of the Blepharisma germline nuclei and assembly of the IES regions
allowed characterization of the IES lengths and their boundaries (Chapter 6). Most IESs in
Blepharisma possess a 5°-TA-3’ dinucleotide boundary on both ends of the IES, only one copy of
which remains in the MAC after the IES has been excised. This TA-dinucleotide boundary is
also present in the majority of IESs in Paramecium, Tetrahymena, Oxytricha and Euplotes
(Klobutcher and Herrick 1995; Steele et al. 1994; Arnaiz et al. 2012; Hamilton et al. 2016;
Chen et al. 2014). In Paramecium, this dinucleotide repeat is part of the longer consensus
sequence 5-TAYAGYNR-3’, which bears resemblance to the boundaries of the Euplotes Tec
elements and the terminal inverted repeats (TIR) of Tcl/mariner transposons (Klobutcher and
Herrick 1995) but is not observed in the TA-bound IES of Tetrahymena (Hamilton et al. 2016)
or Oxytricha (Chen et al. 2014).

The similarity of the Paramecium and Euplotes IES boundary sequences to T'cl/mariner
transposon TIRs was one of the first indications that IESs may be descendants of transposons
(Mayer, Mikami, and Forney 1998; Mayer and Forney 1999; Klobutcher and Herrick 1997).
The TA-delineated IES in Paramecium and Tetrahymena are excised by their principal excisases,
Pgm and Tpb2 respectively. The majority of Blepharisma IESs have conspicuous 5’-TA-3
dinucleotide boundaries, which viewed in the light of the presence of the domesticated PiggyBac
homologs in the somatic genome indicate that the Blepharisma PiggyMac (BPgm) may be
involved in IES excision. The Blepharisma 1ESs also show a periodic distribution of IES lengths
(Chapter 6, Figure 6.1A), very similar to the periodicity in IES lengths (Arnaiz et al. 2012) seen
in Paramecium 1ESs. 1ESs in Tetrahymena, while also possessing weakly delineated TA-

dinucleotide boundaries and being excised by a PiggyBac homolog, do not show such periodicity
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in the length distribution. In contrast, they are distributed unimodally, with a peak at -3 kbp
(Hamilton et al. 2016). However, IESs in Tetrahymena are excised imprecisely and are found
predominantly in intergenic regions (Hamilton et al. 2016), in contrast to those of Blepharisma
(Chapter 6) and Paramecium (Arnaiz et al. 2012), which are intragenically located and precisely

excised.

Intragenic IESs, excised precisely, with periodicity in length distribution, possessing TA-
boundaries, complemented with the presence of a catalytically complete PiggyMac in the somatic
genome, and therefore strongly support the role of the Blepharisma PiggyMac as the main IES
excisase, just as the Paramecium Pgm has been observed to serve this purpose in the only other
ciliate where this particular combination IES properties have been observed (Arnaiz et al. 2012;
Baudry et al. 2009). In addition to this, Blepharisma also mirrors the presence of several
catalytically inactive PiggyBac homologs in the somatic genome, which are co-expressed with the
putative main Blepharisma PiggyMac. In Paramecium, six-domesticated PiggyBacs, of which only
one is catalytically complete, coordinate IES excision (Bischerour et al. 2018). The catalytically
inactive homologs of PiggyMac have been characterized as PiggyMac-likes (PgmLs), and their
gene silencing has been demonstrated to cause abnormalities in IES excision in Paramecium

(Bischerour et al. 2018).

A family of 24 nucleotide sSRNA mapping to IES regions, which increases in abundance
during development of the new MAC was also found in Blepharisma (Chapter 6). A similar
enrichment of sSRNAs complementary to IES- and TE-regions occurs in both Tetrahymena and
Paramecium in the later stages of sexual reproduction (Sandoval et al. 2014; Schoeberl et al.
2012). This adds another parallel which can be drawn between the PiggyBac-mediated IES-
excision machinery of Paramecium and Tetrahymena to that of Blepharisma. This also contrasts to
the so-called macRNAs of Oxytricha which match to genomic regions between IESs rather than
to IESs (Chen et al. 2014; Zahler et al. 2012). All of these observations lend further credence to

the likelihood of the main IES excisase in Blepharisma being a PiggyBac transposase.
7.5. The last common ancestor of ciliates possessed a PiggyBac

In addition to the BPgm and putative Blepharisma PgmLs found in the somatic genome,
there are five additional PiggyBac homologs encoded in the IES, called the Blepharisma
PiggyMics. Two of the five PiggyMics are upregulated during MAC development, though not to
the same levels as their MAC-encoded counterparts (Chapter 5, Figure 5.5B). None of the
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PigegyMics have a complete catalytic triad, though PiggyMicl comes close by having an Aspartate
residue translocated one position downstream of the canonical site for a complete catalytic triad.
The presence of germline-limited PiggyBac homologs is also seen in Tetrahymena, where Tpb6, a
MIC-limited PiggyBac contributes to the precise excision of a class of intragenic IES during

genome reorganization (Feng et al. 2017).

Paramecium and Tetrahymena are oligohymenophorean ciliates, and though they are
some evolutionary distance apart within the clade of oligohymneophoreans (Gao et al. 2016),
they are close enough to warrant the assumption, that if a number of Paramecium species and
Tetrahymena have PiggyBac excisases (Bischerour et al. 2018; Cheng et al. 2010), the last
common ancestor of oligohymenophorean ciliates might too. For another oligohymenophorean
ciliate, a close relative of Tetrahymena, the marine parasitic ciliate Ichthyopthirus multifilis no
PiggyBac homolog could be found (Chapter 4). That does not mean that such domains are not
present in Ichthyopthirus. It implies only that if there are any, they may be undetectable due to
the incompleteness or fragmented nature of the genome assembly (Chapter 5) or that they do not

have sufficient homology to the known ciliate PiggyBacs to be detected.

A phylogenetic tree of PiggyBac homologs found in five different eukaryotic lineages,
namely the opisthokonts, the archaeplastids, the atramenopiles and one amoebozoan, in addition
to all the ciliate PiggyBacs known from multiple Paramecium species, Tetrahymena, Condylostoma
and Blepharisma showed that not only do all the heterotrichous PiggyBac homologs
(Condylostoma and Paramecium) share a common ancestor, but also that all the ciliate PiggyBac
homologs share a common ancestor (Chapter 5, Figure 5.6). This indicates that the last common
ancestor of the Heterotrichs and the Oligohymneophoreans, which would possibly be the last
common ancestor of all ciliates may have possessed a PiggyBac. Since PiggyBac domains remain
undetectable among the spirotrichous ciliates and other oligohymenophorean ciliates, the shared
ancestry of the ciliate PiggyBacs raises the question: were PiggyBac homologs lost in other ciliate
lineages or were the heterotrichous and oligohymenophorean PiggyBac homologs acquired
independently from a common source? The former possibility is more parsimonious; however,
the latter cannot be ruled out, due to the sparse sampling and limited availability of complete and

annotated genome assemblies of non-model ciliates.
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7.6. The Blepharisma germline genome indicates the early origin of IESs

The origin of IESs from transposons was initially postulated to take into account the IESs
of Oxytricha and Euplotes and their possible relation to TBEs and Tec elements, respectively,
which are autonomous transposons, encoding DDE_3 domain transposases (Hunter et al. 1989;
Jahn et al. 1993). The terminal repeats flanking these IES-transposons also shared similarity with

the IES boundaries of Paramecium (Klobutcher and Herrick 1995).

The Blepharisma germline contains two classes of transposon-derived IESs. One of the
IES-limited repeat families, the rnd-1_family-73, bears resemblance to the Tcl/mariner
transposons (BstTcl), and possesses TIRs which indicate that it may still be functional as an
autonomous transposon. The BstTc1 elements encode a DDE_3 domain transposase. The other
IES-limited repeat family, the rnd-1_family_1, possess flanking TIRs and TSDs, and encode
DDE_1 and HTH_Tnp_Tc5 domains. This domain architecture is characteristic of Pogo
transposases, and these instances in the Blepharisma germline have been named Bogo
(Blepharisma Pogo) elements. In addition to the full-length copies of the Bogo elements, Bogo
elements devoid of the transposase elements are also found in the Blepharisma germline. These
elements represent a miniature inverted transposable element (MITE) form of the Bogo
transposons (BogoMITE). Several DDE transposon families are known to generate MITES
including PiggyBac (Wang et al. 2010), Tcl/Mariner, Pif/Harbinger, hAT and Mutator
(Venkatesh and Nandini 2020; Fattash et al. 2013).

