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Abstract in English

Germ cells, oocytes and sperm, are essential cell types for species propagation in all
sexually reproducing animals. Their differentiation can proceed by two different
mechanisms: inheritance and induction. In this thesis, I investigate the germ cell origin
and specification mechanism in a neglected group of Xenacoelomorpha —
Nemertodermatida. Studying nemertodermatid worm Meara stichopi, 1 detected a
previously undescribed population of neoblast-like cells which enable this animal a
limited regenerative capacity and which I propose to serve as a cellular source for germ
cell induction. Focusing on the regeneration part, [ probed M. stichopi’s wound healing
process in post-oviposition and post-amputation. This revealed wound-induced cell
proliferation and expression of evolutionarily conserved transcription factors egr and
runt. In the second part, I use the collected single-cell transcriptomic data from
hatchling, juvenile, and adult stage to show molecular differentiation of neoblasts into

major cell types and into germ cells.



Abstract in Norwegian

Kjennscellene, oocytter og saedceller, er essensielle celletyper for artsforplantning hos
alle seksuelt reproduserende dyr. Differensiering av kjennsceller kan skje via to ulike
mekanismer: arv og induksjon. I denne oppgaven undersgker jeg hvordan kjennsceller
blir spesifisert og oppstdr 1 Nemertodermatida, en neglisert gruppe av
Xenacoelomorpha. Ved & studere nemertodermatid-ormen Meara stichopi, oppdaget
jeg en tidligere ubeskrevet populasjon av neoblastlignende celler som gir dette dyret
noe regenerativ kapasitet. Min hypotese er at disse neoblastlignende cellene oga gir
opphav til kjennscellene i disse dyrene. Med sgkelys pa regenereringsdelen undersokte
jeg M. stishopis sérhelingsprosess etter oviposisjon (egglegging) og etter amputasjon.
Disse forsgkene viste sarindusert celleproliferasjon og uttrykking av konserverte
transkripsjonsfaktorer som egr og runt. I den andre delen gjer jeg transkriptomiske
dataanalyser av enkeltceller (scRNA-Seq) fra klekkings-, ungdoms- og voksenstadiet
for & vise molekyler differensiering av neoblaster til somatiske celletyper og til

kjennsceller.
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CHAPTER 1: Introduction

1.1 The Germ cell — what it is and what it is not
All sexually reproducing organisms start their life with an interaction. An interaction
of two cells, the gametes — the oocyte and the sperm. Gametes are morphologically
differentiated products of cells collectively known as germ cells. Germ cells arise in
embryonic development from the primordial germ cells (PGCs) — the cell lineage
committed to the germ line. Germ cells differ from the rest of the cells forming the
body — the somatic cells — in their number of chromosomes. Being haploid, carrying
half of the somatic chromosome count, the product of their interaction becomes a
diploid one-cell embryo called a zygote. In the following development, a zygote
“germinates” through successive cell divisions, giving rise to the whole animal. When
exposed to the right interaction, a differentiated germ cell can generate a plethora of

cell types and thus can be seen as a universal cell.

Historically, the unique position of the gamete at the onset of an individual’s life has
brought it to the spotlight of early works trying to explain the concepts of reproduction
and development itself (Bowler, 1971). As Bowler summarizes, at the beginning of
endeavors in embryology, observing the eggs, sperm, or early development left many
authors such as William Croone, Anthony van Leeuwenhoek and Jan Swammerdam
tempted to report that the body is formed from what is already present in one of the
gametes alone; be it either sperm or an oocyte; thus assigning the important role to one
and reducing the role of the other. These original works of the 17" century, often never
really making such claims openly nor providing the evidence for them, formed the
grounds for the preformation theories of development due to inaccurate translations
and misinterpretations of their rather ambiguous language. The preformation saw the
organism as the “miniature” already present at the time of fertilization and only
expanding afterward. These hypotheses were rooted in the inability to explain the
“self-organizing” property of cells’ constituent material, composing the embryo in an
orderly, reproducible fashion. Despite the careful examination of the observations of
that time and long-lasting disputes, preformation continued to gain popularity. This

was mainly brought about by a conceptual switch from gametes containing a
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predetermined “miniature” to the gametes that carry a predetermined “design” of a

physical nature guiding the following development.

The idea of unequal gametes was finally rebuked by direct evidence that both - the
sperm and the oocyte - are essential for the successful creation of a zygote in the process
of fertilization (Spallanzani, 1789). Observing the gradual formation of the embryo in
the process of development laid the basis for a competing theory of development coined
by William Harvey called the epigenesis (1847, Chapter On Animal Generation).
Although epigenesis also recognizes the presence of the material inside the gametes as
essential, this material is considered “unformed” since the complexity of form

increases and emerges over time (Nicoglou & Wolfe, 2018).

These seemingly opposing lines of thinking in embryology were somehow unified by
the discovery of the DNA as the molecular hereditary agent (Hershey & Chase, 1952).
Shaping our understanding of germ cells as the ultimate vessels for the genetic material
that carries the molecular instructions for the next generation. The offspring, self-
instructed by the received genetic material (predetermination) and exposed to the
contextual information from the environment (epigenesis), undergoes development
until it reaches the reproductive stage and produces gametes of its own, restarting the
life cycle again. This fact alone makes germ cells indispensable for life to carry on.
Furthermore, being the only point of molecular exchange between the two generations,

they become the subject of evolution to act upon.

Right next to the energy expense for individual’s survival, it is the reproduction, which
is fundamental for evolutionary fitness, i.e., increasing one’s genetic code in a
population. To successfully make progeny, the individual must invest energy to protect
their most prized possession - the material for the next generation, the germ cells - until
they are put into action in the act of reproduction. And from a cell-centric view, the
privilege of being chosen for this purpose ensures a certain molecular immortality. The
specific combination of gene alleles and mutations present in the particular germ cell
will be the combination that the individual passes on and will form the genetic

background of the future zygote. As a result, germ cells are maintained by the present
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individual to ensure future progeny. Unlike their somatic neighbors that function to
maintain the individual’s body - the soma - in its lifetime but will cease to exist with
its decay. Therefore, it is essential for the individual to accurately select which cells
are to be used for this purpose — a problem that arises only for organisms composed of

multiple cells.

Indeed, in unicellular organisms, all life-mediating functions are performed by a single
cell. Although there is not much room for a selection at the cellular level, the same
cannot be said about the genome. As illustrated by the lifestyle of ciliates, unicellular
organisms that form two separate nuclei (Karrer, 2012), selecting which genes will be
passed on to the progeny is still possible in the genome maintained by a single cell.
Outside their predominant asexual reproduction by cell fission, the ciliates are able to
reproduce sexually, increasing the plasticity of the population through the genetic
recombination (Zhang et al., 2022). When this occurs, the two individuals exchange
their haploid micronuclei - a “germline” sub-portion of the genome that is mostly
transcriptionally inactive. The recombinant diploid micronucleus then drives the
formation of the new macronucleus - a “somatic” sub-portion of the genome. The
genome rearrangement of the micronucleus is epigenetically templated and involves
vast sequence eliminations, fragmentations, and amplification, finally producing the
somatic chromosomes of the macronucleus (Lindblad et al., 2017; Nowacki et al.,
2008). This complex molecular mechanism demonstrates a way of protecting the
germline genome from accumulating mutations by repressing its expression. The
functionally separated germline genome is devoid of active transcription outside the
time that prepares the cell for meiotic recombination and conjugation. This strategy is
remarkably efficient for a unicellular lifestyle but would be quite unattainable in a body

composed of more than one cell.

On the way to multicellular life, the early metazoans must have found a way to separate
these tasks of the body upkeep and of investment into the progeny. In the same way
that each somatic cell is specialized to perform its function, the germ cells, too, are

specialized through differentiation.
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1.2 Germline Differentiation Modes
How do the germ cells become different from the rest without sacrificing their cell
potency? And simultaneously, how to resist the waves of somatic cell differentiation
as the early embryo is being patterned into germ layers? When does an individual
clearly set the germ line apart from the somatic cells? These dilemmas and their

solutions highly depend on the organism’s life cycle.

The studies on several model organisms selected for their fast reproduction time have
revealed two extreme modes of germline differentiation. These are called the
inheritance mode and the inductive mode, or their alternative names: preformation and
epigenesis (Extavour & Akam, 2003). Although any connection with the theories
bearing the same name described above is purely semantic, they too represent two
seemingly opposite poles of the spectrum. However, the inheritance and inductive
modes describe the mechanisms of germline differentiation, not the embryonic
development itself. To avoid any confusion between the two phenomena, germline

specification modes will not be referred to by their alternative names here.

In the inheritance mode, the germline specification relies on the accurate placement of
molecular determinants in the cytoplasm upon cell division. Germline fate is thus
determined cell-autonomously by the RNAs and proteins important for germ cell fate
that reside in a specific portion of the mother cell’s cytoplasm — the germ plasm — a

term coined by August Weismann (1893).

According to Weismann’s theory, the germ plasm, linked by the continuous chain of
cell divisions throughout the generations, is immortal. It is important to note, however,
that he used this term for cell’s nuclear content rather than the cytoplasmic inclusions
conferring germ cell fate that we understand it to be today (and the way it is described
in the paragraph above). Based on his description of its structure (Weismann, 1893),
the “germ plasm” — a nuclear content — carries determinants and controls the cell’s
cytoplasm, morphology, and eventually, its fate. Throughout the organism’s ontogeny,

the germ plasm gradually disintegrates, leaving only a few specific determinants to
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enforce a cell to adopt its germ cell identity in the body. His ideas, progressive as they
were for the pre-molecular era, outlined mechanistically the principles of central

dogma in molecular biology and laid the foundations for the understanding of heredity.

The molecular determinants in today’s understanding of the germ plasm can be
sequestered early on in development, polarizing the oocyte (Figure 1.1 a.)). Such strict
maternal control of the germline specification can be found in development of
Drosophila melanogaster (Mahowald, 1962), Caenorhabditis elegans (Strome &
Wood, 1983), Danio rerio (Yoon et al., 1997), and Xaenopus laevis (Ikenishi et al.,
1986). For the parent cell to effectively ensure that its cytoplasmic content is neatly

organized, there must be certain molecular mechanisms at play.

a.)

germ germ cell
plasm
b.)

—

c.)

multipotent

precursor

d') @ .
stem cell
>

@ Time
»i_ : Differentiation

Figure 1.1 Germline differentiation modes in animal development. Germline can be

specified at various time points during development from oocyte to adult organism. Along
this developmental trajectory, the potency of somatic cells decreases as their differentiation
and specialization increase. The only exceptions to these processes are stem cells and germ

cells, which withstand the waves of somatic differentiation and retain high cell potency until
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adulthood. a.) Early sequestration of determinants in germ plasm (pink cloud) in the oocyte’s
cytoplasm leads to asymmetric distribution of cell fate in subsequent cell division and
represents a strict inheritance mode of germline (blue cell outlined in pink) specification. b.)
In the early inductive mode, the germline lineage is specified from early blastomeres by the
inductive cell signaling (pink arrows) from neighboring cells. c.) Multipotent precursor cells
represent a less stringent inheritance mode, where germline determinants might be
sequestred later on in development. These precursor cells are of mixed germ and soma
potential and give rise to germline cell lineage and somatic cells (yellow cell). d.) Generation
of germ cells can occur in adults continuously in animals with robust stem cell systems and
regenerative capacities. Germ cells are specified de novo from stem cells (blue cells outlined

in black), which can also differentiate into somatic cells.

Such specific mechanisms, orchestrating the distribution of maternal determinants,
have been observed in the oocytes of the frog Xenopus laevis (Czotowska, 1972;
Heasman et al., 1984). In the gonad of the mother organism, where the female germ
cell maturation occurs in the process of oogenesis, the oocytes become highly polarized
by the sequential events of active RNA and protein localization (King et al., 2005).
When the maturation is complete and the oocyte is fertilized by the sperm, the resulting
zygote, inheriting the oocyte’s cytoplasm, is polarized too. The entire cell content is
organized along this first developmental axis, the animal-vegetal (AV) axis, important
for future sets of blastomere cleavages. All the maternal determinants in the form of
RNA and proteins are sequestered in the electron-dense inclusions called the germinal
granules (Kloc et al., 2001, 2002). Harbored in the vegetal pole of the zygote, these
granules await to be inherited by the vegetal blastomeres of the early embryo — the

early precursors of the PGCs (Ikenishi et al., 1986).

The inheritance mode can also act in a somewhat less time-stringent manner, when the
germ plasm is not inherited from the mother germ cell but rather from the parent
blastomere. In this case, determinants, which might be broadly expressed initially, get
sequestered through subsequent cleavage divisions, leading to a formation of cell

lineage with a dual soma and germ potential in some species. In ascidian development,
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despite the early asymmetric distribution of some maternal germline determinants, such
as vasa transcripts (Fujimura & Takamura, 2000; Goto et al., 2022; Paix et al., 2009)
and protein (Takamura et al., 2002), the posterior blastomeres loaded with these
determinants do not differentiate directly into PGCs but act as the multipotent somatic
and germline precursors (Figure 1.1 c.)). It is only at the 64-cell stage when the
definitive germ-soma dichotomy is formed, as the precursor blastomere divides
asymmetrically into a somatic sister blastomere — which forms the gut wall — and a
germline sister blastomere, containing maternal determinants, that migrates into a
juvenile gonad (Shirae-Kurabayashi, 2006). Similar use of multipotent precursors
formed by asymmetric cell division can be found in sea urchins. The vasa-positive
micromeres of 16-cell stage give rise to micromeres which later form larval somatic
skeletogenic cells and small micromeres that further accumulate germline markers and
are thought to be the source of the PGCs in the adult (Juliano et al., 2006; Yajima &
Wessel, 2011a, 2012). Although not completely understood on a mechanistic basis,
germline determination through multipotent precursors could represent a more plastic
solution to autonomous specification. Since the early primed precursors do not fully
segregate from somatic tissue, the germline can be compensated for and regenerated
after the removal of its source tissue as shown by the microsurgical experiments in

ascidians and sea urchins (Takamura et al., 2002; Yajima & Wessel, 2011a).