7.7. MITIES in Blepharisma represent an intermediate stage in IES generation and

transposon domestication

The presence of both BogoMITEs and full-length Bogo elements in the Blepharisma
germline present the first glimpse of an intermediate state of transposon domestication and IES
generation according to the IBAF model (Klobutcher and Herrick 1997). This led to the
formulation of the Invasion-Bloom-Abdication-Fade (IBAF) model of IES generation
(Klobutcher and Herrick 1997), according to which an invading transposon (“Invasion”) would
eventually give rise to a class of IESs by first proliferating in the genome (“Bloom”), losing its
transposase to capture by the host (“Abdication”), which would free it from purifying selection,

and finally degenerating into sequences which bear resemblance to transposon, but are no longer
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active TEs (“Fade”). Non-autonomous Tcl/mariner transposon-derived sequences are found in

the Paramecium germline, namely the Thon, Sardine and Anchois elements (Arnaiz et al. 2012).

MITEs represent the product of the “Abdication” stage, where the transposase of the
original TE has been lost, but transposase-less copies, MITEs, can still proliferate in the genome
with the help of the full-length transposon, diluting the replication of the TE itself. MITEs have
been identified in the germline genome of Paramecium as well, notably those of the Thon and
Merou families, however these occur in relatively small numbers (Sellis et al. 2021). For
additional families of mobile IESs which resemble MITES and have abundant copies (Sellis et al.
2021), the autonomous TEs corresponding were not reported. The Blepharisma germline
presents the sole instance so far of abundant MITEs constituting a class of IESs in the germline

genome, together with the autonomous TE which gave rise to them.

The abundance of repetitive and TE-rich sequences in the germline-limited regions of the
genome has often been interpreted as the genome defense mechanism, whereby the soma is
protected from the harmful effects of the TEs by sequestering them in the germline, by means of
IES excision (Drotos et al. 2022). However, given the TE-based origins of the IESs and their
excision mechanisms like domesticated transposases or self-excising elements (Klobutcher and
Herrick 1997), an alternative explanation not beset by similar teleological implications can be
considered. IESs and their effective excision during MAC development is arguably the reason
why these TE-derived elements have been tolerated in the ciliate genome. If invading TEs were
not sheltered from the selection in the somatic genome, by means of an efficient and precise
excision machinery, they would not be tolerated in this genome. Similar non-adaptive
considerations have recently also been applied to mechanisms of TE silencing such as DNA-
methylation, which by shielding the TEs from selection, allow them to persist in the genome

(Zhou et al. 2020).
7.8. Conclusion and outlook

The principal aim of this thesis was to leverage the basal position of Blepharisma on the
ciliate tree to infer the degree of conservation of IES excision mechanisms found in ciliates and to
learn about the state of these processes in the last ciliate common ancestor. The assemblies and
transcriptomic data generated enroute to address these inquiries and made available to the ciliate
community will continue to enrich the genomic study of Blepharisma and the origin of genome

rearrangements in ciliates.
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The somatic genome of Blepharisma shows that its PiggyBac homologs share common
ancestry with those of the oligohymenophorean ciliates Paramecium and Tetrahymena. This
implies that the common ancestor of the heterotrichs and oligohymenophoreans, the last ciliate
common ancestor also possessed a PiggyBac. The discovery of IESs in Blepharisma leads to an
important hypothesis that not only were IES present in the last common ciliate ancestor, but also
that any individual ciliate lineages on later diverging branches of the ciliate phylogeny which

appear to lack IESs, may have lost them independently.

The future study of Blepharisma as a model organism provides other interesting
opportunities as well. It possesses a secondary pathway of MAC development, where germline
nuclei which have undergone neither meiosis nor recombination give rise to the new MAC,
albeit only in cultures where selfing occurs frequently (Miyake, Rivola, and Harumoto 1991).
Any disturbance in the processes preceding genome rearrangement will also disrupt DNA
elimination. Genome rearrangement during sexual reproduction through the conventional
pathway is preceded by processes such as meiosis of the germline nuclei, generation of gametic
nuclei, fusion of gametic nuclei in karyogamy and generation of the zygotic nucleus, which can
finally give rise to the new germline and somatic nuclei of the cell. Studying genome
rearrangement occurring through “apomixis”, would therefore provide an opportunity to observe
these processes independent of the preceding meiotic and recombination stages. Additionally, the
mechanism of UGA-translation in Blepharisma has not yet been deciphered. Experimental assays
in Blepharisma suggest that its eRF1, the eukaryotic release factor involved in translation
termination, is capable of recognizing all three standard stop (Eliseev et al. 2011). This indicates
that potentially some form of readthrough, using near-cognate pairing with the existing
tryptophan tRNA might be involved in UGA translation, or an as yet to be discovered cognate

tRNA species.
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Chapter 8

Materials and methods

This section contains excerpts from the BioRxiv preprints DOI:
https://doi.org/10.1101/2021.12.14.471607 and https://doi.org/10.1101/2022.05.02.489906.

Details of author contributions are listed in Appendix A.2
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General reagents were analytical grade and purchased from Sigma-Aldrich or Merck

unless otherwise indicated.

8.1. Strains and localities

The strains used and their original isolation localities were: Blepharisma stoltei ATCC
30299, Lake Federsee, Germany (Repak 1968); Blepharisma stoltei HT-1V, Aichi prefecture,
Japan; Blepharisma japonicum R1072, from an isolate from Bangalore, India (Harumoto et al.

1998).
8.2. Cell cultivation, harvesting and cleanup

For genomic DNA isolation B. stoltei ATCC 30299 and HT-IV cells were cultured in
Synthetic Medium for Blepharisma (SMB) (A Miyake and Beyer 1973) at 27°C. Belpharismas
were fed Chlorogonium elongatum grown in Tris-acetate phosphate (TAP) medium (Andersen
2004) at room temperature. Chlorogonium cells were pelleted at 1500 g at room temperature for
3 minutes to remove most of the TAP medium, and resuspended in 50 mL SMB. 50 ml of dense

Chlorogonium was used to feed 1 litre of Blepharisma culture once every three days.

Blepharisma stoltei ATCC 30299 and HT-IV cells used for RNA extraction were cultured
in Lettuce medium inoculated with Enterbacter aerogenes and maintained at 25°C (A Miyake et

al. 1990).

Blepharisma cultures were concentrated by centrifugation in pear-shaped flasks at 100 g
for 2 minutes using a Hettich Rotanta 460 centrifuge with swing out buckets. Pelleted cells were
washed with SMB and centrifuged again at 100 g for 2 minutes. The washed pellet was then
transferred to a cylindrical tube capped with a 100 pm-pore nylon membrane at the base and
immersed in SMB to filter residual algal debris from the washed cells. The cells were allowed to
diffuse through the membrane overnight into the surrounding medium. The next day, the
cylinder with the membrane was carefully removed while attempting to minimize dislodging any
debris collected on the membrane. Cell density after harvesting was determined by cell counting

under the microscope.
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8.3. DNA isolation from whole cells and macronuclei, library preparation and se-

quencing

B. stoltei macronuclei were isolated by sucrose gradient centrifugation (Lauth et al. 1976).
DNA was isolated with a Qiagen 20/G genomic-tip kit according to the manufacturer’s
instructions. Purified DNA from the isolated MACs was fragmented, size selected and used to
prepare libraries according to standard PacBio HiFi SMRTbell protocols. The libraries were

sequenced in circular consensus mode to generate HiFi reads.

Total genomic DNA from B. stoltei ATCC 30299, B. stoltei HT-1V and B. undulans was
isolated with the SigmaAldrich GenElute Mammalian genomic DNA kit. A sequencing library
was prepared with a NEBnext FS DNA Library Prep Kit for [llumina and sequenced on an
[llumina HiSeq 3000 sequencer, generating 150 bp paired-end reads. Total genomic DNA form
B. japonicum was isolated with the SigmaAldrich GenElute Mammalian genomic DNA kit and
and sequencing library was prepared with the TruSeq Nano DNA Library Prep Kit (Illumina)
and sequenced on an Illumina NovaSeq6000 to generate 150 bp paired-end reads.

Total genomic DNA from B. stoltei ATCC 30299 was also isolated by the phenol-
chloroform method (Sambrook and Russell 2006). A sequencing library was prepared with a
NEBnext FS DNA Library Prep Kit for Illumina and sequenced on an Illumina HiSeq 3000

sequencer, generating 150 bp paired-end reads.
8.4. Enrichment of micronuclei, isolation and sequencing of MIC genomic DNA

B. stoltei ATCC 30299 cells were harvested and cleaned to yield 400 mL of cell
suspension (1600 cells/mL). This suspension was twice concentrated by centrifugation (100 g; 2
min; room temperature) in pear-shaped flasks and in 50 mL tubes to ~-8 mL. 10 mL chilled
Qiagen Buffer C1 (from the Qiagen Genomic DNA Buffer Set, Qiagen no. 19060) and 30 mL
chilled, autoclaved deionized water were added. The suspension was mixed by gently inverting
the tube until no clumps of cells were visible, and then centrifuged (1300 g; 15 min; 4°C). The
pellet was washed with chilled 2 mL Buffer C1 and 6 mL water, mixed by pipetting gently with a
wide-bore pipette tip, centrifuged (1300 g; 15 min; 4°C), and resuspended with chilled 2 mL
Buffer C1 and 6 mL water by pipetting gently with a wide-bore pipette tip.

The nuclei suspension was layered over a discrete sucrose gradient of 20 mL 10% (w/v)

sucrose in TSC medium (0.1% (v/v) Triton X-100, 0.01% (w/v) spermidine trihydrochloride
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and 5SmM CaCl,) on top of 40% (w/v) sucrose in TSC medium (Lauth et al. 1976). Gradients
were centrifuged (250 g; 10 min; 4°C). 10 to 12 mL fractions were collected by careful pipetting
from above, and the nuclei were pelleted by centrifugation (3000 g; 10 min; 4°C). DNA was
extracted from pelleted nuclei with the Qiagen Genomic tips 20/G and HM'W DNA extraction
buffer set (Qiagen no. 19060) according to the manufacturer’s instructions. DNA concentration
was measured by the Qubit dsDNA High-Sensitivity assay kit. Fragment size distribution in each

sample was assessed by a Femto Pulse analyzer.

B. stoltei ATCC 30299 DNA isolated from the MIC-enriched fraction on two separate
occasions was used to prepare two sets of DNA sequencing libraries. A low-input PacBio
SMRTbell library was prepared without shearing the DNA and was sequenced in the CLR-
(continuous long read) sequencing mode on a PacBio Sequel II instrument. Paired-end short-
read libraries were prepared for four sucrose gradient fractions (top (T), middle (M), middle
lower (ML), bottom (B)) and sequenced with 100 bp BGI-Seq paired-end reads on a BGI-Seq

instrument.
8.5. Genome assembly
8.5.1. Chapter 3

Short-read assemblies were assemblies were generated for B. stoltei ATCC 30299, B.
stoltei HT-1V, B. undulans and B. japonicum, using SPAdes genome assembler (v3.14.0)
(sapdes.py —12 <file with interleaved forward and reverse paired-end reads> ) —threads 16 -o
<output_folder>. All assemblies were inspected with the quality assessment tool QUAST

(Gurevich et al. 2013).

Long-read assemblies were generated for B. stoltei long-reads using Ra (v.0.9) (ra -x pb -t

16 <input reads >) and Raven (v.1.1.5)( raven -t 16 <input sequences>).
8.5.2. Chapter 5

Two MAC genome assemblies for B. stoltei ATCC 30299 (70x and 76x coverage) were
produced with Flye (version 2.7-b1585) (Kolmogorov et al. 2019) for the two separate PacBio
Sequel II libraries (independent replicates) using default parameters and the switches: --pacbio-
hifi -g 45m. The approximate genome assembly size was chosen based on preliminary Illumina

genome assemblies of approximately 40 Mb. Additional assemblies using the combined coverage

(145x) of the two libraries were produced using either Flye version 2.7-b1585 or 2.8.1-b1676,
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and the same parameters. Two rounds of extension and merging were then used, first comparing
the 70x and 76x assemblies to each other, then comparing the 145x assembly to the former
merged assembly. Assembly graphs were all relatively simple, with few tangles to be resolved
(Figure S1). Minimap2 (H. Li 2018) was used for pairwise comparison of the assemblies using
the parameters: -x asm5 --frag=yes --secondary=no, and the resultant aligned sequences were
visually inspected and manually merged or extended where possible using Geneious (version

2020.1.2) (Kearse et al. 2012).

Visual inspection of read mapping to the combined assembly was then used to trim off
contig ends where there was little correspondence between the assembly consensus and the
mapped reads - which we classify as "cruft". Read mapping to cruft regions was often lower or
uneven, suggestive of repeats. Alternatively, these features could be due to trace MIC sequences,
or sites of alternative chromosome breakage during development which lead to sequences that are
neither purely MAC nor MIC. A few contigs with similar dubious mapping of reads at internal
locations, which were also clear sites of chromosome fragmentation (evident by abundant
telomere-bearing reads in the vicinity) were split apart and trimmed back as for the contig ends.
Telomere-bearing reads mapped to the non-trimmed region nearest to the trimmed site were
then used to define contig ends, adding representative telomeric repeats from one of the
underlying sequences mapped to each of the ends. The main genome assembly with gene
predictions can be obtained from the European Nucleotide Archive (ENA) (PRJEB40285;

accession GCA_905310155). “Cruft” sequences are also available from the same accession.

Two separate assemblies were generated for Blepharisma japonicum. A genome assembly
for Blepharisma japonicum strain R1072 was generated from Illumina reads, using SPAdes
genome assembler (v3.14.0) (Prjibelski et al. 2020). An assembly with PacBio Sequel long reads
was produced with Ra (v0.2.1) (Vaser and Sikic 2019), which uses the Overlap-Layout-
Consensus paradigm. The assembly produced with Ra was more contiguous, with 268 contigs, in
comparison to 1510 contigs in the SPAdes assembly, and was chosen as the reference assembly

for Blepharisma japonicum (ENA accession: ERR6474383).

Condylostoma magnum genomic reads (study accession PRJEB9019) from a previous
study (Swart et al. 2016) were reassembled to improve contiguity and remove bacterial
contamination. Reads were trimmed with bbduk.sh from the BBmap package v38.22

(https://sourceforge.net/projects/bbmap/), using minimum PHRED quality score 2 (both ends)
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and k-mer trimming for Illumina adapters and Phi-X phage sequence (right end), retaining only
reads 225 bp. Trimmed reads were error-corrected and reassembled with SPAdes v3.13.0
(Prjibelski et al. 2020) using k-mer values 21, 33, 55, 77, 99. To identify potential contaminants,
the unassembled reads were screened with phyloFlash v3.3b1 (Gruber-Vodicka, Seah, and
Pruesse 2020) against SILVA v132 (Quast et al. 2013); the coding density under the standard
genetic code and prokaryotic gene model were also estimated using Prodigal v2.6.3 (Hyatt et al.
2010). Plotting the coverage vs. GC% of the initial assembly showed that most of the likely
bacterial contigs (high prokaryotic coding density, lower coverage, presence of bacterial SSU
rRNA sequences) had >=40% GC, so we retained only contigs with <40% GC as the final C.
magnum genome bin. The final assembly is available from the ENA bioproject PRJEB48875
(accession GCA_920105805).

All assemblies were inspected with the quality assessment tool QUAST (Gurevich et al.
2013).

8.6. Gene prediction

We created a wrapper program, Intronarrator, to predict genes in Blepharisma and other
heterotrichs, accommodating their tiny introns. Intronarrator can be downloaded and installed
together with dependencies via Conda from GitHub (https://github.com/Swart-
lab/Intronarrator). Intronarrator directly infers introns from spliced RNA-seq reads mapped by
HISAT?2 from the entire developmental time course we generated. RNA-seq reads densely cover
almost the entire Blepharisma MAC genome, aside from intergenic regions, and most potential
protein-coding genes (Figure 4B). After predicting the introns and removing them to create an
intron-minus genome, Intronarrator runs AUGUSTUS (version 3.3.3) using its intronless
model. It then adds back the introns to the intronless gene predictions to produce the final gene

predictions.

Introns are inferred from “CIGAR” string annotations in mapped RNA-seq BAM files,
using the regular expression “[0-9]+M([0-9][0-9])N[0-9]+M” to select spliced reads. For intron
inference we only used primary alignments with: MAPQ >= 10; just a single “N”, indicating one
potential intron, per read; and at least 6 mapped bases flanking both the 5" and 3’ intron
boundaries (to limit spurious chance matches of a few bases that might otherwise lead to
incorrect intron prediction). The most important parameters for Intronarrator are a cut-off of

0.2 for the fraction of spliced reads covering a potential intron, and a minimum of 10 or more
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spliced reads to call an intron. The splicing fraction cut-off was chosen based on the overall
distribution of splicing (Figure 2A-C). From our visual examination of mapped RNA-seq reads
and gene predictions, values less than this were typically “cryptic” excision events (Saudemont et
al. 2017) which remove potentially essential protein-coding sequences, rather than genuine
introns. Intronarrator classifies an intron as sense (7389 in total, excluding alternative splicing),
when the majority of reads (irrespective of splicing) mapping to the intron are the same strand,
and antisense (554 in total) when they are not. The most frequently spliced intron was chosen in

rare cases of overlapping alternative intron splicing.