An even more plastic solution to a germline specification is seen in the inductive mode,
where germ cells are not generated cell-autonomously — by their cell lineage history
— but are conditionally selected (Figure 1.1 b)). The most studied example of inductive
germline formation occurs in the mouse embryo. The synergy of the Bone
Morphogenetic Protein 4 (Bmp4) secreted from the extraembryonic ectoderm and the
int/Wingless family protein 3 (Wnt3) secreted by epiblast cells trigger signaling in the
competent, neighboring proximal epiblast cells (Lawson et al., 1999; Ohinata et al.,
2009). The signal transmitted through the canonical Wnt cascade by the activation of
Brachyury/T transcription factor (TF), a known mesodermal TF, initiates a
transcriptional program of the PGCs (Aramaki et al., 2013). This transcriptional
network has been shown to rely on the three key TFs (Magnusdottir et al., 2013):
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B-lymphocyte induced maturation protein 1 (Blimp1; Ohinata et al., 2005; Vincent et
al., 2005), PR (PRDI-BF1 and RIZ) domain-containing transcriptional regulator 14
(Prdm14; Yamaji et al., 2008), and transcription factor AP2 gamma (AP2y; Weber et
al., 2010); their activity helps the pluripotent epiblast cells escape the somatic
differentiation and adopt a germ cell fate instead. Thus, though still segregated in
embryogenesis, the mouse germline is not “hard-wired” in the developmental program,
but rather arises from competent, pluripotent cells, as a consequence of the

morphogenetic interplay of cellular signaling in a specific niche of the embryo.

Similarly, the BMP signaling is involved in conditional germline specification in
axolotls where PGCs arise from non-patterned undifferentiated mesodermal precursors
(Chatfield et al., 2014; Johnson et al., 2003). In axolotls, however, in contrast to the
murine PGCs, the BMP and Brachyury activity do not induce the Blimpl expression,
and their activity alone is not sufficient to establish the PGC fate directly during early
embryogenesis. Instead, additional Fibroblast growth factor (FGF) signaling ensures
the undifferentiated state of the intermediate mesoderm throughout the gastrulation by
the MAPK activity, as both seem to be required for the onset of germline-specific gene
expression in explants and in vivo. Chatfield and colleagues (2014) thus proposed the
axolotl germline to be specified only after all the somatic lineages are patterned in

gastrulation which is in stark contrast to most Metazoa.

Orthologues of vertebrate BMP2/4 were also identified as a source of the inducing
signal for the PGC formation in crickets (Donoughe et al., 2014), suggesting that the
same signaling pathway is used by invertebrates in the inductive PGC specification.
Through functional studies, the authors have also shown the role of BMP downstream
effector Blimp-1 in this insect (Nakamura & Extavour, 2016). Blimp-1 expression is
activated by the BMP signaling in the presumptive abdominal mesoderm, where the
PGCs originate from in the cricket embryo, and its levels affect the number of induced
PGCs. Nakamura and Extavour (2016) have remarked that a role of BMP/Blimp-1
signaling module in PGCs specification was most likely present in the bilaterian

ancestor, but was lost in the lineages relying on the inheritance and was replaced in the
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axolotls. Their hypothesis is supported by the expression data of BMP2/4 and Blimp-
1 from rabbit and chicken (Hopf et al., 2011; Wan et al., 2014).

In the species mentioned so far, the germline — soma segregation is executed once and
for all, either very early (strict inheritance mode in C. elegans and X. laevis) or
relatively late embryogenesis (multipotent precursors in sea urchin and ascidians,
induction in mouse and acoels) or in postembryonic development (induction in
axolotls). On the extreme side of the specification timeframe are animals with extensive
regenerative capacities where the germline-soma boundary seems arbitrary as the germ
cells can arise de novo, continuously throughout adulthood (Figure 1.1d)). In
notoriously regenerative planarians it is their robust stem cell system called neoblasts
which provides the source for postembryonic germ cell generation in adult worms
(Handberg-Thorsager & Sald, 2007; Newmark et al., 2008; Sato et al., 2006). A similar
mechanism occurs in non-bilaterian metazoans: in sponges (Fierro-Constain et al.,
2017; Funayama et al., 2010; Gaino et al., 1984; Pilato, 2000) and hydrozoan
cnidarians (Bosch & David, 1987; DuBuc et al., 2020; Leclére et al., 2012; Nishimiya-
Fujisawa & Kobayashi, 2012; Varley et al., 2022), the germ cells arise from totipotent
archaeocytes and/or choanocytes, and multipotent or pluripotent somatic interstitial
stem cells (I-cells), respectively. Recent studies of anthozoan cnidarians report
conditional and likely stem cell-based germline specification (Chen et al., 2020;
Miramon-Puertolas & Steinmetz, 2023). These findings together with previously
reported maternal input in the form of transcript localization and refinement in
development (Extavour et al., 2005) can suggest some level of stem cell lineage
dedication. Common progenitor stem cell lineage for somatic and germline would
explain the fact that somatic mutations do not seem to propagate into the gametes
(Barfield et al., 2016), yet, the parental mutations can be found in the offspring (Lopez-
Nandam et al., 2023; Vasquez Kuntz et al., 2022). Another evidence of a certain degree
of stem cell lineage restriction — and hence germ-soma cell fate restriction — comes
from the regeneration studies in ctenophores (Edgar et al., 2021), which seem to
possess stem cells of unresolved potency. Interestingly, the origin of germline in these

animals is still unknown. Morphological observations point to the endodermal larval
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cells, and thus later specification as suggested by Extavour & Akam (2003). Whether
the induction mode, despite being suggested by the molecular data (Alié et al., 2011;

Reitzel et al., 2016), acts on the stem cells for germ cell formation is still unclear.

1.3 Evolution of germline differentiation
Historically, the scientific community considered the inheritance mode as a
predominant way through which animals specialize their germline (e.g. Mahowald
1962). This is due to the limited number of taxa that were traditionally studied in
developmental biology. The early landmark studies of C. elegans, Drosophila,
zebrafish, and Xenopus embryos have described in detail the essential molecular
mechanisms carrying out the process of the inheritance mode and named the key
protein interactions leading to the germ plasm formation and its components (Voronina
et al.,, 2011). While offering many valuable insights into the process, the selected
species poorly represented the vast diversity of Metazoa. From such a skewed view,
the inheritance mode was deemed the most parsimonious answer as to how the ancestor

of multicellular animals segregated its germline.