To eliminate spurious prediction of protein-coding genes overlapping ncRNA genes, we
also incorporated ncRNA prediction in Intronarrator. Infernal (Nawrocki, Kolbe, and Eddy
2009) (default parameters; e-value < 1e-6) was used to predict a restricted set of conserved
ncRNAs models (i.e., tRNAs, rRNAs, SRP, and spliceosomal RNAs) from RFAM 14.0 (Kalvari
etal. 2018). These ncRNAs were hard-masked (with “N” characters) before AUGUSTUS gene
prediction. Both Infernal ncRNA predictions (excluding tRNAs) and tRNA-scan SE 2.0 (Chan
etal. 2019) (default parameters) tRNA predictions are annotated in the B. stoltei ATCC 30299

assembly deposited in the European Nucleotide Archive.

Since we found that Blepharisma stoltei, like Blepharisma japonicum (Swart et al. 2016),
uses a non-standard genetic code, with UGA codon translated as tryptophan, gene predictions
use the “The Mold, Protozoan, and Coelenterate Mitochondrial Code and the
Mycoplasma/Spiroplasma Code (transl_table=4)” from the NCBI genetic codes. The default
AUGUSTUS gene prediction parameters override alternative (mitochondrial) start codons
permitted by NCBI genetic code 4, other than ATG. So, all predicted B. stoltei gene coding
sequences begin with ATG.

RNA-seq read mapping relative to gene predictions of Contig_1 of B. stoltei
ATCC30299 was visualized with PyGenomeTracks (Lopez-Delisle et al. 2021).
8.7. Functional gene annotation

Pannzer2 (Torénen, Medlar, and Holm 2018) (default parameters) and EggNog (version
2.0.1) (Huerta-Cepas et al. 2019) were used for gene annotation. Annotations were combined
and are available from the Max Planck Society’s Open Research Repository, Edmond

(https://dx.doi.org/10.17617/3.8¢c). Protein domain annotations were performed using hmmscan
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from HMMERS3 (version 3.3, Nov 2019) (Eddy 2011) vs. the PFAM database (Pfam-A.full,
33.0, retrieved on June 23, 2020) with default parameters.

8.8. Gamone 1/ Cell-Free Fluid (CFF) isolation and conjugation activity assay

B. stoltei ATCC 30299 cells were cultured and harvested and concentrated to a density of
2000 cells/mL according to the procedure described in “Cell cultivation, Harvesting and
Cleanup”. This concentrated cell culture was incubated overnight at 27°C. The next day, the
cells were harvested, and the supernatant collected and preserved at 4°C at all times after
extraction. The supernatant was then filtered through a 0.22 um-pore filter. BSA (10 mg/mL)
was added to produce the final CFF at a final BSA concentration of 0.01%.

To assess the activity of the CFF, serial dilutions of the CFF were made to obtain the
gamone activity in terms of units (U) (AKIO Miyake 1981).The activity of the isolated CFF was
2100,

8.9. Conjugation time course and RNA isolation for high-throughput sequencing

B. stoltei cells for the complementary strains, ATCC 30299 and HT-IV, were cultivated
and harvested by gentle centrifugation to achieve a final cell concentration of 2000 cells/ml for
each strain. Non-gamone treated ATCC 30299 (A1) and HT-IV cells (H1) were collected (time
point: -3 hours). Strain ATCC 30299 cells were then treated with synthetic gamone 2 (final
concentration 1.5 pg/mL) and strain HT-IV cells were treated with cell-free fluid with a gamone

1 activity of ~2'° U/ml for three hours (Figure S6).

Homotypic pair formation in both cultures was checked after three hours. More than
75% of the cells in both cultures formed homotypic pairs. At this point the samples A2 (ATCC
30299) and H2 (HT-IV) were independently isolated for RNA extraction as gamone-treated
control cells just before mixing. For the rest of the culture, homotypic pairs in both cultures were
separated by pipetting them gently with a wide-bore pipette tip. Once all pairs had been
separated, the two cultures were mixed together. This constitutes the experiment’s 0-h time
point. The conjugating culture was observed and samples collected for RNA isolation or cell
fixation at 2 h, 6 h, 14 h, 18 h, 22 h, 26 h, 30 h and 38 h (Figure S6). Further details of the
sample staging approach are described in (A Miyake, Rivola, and Harumoto 1991) and (Sugiura
etal. 2012). At each time point including samples A1, H1, A2 and H2, 7 mL of culture was

harvested for RNA-extraction using Trizol. The total RNA obtained was then separated into a
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small RNA fraction < 200 nt and a fraction with RNA fragments > 200 nt using the Zymo RNA
Clean and Concentrator-5 kit according to the manufacturer's instructions. RNA-seq libraries
were prepared by BGI according to their standard protocols and sequenced on a BGISeq 500

instrument.

Separate 2 mL aliquots of cells at each time point for which RNA was extracted were
concentrated by centrifuging gently at 100 rcf. 50 pL of the concentrated cells were fixed with
Carnoy’s fixative (ethanol:acetic acid, 6:1), stained with DAPI and imaged to determine the state

of nuclear development (A Miyake, Rivola, and Harumoto 1991).

8.10. RNA-seq read mapping

To permit correct mapping of tiny introns RNA-seq data was mapped to the B. stoltei
ATCC 30299 MAC genome using a version of HISAT2 (Kim et al. 2019) with modified source
code, with the static variable minIntronLen in hisat2.cpp lowered to 9 from 20 (change available
in the HISAT?2 github fork: https://github.com/Swart-lab/hisat2/; commit hash 86527b9).
HISAT?2 was run with default parameters and parameters --min-intronlen 9 --max-intronlen
500. It should be noted that RNA-seq from timepoints in which B. szoltei ATCC 30299 and B.
stoltei HT-IV cells were mixed together were only mapped to the former genome assembly, and

so reads for up to three alleles may map to each of the genes in this assembly.

8.11. Gene expression analysis

Features from RNA-seq reads mapped to the B. stoltei ATCC 30299 MAC and
MACHIES genomes over the developmental time-course were extracted using featureCounts
from the Subread package (Liao, Smyth, and Shi 2014). Further analysis was performed using
the R software environment. Genes with a total read count of less than 50, across all timepoints,
were filtered out of the dataset. The remaining genes were passed as a DGElist object to edgeR
(Robinson, McCarthy, and Smyth 2010). Each time point, representing one library, was
normalized for library size using the edgeR function calcNormFactors. The normalized read
counts were transformed into TPM (transcripts per million) values (B. Li et al. 2010; Wagner,
Kin, and Lynch 2012). The TPM-values for different genes were compared across timepoints to
examine changes in gene expression. Heatmaps showing log2(TPM) changes across timepoints
were plotted using the tidyverse collection of R packages (https://www.tidyverse.org/) and

RColorBrewer (https://rdrr.io/cran/RColorBrewer/). Tabulated gene expression estimates
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together with protein annotations are available from Edmond

(https://dx.doi.org/10.17617/3.8c).

8.12. Repeat annotation

Interspersed repeat element families were predicted with RepeatModeler v2.0.1 (default
settings, random number seed 12345) with the following dependencies: rmblast v2.9.0+
(http://www.repeatmasker.org/RMBlast.html), TRF 4.09 (Benson, 1999), RECON (Bao and
Eddy, 2002), RepeatScout 1.0.6 (Price et al., 2005), RepeatMasker v4.1.1
(http://www.repeatmasker.org/RMDownload.html). Repeat families were also classified in the
pipeline by RepeatClassifier v2.0.1 through comparison against RepeatMasker’s repeat protein
database and the Dfam database. Consensus sequences of the predicted repeat families, produced
by RepeatModeler, were then used to annotate repeats with RepeatMasker, using rmblast as the

search engine.