However, with a closer look at various animal phyla including bilaterian outgroups, the
inductive mode started to emerge as the ancestral way toward the germline (Extavour
& Akam, 2003). This hypothesis is strongly supported by the comparative analyses of
germ plasm components and nucleators (C. elegans and other nematodes - Bezares-
Calderon et al 2010, Drosophila & other insects — Lynch et al 2011, zebrafish & other
vertebrates — Skugor et al 2016,). As reviewed by Kulkarni and Extavour (2017), the
germ plasm nucleators are often species or lineage-specific and display rapid sequence
evolution (Whittle & Extavour, 2019). Clearly lacking sequence homology, a
molecular sign of common descent, these proteins with germ plasm-organizing
properties could not be inherited from a common ancestor. Not being orthologous, but
rather performing the analogous functions of binding molecular determinants, the germ
plasm nucleators illustrate that the solution to organize the maternal cytoplasm evolved
in animals repeatedly and independently. The germ plasm nucleators thus illustrate
how non-orthologous proteins — i.e., the proteins of non-common evolutionary

descent — can evolve repeatedly and independently to perform analogous functions
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(binding the molecular determinants) with the same goal, organizing maternal

cytoplasm.

Similarly, highlighting the key role of a comparative approach, when one extends the
scope of the study, the convergent evolution of the inheritance mode becomes even
more evident. Many clades, for which the inheritance mode was considered a shared

trait, group animals that specify their germline using different mechanisms.

A great example of germline formation diversity can be found in insects:
holometabolous fruitfly Drosophila (Mahowald, 1977) and wasp Nasonia (Lynch &
Desplan, 2010) use inheritance mode, whereas holometabolous honeybee Apis
(Dearden, 2006) and hemimetabolous cricket Gryllus (Ewen-Campen, Donoughe, et
al., 2013; Nakamura & Extavour, 2016) and milkweed bug Omncopeltus (Ewen-
Campen, Jones, et al.,, 2013) use the inductive mode. Similarly, in amphibians,
the anuran frog Xenopus (Ikenishi et al., 1986) uses the inheritance but urodeles — the
axolotls — use the induction mode (Chatfield et al., 2014; Johnson et al., 2003). In
echinoderms: euechinoderms (sea urchins and sea dollars) use a plastic form of
inheritance with multipotent precursors while the expression data from their sister
groups (asteroids and ophiuroids) point towards the use of induction (Fresques et al.,
2016; Juliano & Wessel, 2009). Thus, it is only the complex and mosaic, yet more
complete, picture of PGC specification, obtained by studying many diverse species

within a phylogenetic context that can shed more light into the germline evolution.

Despite differences in specification modes, the outstanding diversity in their minute,
detailed parts, such as the timepoint of segregation inherently linked to the
developmental origin of the precursor cells, the molecular components of germline
specification in Metazoa relies on a deeply conserved set of genes (Fierro-Constain et
al., 2017), traditionally thought of as germ cell markers (Ewen-Campen et al., 2010;
Juliano & Wessel, 2010). These genes are used in key germline functions that heavily
revolve around RNA processing: inhibition of somatic differentiation by translational
repression (nanos) (Tsuda et al., 2003), genome protection by transposon repression

(piwi) (Cox et al., 1998), and transcriptional regulation (RNA helicase vasa) (Yajima
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& Wessel, 2011b). Their expression has been widely used in germline identification in
new non-model species, however, many recent works have pointed out their role in the
maintenance of the stemness of somatic stem cells in several taxa (ctenophores - (Alié
et al., 2011; Reitzel et al., 2016), sponges - (Fierro-Constain et al., 2017; Funayama,
2013; Funayama et al., 2010), cnidarians - (Leclére et al., 2012; Lim et al., 2014;
Miramon-Puertolas & Steinmetz, 2023; Mochizuki et al., 2001; Rebscher et al., 2008;
Seipel et al., 2003), planarians - (Shibata et al., 1999), annelids - (Dill & Seaver, 2008;
Gazave et al., 2013; Giani et al., 2011)). This apparent connection between germline
and stem cells has led to the proposal of an ancestral genetic “pluripotency module”
(Ewen-Campen et al., 2010) or a germline multipotency program (GMP) (Juliano et
al., 2010) utilized by primordial stem cells (PriSCs) (Solana, 2013), able to give rise to
both, somatic stem cell-like cells, and to the germline. How could this program evolve

and what does it mean for the relatedness of these two cell types?

1.4 Stem cells — a plastic connection
Outside the germ cells, somatic stem cells are the only other cell type in the adult
organism retaining the ability to differentiate into non-self — a wide morphogenetic cell
potency, while enjoying the prominence of “not specializing, but socializing”. The
stem cells are multi- or pluripotent precursor cells that are known to self-renew by
clonal expansion and can replenish other somatic cell types (Rinkevich et al., 2022;
Weissman et al., 2001). PGCs and stem cells are not only similar morphologically (high
nuclear:cytoplasmic ratio, conspicuous nucleolus, roundish shape, electron-dense
cytoplasmic granules) (Morita et al., 1969), but also on a molecular level as revealed
by many transcriptomic and proteomic studies (Alié et al., 2015; Fierro-Constain et al.,
2017; Grudniewska et al., 2016; Kurosaki et al., 2006). The evolutionary and
ontogenetic relatedness of these cell types has been suggested by many authors (Isaeva,
2011; Juliano et al., 2011; Solana, 2013; Srouji & Extavour, 2010) and is supported by
the expression data from bilaterian outgroups (Alié et al., 2011; Bosch & David, 1987;
Fierro-Constain et al., 2017; Funayama et al., 2010; Leclére et al., 2012; Miramon-
Puertolas & Steinmetz, 2023; Mochizuki et al., 2001; Reitzel et al., 2016; Varley et al.,
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2022) and data from bilaterian animals (Davies et al., 2017; De Mulder, Kuales, et al.,
2009; De Mulder, Pfister, et al., 2009; Grudniewska et al., 2016; Kimura et al., 2022;
Pfister et al., 2008; Rebscher et al., 2007; Shibata et al., 1999).

One of the intensively studied somatic stem cell systems in invertebrates is the already
mentioned pluripotent stem cell population of planarian flatworms called neoblasts.
The neoblasts are located in the parenchyma of adult worms and constitute the only
dividing cells in the animal (Bagufia & Romero, 1981; Newmark & Sanchez Alvarado,
2000). Embryonic neoblasts are responsible for differentiating into all the cell types in
development (Davies et al., 2017), including the germ cells (Handberg-Thorsager &
Sald, 2007; Sato et al., 2006), which the adult neoblasts can restore in regeneration
(Newmark et al., 2008). Outside of the homeostatic cell replacement and tissue
turnover, the neoblasts also provide planarian flatworms with extraordinary
regenerative capabilities (Morgan, 1898). Their whole body can be regenerated from
small tissue fragments and regenerative ability can be restored in animals devoid of
neoblasts, eliminated by X-ray irradiation, when a single neoblast cell is transplanted

into an irradiated host (Wagner et al., 2011).