Terminal inverted repeats (TIRs) of selected repeat element families were identified by
aligning the consensus sequence from RepeatModeler, and/or selected full-length elements, with
their respective reverse complements using MAFFT (Katoh and Standley, 2013) (plugin version
distributed with Geneious). TIRs from the Dfam DNA transposon termini signatures database
(v1.1, hetps://www.dfam.org/releases/dna_termini_1.1/dna_termini_1.1.hmm.gz) (Storer et al.,
2021) were searched with hmmsearch (HMMer v3.2.1) against the IES sequences, to identify

matches to TIR signatures of major transposon subfamilies.
8.13. Cell fixation and imaging

B. stoltei cells were harvested as above (“Cell cultivation”), and fixed with an equal
volume of “ZFAE” fixative, containing zinc sulfate (0.25 M, Sigma Aldrich), formalin, glacial
acetic acid and ethanol (Carl Roth), freshly prepared by mixing in a ratio of 10:2:2:5. Fixed cells
were pelleted (1000 g; 1 min), resuspended in 1% TritonX-100 in PHEM buffer to permeabilize
(5 min; room temperature), pelleted and resuspended in 2% (w/v) formaldehyde in PHEM
buffer to fix further (10 min; room temp.), then pelleted and washed twice with 3% (w/v) BSA
in TBSTEM buffer (-10 min; room temp.). For indirect immunofluorescence, washed cells were
incubated with primary antibody rat anti-alpha tubulin (Abcam, ab6161; 1:100 dilution in 3%
w/v BSA/TBSTEM; 60 min; room temp.) then secondary antibody goat anti-rat IgG H&L
labeled with AlexaFluor 488 (Abcam, ab150157, 1:500 dilution in 3% w/v BSA/TBSTEM; 20
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min; room temp.). Nuclei were counterstained with DAPI (1 pg/mL) in 3% (w/v)
BSA/TBSTEM. A z-stack of images was acquired using a confocal laser scanning microscope
(Leica TCS SP8), equipped with a HC PL APO 40x 1.30 Oil CS2 objective and a 1
photomultiplier tube and 3 HyD detectors, for DAPI (405 nm excitation, 420-470 nm
emission) and Alexa Fluor 488 (488 nm excitation, 510-530 nm emission). Scanning was
performed in sequential exposure mode. Spatial sampling was achieved according to Nyquist
criteria. Image] (Fiji) (Schindelin et al. 2012) was used to adjust image contrast and brightness

and overlay the DAPI and AlexaFluor 488 channels. The z-stack was temporally color-coded.

8.14. Variant calling

[llumina total genomic DNA-seq libraries for B. stoltei strains ATCC 30299 (ENA
accession: ERR6061285) and HT-IV (ERR6064674) were mapped to the ATCC 30299
reference assembly with bowtie2 v2.4.2 (Langmead and Salzberg 2012). Alignments were tagged
with the MC tag (CIGAR string for mate/next segment) using samtools (Danecek et al. 2021)
fixmate. The BAM file was sorted and indexed, read groups were added with bamaddrg (commit
9baba65, https://github.com/ekg/bamaddrg), and duplicate reads were removed with Picard
MarkDuplicates v2.25.1 (http://broadinstitute.github.io/picard/). Variants were called from the
combined BAM file with freebayes v1.3.2 (Garrison and Marth 2012) in diploid mode, with
maximum coverage 1000 (option -g). The resultant VCF file was combined and indexed with
bcftools v1.12 (Danecek et al. 2021), then filtered to retain only SNPs with quality score > 20,

and at least one alternate allele.

8.15. Annotation of alternative telomere addition sites

Alternative telomere addition sites (ATASs) were annotated by mapping PacBio HiFi
reads to the curated reference MAC assembly described above, using minimap2 and the
following flags: -x asm20 --secondary=no --MD. We expect reads representing alternative
telomere additions to have one portion mapping to the assembly (excluding telomeric regions),
with the other portion containing telomeric repeats being soft-clipped in the BAM record. For
each mapped read with a soft-clipped segment, we extracted the clipped sequence, and the
coordinates and orientation of the clip relative to the reference. We searched for > 24 bp tandem
direct repeats of the telomere unit (i.e., 23 repeats of the 8 bp unit) in the clipped segment with
NCREF v1.01.02 (Harris, Cechova, and Makova 2019), which can detect tandem repeats in the

presence of noise, e.g., from sequencing error. The orientation of the telomere sequence, the
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distance from the end of the telomeric repeat to the clip junction (‘gap’), and the number of
telomere-bearing reads vs. total mapped reads at each junction were also recorded. Junctions with
zero gap between telomere repeat and clip junction were annotated as ATASs. The above
procedure was implemented in the MILTEL module of the software package BleTIES v0.1.3
(Seah and Swart 2021).

MILTEL output was processed with Python scripts depending on Biopython (Cock et al.
2009), pybedtools (Dale, Pedersen, and Quinlan 2011), Bedtools (Quinlan and Hall 2010), and
Matplotlib (Hunter 2007), to summarize statistics of junction sequences and telomere
permutations at ATAS junctions, and to extract genomic sequences flanking ATASs for sequence
logos. Logos were drawn with Weblogo v3.7.5 (Crooks et al. 2004), with sequences oriented
such that the telomere would be added on the 5’ end of the ATAS junctions.

To calculate the expected minichromosome length, we assumed that ATASs were
independent and identically distributed in the genome following a Poisson distribution. About
47x10° ATASs were annotated, supported on average by a single read. Given a genome of 42
Mbp at 145x coverage, the expected rate of encountering an ATAS is 47x10° / (145 x 42 Mbp),
so the distance between ATAS:s (i.e., the minichromosome length) is exponentially distributed

with expectation (145 x 42 Mbp) / 47x10° = 130 kbp.
8.16. Genetic code prediction

We used the program PORC (Prediction Of Reassigned Codons; available from
heeps://github.com/Swart-lab/PORC) previously written to predict genetic codes in protist
transcriptomes (Swart et al. 2016) to predict the B. stoltei genetic code. This program was used to
translate the draft B. stoltei ATCC 30299 genome assembly in all six frames (with the standard
genetic code). Like the program FACIL (Dutilh et al. 2011) that inspired PORC, the frequencies
of amino acids in PFAM (version 34.0) protein domain profiles aligned to the six frame
translation by HMMER 3.1b2 (Eddy 2011) (default search parameters; domains used for
prediction with conditional E-values < 1e-20), and correspondingly also to the underlying codon,

are used to infer the most likely amino acid encoded by each codon (Figure 1B).
8.17. Assessment of genome completeness

A BUSCO (version 4.0.2) (Waterhouse et al. 2018) analysis of the assembled MAC

genomes of B. stoltei and B. japonicum was performed on the set of predicted proteins (BUSCO
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mode -prot) using the BUSCO Alveolata database. The completeness of the Blepharisma
genomes was compared to the protein-level BUSCO analysis of the published genome assemblies

of ciliates 7. thermophila, P. tetraurelia, S. coeruleus and I. multifiliis (Figure 11).
8.18. Gene expression analysis

Features from RNA-seq reads mapped to the B. stoltei ATCC 30299 MAC and
MACHIES genomes over the developmental time-course were extracted using featureCounts
from the Subread package (Liao, Smyth, and Shi 2014). Further analysis was performed using
the R software environment. Genes with a total read count of less than 50, across all timepoints,
were filtered out of the dataset. The remaining genes were passed as a DGElist object to edgeR
(Robinson, McCarthy, and Smyth 2010). Each time point, representing one library, was
normalized for library size using the edgeR function calcNormFactors. The normalized read
counts were transformed into TPM (transcripts per million) values (B. Li et al. 2010; Wagner,
Kin, and Lynch 2012). The TPM-values for different genes were compared across timepoints to
examine changes in gene expression. Heatmaps showing log2(TPM) changes across timepoints
were plotted using the tidyverse collection of R packages (https://www.tidyverse.org/) and
RColorBrewer (https://rdrr.io/cran/RColorBrewer/). Tabulated gene expression estimates
together with protein annotations are available from Edmond

(https://dx.doi.org/10.17617/3.8c).
8.19. Sequence visualization and analysis

Nucleotide and amino acid sequences were visualized using Geneious Prime (Biomatters
Ltd.) (Kearse et al. 2012). Multiple sequence alignments were performed with MAFFT version
7.450 (Katoh et al. 2002; Katoh and Standley 2013). Phylogenetic trees were constructed with
PhyML version 3.3.20180621 (Guindon et al. 2010).