What is it that gives stem cells such a prominent character reminiscent of the immortal
germ cells? Just like the germ cells, the stem cells too, must become different without
really differentiating — adopting a somatic fate — withstanding the identity
assignment of somatic cell types in embryogenesis. To achieve this and to fully
facilitate their respective functions, both cell types use similar mechanisms that can be
summarized in three main components: protection, selection, and restoration (Raz &
Yamashita, 2021). Their genome needs to be protected from accumulating mutations,
a collateral damage of repeated rounds of cell division, and from deleterious transposon
activity that imposes a threat to the genome stability. Overall, this is largely enabled by
repressing the levels of transcription and translation and by piwi-piRNA-mediated
RNA silencing (eg. somatic stem cells in Hydra - Juliano et al., 2014; Teefy et al.,
2020; neoblasts - D. Li et al., 2021) for post-transcriptional regulation in neoblasts see

Krishna et al., 2019).



25

While not a universal rule, eg. a sea star - (Fresques & Wessel, 2018), transcriptional
quiescence is required in the specification step of PGC precursor cells in several
species: C. elegans and Drosophila (Seydoux & Dunn, 1997), ascidians — (Miyaoku et
al., 2018; Tomioka et al., 2002), sea urchin (Swartz et al., 2014), Xenopus
(Venkatarama et al., 2010). The transcriptional halt comes much later in stem cells,
where it is a basis for their maintenance (Cheung & Rando, 2013; Freter et al., 2010).
Not only do the global or targeted transcriptional and translational repression hinder
the cell cycle progression and thus lower the risk of faulty replication upon cell
division, but they also inhibit the expression of somatic transcription factors which
would otherwise drive the cells to differentiate had they been active (Harris etal., 2011;
Kadyrova et al., 2007; Lai et al., 2012; Miyaoku et al., 2018; Shirae-Kurabayashi et al.,
2011). In germ cells, the initial transcriptional control is brought about by maternally
inherited cytoplasmic determinants: eg. PIE-1 in C. elegans (Ghosh & Seydoux, 2008),
germ-cell-less (gcl) and polar granule component (Pgc) in Drosophila (Hanyu-
Nakamura et al., 2008; Leatherman et al., 2002; Martinho et al., 2004), nanos in
Xenopus (Lai et al., 2012), or the BMP-induced transcriptional repressor Blimp-1 in
mouse (Ohinata et al., 2005; Vincent et al., 2005), whereas in stem cells it depends on
the presence of perinuclear nuage-like structure called chromatoid bodies (Hori, 1982).
Chromatoid bodies of neoblasts resemble the germ granules as they consist of
ribonucleoprotein particles (RNPs) with perinuclear distribution which and are
enriched in GMP genes that exert RNA processing control (bruno - Guo et al., 2006;
piwi - Palakodeti et al., 2008; Reddien et al., 2005; vasa - Shibata et al., 1999; tudor -
Solana et al., 2009). The initial quiescence is further enhanced by the chromatin
condensation, making most parts of the genome inaccessible for transcriptional
machinery and only allowing key transcriptional activators to maintain the germ/stem
cell signature expression (Lebedeva et al., 2018; Robert et al., 2015; Strome & Updike,
2015).

Since no protection mechanism is bulletproof, the faulty germ cells and stem cells, eg.
damaged by genotoxic stress, need to be eliminated before having a chance to create
an organismal or cellular progeny. Several DNA damage checkpoints along the

germline differentiation route ensure that affected gametes in both male and female
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gonads undergo cell death (Chakravarti et al., 2022; Lu & Yamashita, 2017). The same

outcome awaits neoblasts exposed to the genotoxic stress (Stevens et al., 2018) .

Lastly, because of their integral role in fitness and homeostasis, an organism needs a
mechanism to fall back on in case the initial pool of germ cell precursors or stem cells
are lost or severely depleted upon environmental impact such as injury or nutrient
depletion. In those situations, the restoration of somatic cell types depends on the
animal’s regenerative capacity and the rescue of its fertility and reproduction depends

on the germline specification mode and maintenance.

Indeed, in species with determinative germline specification, the germline is inevitably
lost upon surgical removal of its embryonic precursors (Sulston et al., 1983; Warn,
1975). However, if ablation is performed once the ontogenetically older precursor cells
are formed, the germline can be restored even in some inheritance-using species if they
possess so-called germline stem cells (GSCs) (Angelo & Van Gilst, 2009; Lin &
Spradling, 1993). The GSCs, differentiated from PGCs, have a stem-like character in
self-renewal, they are set aside cells responsible for continual gamete production

throughout the lifetime (Lehmann, 2012; Lin, 1997, 1998; Spradling et al., 2011).

Restoration of somatic cells is governed by the regenerative capacityof an animal. If
an injury leaves the initial stem cell pool too small to cater to the needs of the organism,
selected progenitor cells can dedifferentiate into a stem cell-like phenotype and
replenish the needed somatic cell type (eg. limb regeneration in salamander)
(Sandoval-Guzman et al., 2014). Dedifferentiation is particularly important for
vertebrates with lineage-restricted uni/multipotent stem cells, but it also occurs in the
invertebrates (Ferrario et al., 2020) and non-bilaterians ( Edgar et al., 2021; Funayama,

2013).

In planarians, the amputation-induced stem cell depletion prompts neoblast cell
division (Newmark & Sénchez Alvarado, 2000); if combined with the genotoxic stress,
the remaining stem cells can replenish the initial pool by hyperproliferation (Stevens
et al., 2018). Together with the highly regenerative animals apparently lacking the

germ-soma barrier (mentioned above in section 1.2), planarians too can regenerate
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germline from a somatic source (Newmark et al., 2008). However, the ability to restore
germ cells is not exclusive to the animals without segregated germline as there is
mounting evidence from several other species (annelids — (Dannenberg & Seaver,
2018; Ozpolat et al., 2016), echinoderms — sea star (Inoue 1992,), sea urchin (Ransick
et al 1996), ascidian (Takamura et al., 2002)).

Thus, many studies of homeostasis-compromising situations such as injury revealed
the the role for GMP genes in mobilized stem cells, confirming their pleiotropic role
outside of germline (Juliano et al., 2011; Juliano & Wessel, 2010) and supporting the
idea that germline might have evolved from stem cells in the metazoan ancestor
(Extavour 2008). To reconcile these similarities with the strongly opposing hypothesis
of Weismann’s barrier (Weismann et al., 1889), which holds the immortal germline to
be separated from the soma, Solana (2013) proposed that the primordial stem cells
(PriSCs) should be included in the germline circle. He loosely defines the PriSCs as
multipotent cell types which express the GMP genes, contain germ plasm, and have a
mixed germ and soma potential. According to Solana, such PriSCs exist in extant
animals in different modes, based on their cell potency, corresponding to different cell
types. The potency of PriSCs forms a broad gradient starting from unlimited potency
(adult somatic stem cells able to generate germ cells: I-cells, archeocytes, neoblasts),
through restricted potency (multipotent precursors that eventually give rise to PGCs by
induction), to rudimentary potency (early blastomeres that carry maternal determinants
to give rise to PGCs by inheritance but still exhibit very limited somatic potential)

(Solana, 2013).