8.20. Identification and correction of MIC-encoded PiggyBac homologs

We sought coding regions present within Blepharisma 1ESs to gauge the expression and
type of MIC-limited genes (IES assembly and gene prediction described in Seah et al. 2022).
After gene prediction within IESs with Intronarrator, predicted protein domains were annotated
by HMMER (v3.3) (Eddy 2011). Several transposase families were represented in protein
domains identified with coding regions of IESs. However, gene prediction within IESs was

hampered by the presence of intermittent A-residues in the consensus sequence which occur due
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to the inaccuracy inherent in long-reads, from which the IES regions were assembled. These
errors cause IES gene-prediction to falter by generating inaccurate ORFs. To circumvent this, a
six-frame translation of the MIC-limited genome regions was performed using a custom script,
which was then used to detect PFAM domains, using HMMER and the Pfam-A database 32.0
(release 9) (Mistry et al. 2021). Domain annotations for diagrams were generated with the

InterproScan 5.44-79.0 pipeline (Jones et al. 2014)

Four instances of the Pfam domain DDE_Tnp_1_7, characteristic of PiggyBac
transposases, were detected in an initial gene prediction within Blepharisma IESs. The four genes
corresponding to the DDE_Tnp_1_7 domain had high RNA-seq coverage of combined reads
from all timepoints across development. The IESs with the PiggyBac domains on Contig 17 and
Contig 39 each had two ORFs with a partial DDE_1_7 domain, separated by a few hundred bp.
Alignment of short-read MIC-enriched DNA reads mapped to the IES regions containing the
putative PiggyBac homologs indicated that several A-nucleotides in the assembled IESs were
insertion errors in the IES assembly, which were corrected with the short-read alignment. Open
reading frames of predicted genes in these corrected regions were adjusted accordingly. The
prefix “cORF” (corrected ORFs) was used to indicate the short-read corrected sequences of the

PiggyMics.

Short-read MIC-enriched DNA sequences were aligned to the IES regions containing
putative PiggyBac homologs with Hisat2 (2.0.0-beta) with modified source code (described
above). Indel errors in the IES assembly were corrected manually, then used to predict coding
regions. Pfam domains were annotated on MIC PiggyBac homologs with corrected ORFs using
the InterproScan (v. 1.1.4) (Quevillon et al. 2005) plugin in Geneious v11.1.5 (Biomatter Ltd.).
DDE_Tnp_1_7 domains were detected in the corrected ORFs, which in some cases spanned IES
regions lacking predicted genic regions before correction. A multiple sequence alignment of the
correct MIC PiggyBac homologs with other ciliate PiggyBac-derived proteins (PGBDs) and
eukaryotic PiggyBac-like elements (PBLEs) that contain the PiggyBac transposase domain
DDE_Tnp_1_7 (PF13843) was performed with MAFFT (v4.1) via the Geneious plugin
(algorithm L-INS-i, BLOSUMG62 scoring matrix, gap open penalty 1.53, offset value 0.123). A
phylogenetic tree was constructed using the FastTree (v 2.1.11) plugin for Geneious (Whelan-

Goldman model).

183



8.21. dn/ds estimation

We generated pairwise coding sequence alignments of PiggyMac paralog nucleotide
sequences from P. tetraurelia and P. octaurelia using MAFFT version 7.450 (Katoh and Standley
2013) (Katoh et al. 2002) (algorithm: “auto”, scoring matrix: 200PAM/k=2, gap open penalty
1.53, offset value 0.123) using the “translation align” panel of Geneious Prime (version
2020.1.2) (Kearse et al. 2012). PAML version 4.9 (Yang 2007) was used to estimate dn/ds values
in pairwise mode (runmode = -2, seqtype = 1, CodonFreq = 2). For Blepharisma stoltei, we
generated pairwise coding sequence alignments of the Blepharisma PiggyMac homolog, BPgm
(Contig_49.g1063; BSTOLATCC_MAC17466), with the Blepharisma Pgm-likes (BPgmLs)
using Translation Align panel of Geneious v11.1.5 (Genetic code: Blepharisma, Protein
alignment options: MAFFT alignment (v7.450) (Katoh and Standley 2013), scoring matrix:
BLOSUMG62, Gap open penaly: 1.53, offset value: 0.1). PAML version 4.9 was used to estimate
dN/dS values in pairwise mode (runmode = -2, seqtype = 1, CodonFreq = 2).

8.22. Phylogenetic analysis of eukaryotic PiggyBac-like elements

Protein sequences of PBLEs were obtained from Bouallégue et al (Bouallégue et al.
2017). Protein sequences of Paramecium and Tetrahymena Pgms and PgmLs were obtained from
ParameciumDB (Arnaiz, Meyer, and Sperling 2020) (PGM, PGMLs1-5) and ciliate.org (Stover
etal. 2012) (Tpbl, Tpb2, Tpb7, LIA5), respectively. Condylostoma and Blepharisma Pgms and
PgmLs were obtained from genome assemblies (accessions GCA_920105805 and
GCA_905310155, respectively). Sequence manipulation was done using Geneious (Biomatters
Ltd.). The Geneious plug-in for InterProScan (Jones et al. 2014) was used to identify
DDE_Tnp_1_7 domains using the PFAM-A database (Mistry et al. 2021). The DDE_Tnp_1_7
domain and regions adjacent to it were extracted and aligned using the MAFFT plug-in (v7.450)
for Geneious (Katoh and Standley 2013) (Algorithm: L-INS-i, Scoring matrix: BLOSUMG62,
Gap open penalty: 1.53, Offset value: 0.123). Phylogenetic trees using this alignment were
generated with the FastTree2 (v2.2.11) Geneious plug-in using the Whelan-Goldman model.
The phylogenetic trees were visualized with FigTree (v1.4.4) (Andrew Rambaut,
http://tree.bio.ed.ac.uk/).

8.23. Repeat annotation

Interspersed repeat element families were predicted with RepeatModeler v2.0.1 (default

settings, random number seed 12345) with the following dependencies: rmblast v2.9.0+
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(http://www.repeatmasker.org/RMBlast.html), TRF 4.09 (Benson, 1999), RECON (Bao and
Eddy, 2002), RepeatScout 1.0.6 (Price et al., 2005), RepeatMasker v4.1.1
(http://www.repeatmasker.org/RMDownload.html). Repeat families were also classified in the
pipeline by RepeatClassifier v2.0.1 through comparison against RepeatMasker’s repeat protein
database and the Dfam database. Consensus sequences of the predicted repeat families, produced
by RepeatModeler, were then used to annotate repeats with RepeatMasker, using rmblast as the

search engine.

Terminal inverted repeats (TIRs) of selected repeat element families were identified by
aligning the consensus sequence from RepeatModeler, and/or selected full-length elements, with
their respective reverse complements using MAFFT (Katoh and Standley, 2013) (plugin version
distributed with Geneious). TIRs from the Dfam DNA transposon termini signatures database
(v1.1, hetps://www.dfam.org/releases/dna_termini_1.1/dna_termini_1.1.hmm.gz) (Storer et al.,
2021) were searched with hmmsearch (HMMer v3.2.1) against the IES sequences, to identify

matches to TIR signatures of major transposon subfamilies.

8.24. IES prediction from PacBio subreads

PacBio subreads (CLR reads) from a MIC-enriched sample (ENA accession
ERR6548140) were aligned to the somatic genome reference assembly (accession PRJEB40285)
(Singh et al. 2021) with minimap2 v2.17-r941 (H. Li 2018), with options: -ax map-pb --
secondary=no --MD. Mapped reads were sorted and indexed with samtools v1.10 (H. Li et al.
2009), and then used for predicting IESs with BleTIES MILRAA v0.1.9, with options: --type
subreads --junction_flank 5 --min_ies_length 15 --min_break coverage 10 --
subreads_pos_max_cluster_dist 5. The BIeTIES pipeline has been previously described (Seah and
Swart 2021) and uses spoa v4.0.3 (Vaser et al. 2017) for assembly. After inspecting the initial IES
predictions, we removed IES predictions with length <50 bp and retention score <0.075, which
we judged to be more likely to be spurious or to have insufficient coverage for an accurate

assembly.

Terminal direct repeats (TDRs) at the boundary of a given IES were defined as a
sequence of any length that was exactly repeated on both ends of the IES, such that one copy lies
within the IES, and the other in the MAC-destined sequence. Because the sequence is identical,
it is not possible to determine from sequencing data alone where the physical excision of the IES
would occur; such ambiguous excision junctions have been termed “floating IESs” (Sellis et al.
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2021). Therefore, TDRs were always reported starting from the left-most coordinate. If the TDR
sequence contained 5’-TA-3’, the corresponding IES was also considered to be “T'A-bound”,

even if the TDR was longer than the 2 bp 5°-TA-3’ sequence.

Reconstructed IES sequences were computationally inserted into the MAC assembly with
BleTIES Insert, to produce a hybrid MAC+IES assembly, which approximates the part of the
MIC genome that is collinear with the MAC.

8.25. Identification and comparison of IES length classes

Visual inspection of the length distribution of BleTIES-predicted IESs showed sharp
peaks every ~10 bp between ~65 and 115 bp. Peak calling on the graph of number of IESs (TA-
bound only) vs. length (bp) was performed with the function find_peaks from the Python
package scipy.signal v1.3.1 (Virtanen et al. 2020), with height cutoff 100. IES size classes were
defined with the width at half peak height. In Paramecium tetraurelia, where most 1ESs are TA-
bound, the IES termini have a short, weakly conserved inverted repeat (Klobutcher and Herrick
1995; Arnaiz et al. 2012). To search for similar motifs in B. stoltei, sequences flanking TA-bound
IES junctions were extracted, with one from each pair reverse-complemented so that the
sequences were always in the orientation 5’-(MDS segment)-TA-(IES segment)-3’. Sequence
logos of the junctions (10 bp MDS, 14 bp within IES, not including the TA itself) were drawn
for each IES length class with Weblogo (Crooks et al. 2004). Only TA-bound IESs were used for
the sequence logos because they could be aligned relative to the 5’-TA-3’ repeat, whereas for IESs

bound by other types of junctions there is no common reference point to align the boundaries of

the IES.

8.26. Probability of terminal direct repeat-bound IESs

Under a null model where all bases in a sequence are independently and identically
distributed, the probability P, of having any possible terminal direct repeat (TDR) of length 7
bounding a given sequence feature is the sum if probabilities of all possible sequences 4 of length
n, squared: Pn=kKpk2, which can be simplified to Pn =(bBpb2)n, where B is the alphabet of
bases and p; is the individual probability of each base. The number of possible sequences 4 of
length 7 is simply |K] = |B]".

The probability of having a TDR of length at least 2 is equal to the probability of having
a TDR of length 2, because all cases of TDR length > 2 implicitly have a TDR of length = 2.

186



Therefore the probability of having a TDR of length exactly 7, i.e. match in bases 1 to 7, and
mismatch on base 7#+1 is Pn (mismatch) = Pn(1-bBpb2). The expected number of TDRs in
Blepharisma were calculated by using the empirical base frequencies of the MAC+IES genome

assembly for p;, and multiplying this probability by the number of IESs.

8.27. Identification of terminal inverted repeats (TIRs) and palindromes in IESs

The BleTIES-assembled IES sequences for Blepharisma were used to identify exact,
ungapped terminal inverted repeats (TIRs). Starting from the ends of the IES sequence
immediately within the flanking TDRs, each base was compared to the reverse complement of
the corresponding base on the opposite end for a match, extending the TIR until a mismatch was
encountered, up to a maximum length of 25 bp. The same procedure was used for Paramecium
tetraurelia using 1ESs sequences downloaded from ParameciumDB
(hetps:// paramecium.i2bc.paris-
saclay.fr/files/ Parameciuml/ tetraurelial51/annotations/ptetraurelia_mac_51_with_ies, accessed 14
October 2021), except that the coordinates of TDRs were first renumbered and extended beyond
the “TA” motif if possible, following the BleTIES coordinate numbering convention, in case
there are potential TDRs that are longer than a simple TA. The expected number of TIRs of
given lengths under a null model was computed in the same way as the expectation for TDRs

(see “Probability of terminal direct repeat-bound IESs”).

Long TIRs (=10 bp) were clustered by sequence identity to look for IESs of potentially
related origin, using the cluster_fast algorithm (Edgar 2010) implemented in Vsearch v2.13.6
(Rognes et al. 2016) at 80% identity and the CD-HIT definition of sequence identity (-iddef 0).
For each resulting cluster of similar TIRs, the cluster centroid was used as the representative
sequence shown in Figure TIRS. TDRs associated with each cluster’s IESs were grouped by
length, and for each TDR length a degenerate consensus was reported with the

degenerate_consensus function of the Bio.motifs module in Biopython v1.74.

Palindromic IESs were defined as IESs that align to their own reverse complement with a
sequence identity 290% (matching columns over sequence length); this definition was less strict
and permitted inexact matches unlike the TIR search, to allow for sequence divergence and
assembly errors. IES sequences were aligned with the PairwiseAligner function from Bio.Align in
BioPython v1.74, using global mode and parameter match_score = 1.0, with all other scores set

to zero.
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Palindromic IESs were clustered with Vsearch cluster_fast as described above, except that
one sequence (BSTOLATCC_IES35757) was manually removed after inspection of results
because it appears to contain two different nested palindromic sequences. Cluster centroids were
aligned pairwise as above and used to calculate a matrix of edit distances (matching columns /
alignment length). The distance matrix was clustered with average linkage clustering to produce a
sequence distance dendrogram with the functions average and dendrogram from

scipy.cluster.hierarchy v1.3.1 (Virtanen et al. 2020).

8.28. Comparison of intragenic:intergenic IES ratios

Intragenic vs. intergenic IESs were defined by overlap of predicted IES annotations with
“gene” feature annotations on the MAC reference (ENA accession GCA_905310155), using
Bedtools v2.30.0 (Quinlan and Hall 2010) and pybedtools v0.8.1 (Dale, Pedersen, and Quinlan
2011).

To test whether the underrepresentation of IESs within gene features was statistically
significant, compared to the null hypothesis of IESs and gene feature locations being
independently distributed, we assumed that the number of intragenic IESs would follow a
binomial distribution with individual probability equal to the fraction of the genome that is
covered by gene features. The p-value of the observed number of intragenic IESs would then be

equal to the cumulative probability density up to and including the observed value.
8.29. Developmental time series small RNA-seq

Complementary mating strains B. stoltei ATCC 30299 and HT-IV were pre-treated with
Gamone 2 and Gamone 1 respectively, and then mixed to initiate conjugation as described
previously; sSRNA and mRNA were isolated from total RNA at the same time points
(“Conjugation time course”, (Singh et al. 2021) ). sRNA libraries were prepared with the
BGISeq-500 Small RNA Library protocol, which selects 18 to 30nt sSRNAs by polyacrylamide

gel electrophoresis, and sequenced on a BGISeq 500 instrument.

8.30. Small RNA libraries mapping and comparison

Small RNA libraries were mapped to the MAC+IES assembly with bowtie2 v2.4.2
(Langmead and Salzberg 2012) using default parameters. Total reads mapping to CDS vs. IES
features were counted with featureCounts v2.0.1 (Liao, Smyth, and Shi 2014). To account for
different total sequence lengths represented by CDSs, IESs, and intergenic regions, the read
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counts were converted to relative expression values (reads per kbp transcript per million reads
mapped, RPKM (Mortazavi et al. 2008) ) using the total lengths of each feature type in place of

transcript length in the original definition of RPKM, with the following formula:
10° x (reads mapped to feature type) / (total reads mapped x total length of feature type).

Reads mapping to CDSs, IESs, or neither (but excluding tRNA and rRNA features) were
extracted with samtools view, with 22 and 24 nt reads extracted to separate files. Read length

distributions for each sequence length and feature type were summarized with samtools stats.

8.31. Gene prediction and domain annotation in IES regions

To predict protein-coding genes in IESs, non-IES nucleotides in the MAC+IES assembly
were first masked with ‘N’s. The Intronarrator pipeline (https://github.com/Swart-
lab/Intronarrator), a wrapper around Augustus (Stanke and Waack 2003), was run with the same
parameters as for the B. stoltei MAC genome, i.e. a cut-off of 0.2 for the fraction of spliced reads
covering a potential intron, and 210 reads to call an intron (Singh et al. 2021). Without
masking, gene predictions around IESs were poor, with genuine MDS-limited genes (with high
RNAseq coverage) incorrectly extended into IES regions. The possibility of genes spanning IES
boundaries was not catered for. Domain annotations for diagrams were generated with the
InterproScan 5.44-79.0 pipeline (Jones et al. 2014) incorporating HMMER (v3.3, Nov 2019,
hmmscan) (Eddy 2011).

For comparison of transposase-related domain content in MAC vs. MIC, reference
sequences were obtained from public databases for Paramecium tetraurelia
(hetps:// paramecium.i2bc.paris-
saclay.fr/files/ Parameciuml tetraurelial51/annotations/ptetraurelia_mac_51_with_ies/),
Tetrahymena thermophila (htep:/[www.ciliate.org/system/downloads/3-upd-cds-fasta-2021 fasta),
and Oxytricha trifallax (hteps://oxy.ciliate.org/common/downloads/oxy/Oxy2020_CDS.fasta,
https://knot.math.usf.edu/mds_ies_db/data/gft/oxytri_mic_non_mds.gff). IES gene prediction
in Blepharisma was hampered by intermittent polynucleotide tract length errors, due to the
assembly of IESs from PacBio CLR reads. To mitigate this, a six-frame translation of the MIC-
limited genome regions was performed using a custom script, then scanned against the Pfam-A
database 32.0 (release 9) (Mistry et al. 2021) with hmmscan (HMMER), with i-E-value cutoff
<10°.
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8.32. Repeat annotation and clustering

To evaluate the repetitive sequence content in IESs, we applied a repeat prediction and
annotation to the combined MAC+IES assembly, instead of clustering whole IESs by sequence
similarity. This was so that: (i) Repeats shared between the MDS and IES could be identified. (ii)
Complex structures such as nested repeats could be detected. (iii) Repeat families were predicted
de novo, permitting discovery of novel elements. (iv) Repeats did not have to be strictly identical

to be grouped into a family.