1.5 Xenacoelomorpha — a case for ancient bilaterian pluripotency in germline

generation?

An ideal system to study the presence of such primordial stem cells are
xenacoelomorphs for their irreplaceable role in uncovering the evolution of characters

in Bilateria (Hejnol & Pang, 2016; Jondelius et al., 2019). Xenacoelomorpha comprises
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three different groups: Acoela, Nemertodermatida, and Xenoturbella. They all have a
blind gut, and lack true coelom and excretory systems (Haszprunar, 2015). Due to the
worm-like morphology with often dorso-ventrally flattened body shapes,
xenacoelomorphs used to be grouped together with platyhelminth flatworms forming
“Turbellaria” (Karling, n.d.), a taxon no longer supported by modern sequence-based
phylogenies (Baguiia & Riutort, 2004; Jondelius et al., 2002; Philippe et al., 2007;
Ruiz-Trillo et al., 2002). The sister group relationships within the clade have been
retrieved by phylogenomic analyses (Hejnol et al., 2009) but overall, their phylogenetic
position within Metazoa has been largely disputed (Cannon et al., 2016; Kapli &
Telford, 2020; Philippe et al., 2011). Some studies suggest Xenacoelomorpha as a sister
group to all bilaterians with excretory system (Nephrozoa) (Cannon et al., 2016; Hejnol
et al., 2009; Ruiz-Trillo et al., 2002), making xenacoelomorphs the closest proxy to
early bilaterian evolution. Alternatively, this attraction to the base of the bilaterian tree
is an artifact (Kapli & Telford, 2020; Philippe et al., 2019) and xenacoelomorphs
represent a sister group to echinoderms and hemichordates, forming the clade
Xenambulacraria (Philippe et al.,, 2011). Under this hypothesis, their bodies were
secondarily reduced after the split within deuterostomes. Regardless of their exact
phylogenetic position, studying these animals, their germline formation and potential
stem cells closely related to the regenerative capacity may elucidate the relationship

between germline and stem cells.

Early studies of the sister group Acoela revealed the presence of mitotic cells in adult
specimens (Drobysheva, 1986), which, together with observed spontaneous
regeneration (Costello & Costello, 1939), suggested that acoels might possess the adult
pluripotent stem cell system similar to the one known from planarians. Indeed, studies
on several acoel species have uncovered a spectrum of regenerative capacities in this
group, ranging from posterior regeneration (De Mulder, Kuales, et al., 2009; Perea-
Atienza et al., 2013), or head and tail regeneration (Bailly et al., 2014; Sprecher et al.,
2015) to whole-body regeneration (Srivastava et al., 2014), and regeneration processes

connected with the asexual reproduction (Gschwentner et al., 2001; Sikes, 2009; Sikes
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& Bely, 2010). The neoblast-like stem cell system, located in the mesenchyme,
surrounds the gonads in bilateral bands (De Mulder, Kuales, et al., 2009) or can be
homogenously scattered throughout the body (Gschwentner et al., 2001; Srivastava et
al., 2014). Cell proliferation assays and evidence of piwi expression in two acoel
species identified the pluripotent neoblast-like stem cells which serve as a cellular

source for the PGCs (De Mulder, Kuales, et al., 2009; Gschwentner et al., 2001).

Acoel neoblast-like stem cells are, together with the gonadal tissue, derived from
endomesodermal precursors in embryogenesis (Chiodin et al., 2013). Recent
blastomere labeling in acoel Hoftenia miamia traced the embryonic origin of neoblasts
to a single micromere pair 3a/3b of the 16-cell stage (Kimura et al., 2022); a
gastrulation stage in Hofstenia (Kimura et al., 2021). Generally, a gastrulation event in
acoels is marked by the single internalization of the endomesodermal precursors — a
macromere pair 3A/3B — (Henry et al., 2000) and typically starts earlier (at the 14-cell
stage) in other acoel species investigated so far (Hejnol, 2015). However, in Hofstenia,
there is a second internalization event at dimple stage (unique to this species), during
which the 3a/3b progeny delaminate (Kimura et al., 2022). Furthermore, neither the
3A/3B blastomeres, nor their parent blastomeres produce any progeny with
mesodermal fate. (Kimura et al., 2022). The lack of endomesodermal precursor in
Hofstenia worm might be explained by modifications of acoel duet cleavage pattern
seen as early as the 4-cell stage. Its first micromere duet divides before the macromeres
in an unequal division (Kimura et al., 2021) as opposed to the convolutids (Henry et
al., 2000) where the first cells to divide are vegetally placed macromeres. There is also
a temporal shift, with the third blastomere duets (3a/3b and 3A/3B) produced by a
totipotent parent macromere pair 2A/2B at the transition to 12-cell stage in convolutids
(Henry et al., 2000) and isometridae (Cetrangolo, 2020), while in Hofstenia they are
not produced until the 16-cell stage (Kimura et al., 2021) by the parent macromeres
that already show restricted fates with no mesodermal derivatives (Kimura et al., 2022).
Thus, it is unlikely that the fate of 3a/3b blastomeres, producing neoblast-like cells in
Hofstenia, is conserved in other acoel species. As is the case in the nervous system or
the reproductive organs, acoels display a huge variety of character states rather than

their conservation (Achatz et al., 2013). Indeed, this micromere pair in Neochildia
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fusca (Henry et al., 2000) and Isodiametra pulchra (Cetrangolo, 2020), both species
showing more derived characters (Jondelius et al., 2011), produce ectodermal progeny.
It is possible that the different fate distribution in early blastomere precursors of acoel
embryos represents a developmental constraint imposed on different species. This
would restrict the potency of adult pluripotent stem cells and in turn, affect a range of

regenerative abilities found in adults.

The data describing regenerative abilities of Xenoturbella species are scarce. In fact,
there is only a single report. Nakano (2015) claims to have witnessed “some degree of
tissue regeneration” in pieces of animals fissioned by the collection-induced wounds
of different planes. He also documents a regenerated piece that survived the
wound-induced fission and emphasizes the role of the statocyst for its viability; as the

other non-statocyst piece degenerated after a couple of days (Nakano, 2015).

Thus, whether the neoblast-like cells represent a symplesiomorphy of
Xenacoelomorpha remains to be answered by investigating the presence of such
potential cells in yet many more representatives of the group. Particular attention
should be turned to the most neglected group of Xenacoelomorpha: meiofaunal
nemertodermatids, members of which have been briefly inspected for the presence of

putative aPSCs previously (Smith III et al., 2009).