Interspersed repeat element families were predicted from the MAC+IES genome
assembly with RepeatModeler v2.0.1 (default settings, random number seed 12345) with the
following dependencies: rmblast v2.9.0+ (http://www.repeatmasker.org/RMBlast.html), TRF
4.09 (Benson 1999), RECON (Bao and Eddy 2002), RepeatScout 1.0.6 (A. L. Price, Jones, and
Pevzner 2005), RepeatMasker v4.1.1 (http://www.repeatmasker.org/RMDownload.html).
Repeat families were also classified in the pipeline by RepeatClassifier v2.0.1 through comparison
against RepeatMasker’s repeat protein database and the Dfam database. Consensus sequences of
the predicted repeat families, produced by RepeatModeler, were then used to annotate repeats in

the MAC+IES assembly with RepeatMasker, using rmblast as the search engine.

The consensus sequences for rnd-1_family-0 and rnd-1_family-73 were manually curated
for downstream analyses. For rnd-1_family-0 (BogoMITE) the original consensus predicted by
RepeatModeler for rnd-1_family-0 was 784 bp long, but this was a spurious inverted duplication
of the basic ~390 bp unit; the duplication had been favored in the construction of the consensus
because RepeatModeler attempts to find the longest possible match to represent each family. For
family rnd-1_family-73 (containing BstTcl transposon), the actual repeat unit was longer than
the boundaries predicted by RepeatModeler. In most IESs that contain this repeat (19 of 22), it
was flanked by and partially overlapping with short repeat elements from families rnd-4_family-
1308 and rnd-1_family-117, which are spurious predictions. Repeat unit boundaries were

manually defined by alignment of full length repeats and their flanking regions.

Terminal inverted repeats of selected repeat element families were identified by aligning
the consensus sequence from RepeatModeler, and/or selected full-length elements, with their
respective reverse complements using MAFFT (Katoh and Standley 2013) (plugin version

distributed with Geneious).
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TIRs from the Dfam DNA transposon termini signatures database (v1.1,
heeps://www.dfam.org/releases/dna_termini_1.1/dna_termini_1.1.hmm.gz) (Storer et al. 2021)
were searched with hmmsearch (HMMer v3.2.1) against the IES sequences, to identify matches

to TIR signatures of major transposon subfamilies.

8.33. Phylogenetic analysis of Tc1/Mariner-superfamily transposases

Repeat family rnd-1_family-1 was initially classified as a “T'cMar/Tc2” family
transposable element by RepeatClassifier. 30 full length copies (>95% of the consensus length)
were annotated by RepeatMasker, all of which fell within IESs and contained CDS predictions.
However, CDSs were of varying lengths because of frameshifts caused by indels, which may be
biological or due to assembly error; nonetheless, the nucleotide sequences had high pairwise
identity (about 98%, except for one outlier). We chose Contig_12.g100018 as the representative
CDS sequence for phylogenetic analysis because it was one of the longest predicted and both

predicted Pfam domains (HTH_Tnp_Tc5 and DDE_I) appeared to be intact.

For repeat family rnd-1_family-73, the initial classification was “DNA/TcMar-Tcl”. As
described above, CDS predictions were of variable lengths, and the longest CDSs were not
necessarily the best versions of the sequence because of potential frameshift errors. For
phylogenetic analysis, we chose Contig_51.g100045 as the representative copy, because a

complete DDE_3 Pfam domain was predicted by HMMER that could align with other DDE/D

domains from reference alignments described below.

The representative CDSs of the rnd-1_family-1 and rnd-1_family-73 transposases were
aligned with MAFFT (E-INS-i mode) against a published DDE/D domain reference alignment
(Supporting Information Dataset_SO01 of (Yuan and Wessler 2011)) to identify the residues at

the conserved catalytic triad and the amino acid distance between the conserved residues.

For the phylogenetic analysis of the DDE/D domains in the Tcl/Mariner superfamily,
both MAC- and MIC-limited genes containing DDE_1 and DDE_3 domains were separately
aligned for each Pfam domain with MAFFT v7.450 (algorithm: E-INS-i, scoring matrix:
BLOSUMG62, Gap open penalty: 1.53) and trimmed to the DDE/D domain with Geneious and
incomplete domains were removed. As reference, 204 sequences from a published alignment
(Additional File 4 of (Dupeyron et al. 2020)) were selected to represent the 53 groups defined in

that study, choosing only complete domains (with all three conserved catalytic residues) and all
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Oxytricha trifallax TBE and Euplotes crassus Tec transposase sequences. Thirteen Paramecium
Tcl/Mariner DDE/D domain consensus sequences were added (Additional File 4 of (Guérin et
al. 2017)). Sequences were aligned with MAFFT (E-INS-i mode) and trimmed to only the
DDE/D domain boundaries with Geneious. Phylogeny was inferred with FastTree2 v2.1.11 (M.
N. Price, Dehal, and Arkin 2010) using the WAG substitution model. The tree was visualized
with Dendroscope v3.5.10 (Huson and Scornavacca 2012), rooted with bacterial 1S630

sequences as outgroup

8.34. Phylogenetic analysis of retrotransposon-derived sequences

All the nucleotide sequences 2500 bp for the repeat families identified by RepeatClassifier
as LINE or LINE/RTE-x: rnd-1_family-273, rnd-1_family-276 and rnd-4_family-193 were
aligned to one another with MAFFT v7.450 (automatic algorithm) (Katoh and Standley 2013),
with the option to automatically determine sequence direction (via the MAFFT plugin for
Geneious Prime (Kearse et al. 2012)). Since the alignment appeared to be poor between the rnd-
4-family-193 sequences and the rest, we generated separate alignments for this family from the
other two, also with MAFFT (E-INS-i mode). Maximum likelihood phylogenies were generated
by PhyML (Guindon et al. 2010) version 3.3.20180621 with the HKY85 substitution model.

8.35. Sequence visualization and analysis

Nucleotide and amino acid sequences were visualized using Geneious Prime (Biomatters

Ltd.) (Kearse et al. 2012).
8.36. Data availability

The draft Blepharisma stoltei ATCC 30299 MAC genome assembly is accessible from
bleph.ciliate.org and from the European Nucleotide Archive (ENA) bioproject PRJEB40285
under the accession GCA_905310155. PacBio CCS reads (ERR5873783 and ERR5873334)
and subreads (ERR5962314) used to assemble the genome are also available from ENA. Illumina
DNA-seq data for the B. stoltei ATCC 30299 and HT-IV strains is available from accessions
ERRG061285 and ERRG064674, respectively. The RNA-seq developmental time course is
available from the bioproject PRJEB45374 (accessions ERR6049461-ERR6049485).
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[llumina and PacBio Sequel sequencing data for Blepharisma japonicum strain R1702 is
available from the ENA bioproject PRJEB46921 (Illumina accessions: ERR6473251,
ERR6474356; PacBio accession: ERR6474383).

Annotated draft MAC+IES genome for Blepharisma stoltei strain ATCC 30299
(European Nucleotide Archive (ENA) Bioproject PRIJEB46944 under accession
GCA_914767885). IES sequences and annotations, MAC gene predictions with intervening
IESs, and gene predictions within IESs (EDMOND, doi: 10.17617/3.83; genome browser,
heeps://bleph.ciliate.org. Sequencing data for the MIC-enriched nuclear fractions (PacBio CLR
reads: ENA accession ERR6510520 and ERR6548140; BGI-seq reads: ENA accessions
ERR6474675, ERR6496962, ERR6497067, ERR6501836). Small RNA libraries from
developmental time series (ENA Bioproject PRJEB47200 under accessions ERR6565537-
ERR6565561). Repeat family predictions and annotations by RepeatModeler and RepeatMasker
(EDMOND, doi: 10.17617/3.82). Alignment and phylogeny of Tc1/Mariner superfamily
transposase domains (EDMOND, doi:10.17617/3.JLWBFM)
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