Meara stichopi (Westblad, 1949) is a member of Nemertodermatida, the least studied
group of Xenacoelomorpha comprising only about 20 species (Meyer-Wachsmuth &
Jondelius, 2016). Despite not being numerous, this mostly meiofaunal group holds the
promise of expansion thanks to cryptic species capacity (Meyer-Wachsmuth et al.,
2014). Thus, its environmental importance and biodiversity are yet to be discovered
and fully explored and appreciated in years to come by the improved taxonomic
sampling. M. stichopi lives as an endosymbiont in the foregut of holothurian sea
cucumbers Parastichopus tremulus in the North Sea (Bush & Baldrige, 1981;
Westblad, 1949). Interestingly, there are reports of the same genus, Meara sp.,
collected in the Bahamas (Lundin, 1998; Smith III et al., 1994, p. 97; Sterrer, 1998),
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from the foregut of a different holothurian host Holothuria (Vaneyothuria) lentiginosa
enodis with a brief ultramorphological description of epidermis and no further
description of their ecology (Lundin, 1998). This species, however, was not revisited
by researchers since the mentioned morphological datasets were compiled, and was not
included in the most recent phylogenetic hypothesis of Nemertodermatida (Meyer-
Wachsmuth & Jondelius, 2016). Thus, its relatedness to Meara stichopi remains to be

tested by molecular approaches.

Based on the specimen collection data in the North Sea, M. stichopi has been proposed
to have an annual life cycle (Borve & Hejnol, 2014). Its development from egg to
hatchling was observed under laboratory conditions during winter months (Berve &
Hejnol, 2014) and can take up to ten weeks (Figure 1.2 A). In their natural environment,
probably the muddy sea sediment, the hatchlings or juveniles likely get ingested by the
sea cucumber in the spring to further grow until they reach sexual maturity and
reproduce in the digestive tract of their host. The spawned oocytes likely leave the
host’s digestive tract. Embryonic development proceeds through the holoblastic
stereotypic cleavage (Berve & Hejnol, 2014), which from 4-cell stage onwards differs
from the acoel duet cleavage pattern (Boyer, 1971; Henry et al., 2000) and from the
cleavage pattern of Nemertoderma — the only other nemertodermatid species with
described development so far (Jondelius et al.,, 2004). The oval-shaped embryo
undergoes cleavage and gastrulation (24- to 64-cell stage) within a transparent eggshell
(Figure 1.2 A). After about 5 weeks (Borve & Hejnol, 2014), the compacted and
ciliated embryo starts to rotate within the eggshell, a stage that is found in other
xenacoelomorphs whose development has been studied so far (Bush, 1975; Cetrangolo,
2020; Jondelius et al., 2004; Kimura et al., 2021; Nakano et al., 2013; Shannon &
Achatz, 2007). At this point, the formed musculature and basiepidermal nerve fibers
can be detected by immunostainings (Berve & Hejnol, 2014). Developed hatchlings
(Figure 1.2 B) escape from the eggshell at around week nine or ten with formed muscles
of all groups covered by an established nervous system composed of a subepidermal
nerve net, anterior commissures, and two dorsal bilateral bands axon tracks
condensations that cross posteriorly. The nervous system already shows some

subfunctionalization based on FMRFamide and serotonin reactivity in the neurite
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bundles and ventrally located subepidermal cells of unknown function. The gonads, the
mouth opening, and the gut are lacking (Berve & Hejnol, 2014). The hatchlings are
immediately able to glide and move around thanks to the muscles and the ciliated
epidermis with serotonin-positive sensory cells (Berve & Hejnol, 2014), while using
the anteriorly located double statocyst as a gravitational sensory organ (Berve &
Hejnol, 2014; Westblad, 1949). The sexually immature juveniles (Figure 1.2 C) are
thought to enter the host together with the ingested food, to grow and reproduce within
its foregut (Berve & Hejnol, 2014). It is not currently known when the animals reach

sexual maturity, what determines it, or whether it is host dependent.

The adults of M. stichopi display a fully ciliated drop-like body (Figure 1.2 D,E) with
an apparently pseudostratified epidermis: the outer cuboid interdigitating multiciliated
cells (Lundin & Hendelberg, 1995), and the underlying cylindrical cells (Berve &
Hejnol, 2014). Epidermal cells are withdrawn from the epidermal layer as
“degenerating bodies” (Lundin & Hendelberg, 1996) and can be found well below the
muscle sheet (Westblad, 1949), probably thanks to the thin layer of extracellular matrix
and the lack of basal lamina (Lundin & Hendelberg, 1995). They are intercalated with
rhabdoid cells (Lundin & Hendelberg, 1995) producing polyphenol substances (Smith
III et al., 1994), and sensory cells (Lundin & Sterrer, 2001) formed between the thick
cylindrical epithelial cells and the underlying neurons in development and showing a
positive serotonin immunostaining (Berve & Hejnol, 2014). In between the cilia, the
extraepidermal symbiotic bacteria can be found (Lundin, 1998). The only body opening
is a ventrally located mouth leading into the blind epithelial gut with a lumen that is
surrounded by the gonads (Westblad, 1949). The musculature consists of three layers:
circular, longitudinal, and diagonal forming U-shape fibers around the mouth opening
(Meyer-Wachsmuth et al., 2013). The nervous system is entirely basiepidermal and
forms dorsolateral neurite bundles along the body with anterior commissures (Raikova
et al., 2000) and the submuscular nerve fibers around the anteriorly positioned double

statocyst (Berve & Hejnol, 2014).
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Figure 1.2 Development and anatomy of nemertoderamtid Meara stichopi. A. Timeline of
M. stichopi’s development. Brightfield images of zygote (1), 2-cell stage (2), 4-cell stage (3)
and 12-cell stage (4) embryonic stages and prehatchling stage (5) are shown. The staging of
stages in blue oval is according to the lab cultures. The staging of stages in green oval is
according to the sampling data. B. Lab-cultured hatchling stage with pronounced double
statocyst (dbst) and undifferentiated central parenchyma (p). C. Wild-caught juvenile stage
with medially positioned gonad anlage (ga). D. Adult stage showing well-developed
morphology. E. Schematic of the adult worm showing all major morphological characters.
Anterior is facing left in B-D and up in E. Image of adult M. stichopi is reproduced from Bgrve
& Hejnol, 2014. dbst — double statocyst; dpf — days post fertilization; ga — gonad anlage; int
— intestine; mo — mouth; mg— male gonopore; ns — nervous system; ov — ovaries; p —

parenchyma; te — testes; wpf — weeks post fertilization. Scale bars 100 um
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The adult animals are hermaphroditic with follicular gonads, having multiple anteriorly
(pre-orally) located testes and multiple posteriorly (post-orally) located ovaries
(Westblad, 1949). The mature gonads are located in the parenchyma between the body
wall and the intestine (Figure 1.2 E). The gametes in the female part mature
lateromedially, from young oocytes found dorsally close to the body wall and mature
oocytes found more ventrally, proximal to the medially located intestine (Westblad,
1949). The mature eggs are deposited via mouth (Sterrer, 1998; and own observations).
Male germ cells develop into uniflagellate and filiform spermatozoons (Lundin &
Hendelberg, 1998) with a small acrosomal vesicle on top (Buckland-Nicks et al., 2019).
The sperm which can be found in the epithelia, parenchyma, and the posterior (ovaries-
containing) part of the animal (Sterrer, 1998; Westblad, 1949) was considered to be
allosperm (Lundin & Hendelberg, 1998). Fertilization has not been directly observed
but is thought to occur externally based on the presence of the sperm around the
spawned oocytes (Berve & Hejnol, 2014) in contrast to the proposed internal
fertilization in Nemertoderma species (Jondelius et al., 2004). The mature sperm in M.
stichopi are stored in the sperm vesicle of the male apparatus connected to the male
gonopore opening located dorso-posteriorly (Westblad, 1949). The sperm bundles are
released from the gonopore and the mouth (Berve & Hejnol, 2014; and own

observations).
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CHAPTER 2: Aims of the study

The overall aims of this thesis were focused on exploring the developmental and
evolutionary relationship between germline and stem cells. As introduced in the above
sections, these two cell lineages share many similarities on a molecular level. In the
past, these similarities have led to the hypothesis proposing their common evolutionary
descent from primordial stem cells (PriSCs) (Solana, 2013). Such primordial stem cells
contribute to gamete precursors in sexually reproducing animals where their activity
and morphogenetic potential are temporally restricted by the germline specification
timepoint. On the other hand, the PriSCs in asexually reproducing animals or animals
with extensive regenerative capacities can generate germ cells and somatic cells, and
in some species are maintained until adulthood and can self-renew. Testing this
hypothesis, in my thesis I investigated the potential presence of such cell population in
the hermaphrodite marine worm Meara stichopi (Nemertodermatida). This species was

selected for several reasons:

a. Because of their phylogenetic position, the question of how this species
specifies the germline becomes very informative for our understanding of the
evolution of germline in Metazoa.

b. Nemertodermatida belongs to the group Xenacoelomorpha (Cannon etal., 2016;
Philippe et al., 2011), which shows a highly disputed phylogenetic position in
the metazoan tree of life. Studying nemertodermatids, whose features are
considered less derived than those of acoels or Xenoturbella (Achatz et al., 2013;
Sterrer, 1998) should improve our interpretations of data coming from this
enigmatic group.

c. The adult stem cell population has been documented in their sister group Acoela
(De Mulder, Kuales, et al., 2009; Gschwentner et al., 2001; Ramachandra et al.,
2002; Srivastava et al., 2014), thus M. stichopi represents a perfect candidate to

explore the evolution of this trait in Acoelomorpha.

The goals of the thesis can be divided into the following subsections.
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2.1 Evolutionary and developmental origins of germline with a focus on
Nemertodermatida
It has been proposed that the inductive mode — where cell differentiation relies on
signaling — and not the inheritance mode — where cells inherit the fate
determinants — is the ancestral mode of the germline specification (Extavour & Akam,
2003). Therefore, studying germline specification in nemertodermatids brings valuable
data into these discussions whether we consider nemertodermatids as a part of
Xenacoelomorpha - a sister group of all other bilaterians with excretory system
(Cannon et al., 2016), or as a part of Xenambulacraria (Philippe et al., 2011) and thus
reduced deuterostomes. In this aim, I set to identify the specification timepoint of the
germline in Meara stichopi. To achieve this, taking into account the symbiotic lifestyle
and hypothesized annual life cycle (Berve & Hejnol, 2014), several developmental
stages of M. stichopi were collected throughout 4 years of sampling seasons with the
help of the Hejnol lab members. Investigation of the gene expression of a conserved
set of genes previously identified as germline markers — vasa, piwi, nanos — were
carried out to approximate the occurrence of germ-soma separation during this animal’s
development. Likewise, because of its phylogenetic relationship with all other
bilaterians, the relationship between germline and mesoderm is especially of interest.
To this account, the collected single cell and bulk transcriptomic data allows the
inference of single cell RNA sequencing (scRNASeq)-informed developmental
trajectories, improving our understanding of nemertodermatid cell types and their
molecular signature throughout development. With this design, the presented thesis
brings long-awaited pieces of information from nemertodermatid species into the field

of Xenacoelomorpha and germline research.

2.2 Connection of primordial germ cells and stem cells
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I intended to determine the presence of a potential stem cell population in M. stichopi.
The dynamics of cell proliferation were inferred by means of direct visualization in
homeostasis, throughout the three coarse stages of the lifecycle: hatchling, juvenile,
and adult. This overview offers a basis for the estimation of the size of potential stem
cell pool size throughout development. As a factor predetermining regenerative
abilities, this too varies greatly amongst different acoel species: from the embryonic
“stem neoblasts” (Ramachandra et al., 2002) or stem cells facilitating asexual
reproduction (Gschwentner et al., 2001) in Convolutidae, to neoblast-like stem cells
maintaining the somatic cell types and enabling posterior regeneration in Isodiametra
(De Mulder, Kuales, et al., 2009; Perea-Atienza et al., 2013) or whole body
regeneration in Hofstenia (Srivastava et al., 2014). To determine the cell potency of
putative neoblast-like cells in M. stichopi, 1 evaluated their expression levels of the
germline multipotency genes (Juliano et al., 2010) in the collected transcriptomic data
and in situ - comparing the homeostatic state with the injury-induced state. The wound
healing process in injured animals is compared to the aforementioned regenerative
capabilities in the acoels in its time progression and molecular similarities, mainly
focusing on the previously described regeneration gene regulatory network (Gehrke et
al., 2019). Further examining the molecular aspects of both processes — germline and
stem cell differentiation and maintenance — I analyzed the transcriptomes of available
Xenoturbella and nemertodermatid species, comparing the broad magnitude of
expressed classes of RNA-binding proteins. The findings are discussed in the

phylogenetic context of life history-subjected changes.
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CHAPTER 3: Materials and Methods

All the material and methods used for the here presented work are are described in
respective Materials and Methods sections of respective manuscripts, but the following

section will provide more detailed protocols for some of the used techniques.

3.1 Animal collection and maintenance
The sea cucumbers (Parastichopus tremulus Gunnerus, 1767) were collected using the
Schander-sledge at locations described in Berve and Hejnol (2014). Nemertodermatid
worms of species Meara stichopi were removed from the dissected sea cucumber
foregut. The data presented in this study comes from specimens collected in the years
2018-2022. After the dissection, the worms were transferred to glass culture bowls with
filtered deep-sea water sampled at the collection spot and kept at 8 °C. The water was
changed regularly, twice a week. During the spawning season (late August to mid-
October), the gravid adults of sizes 1-2 mm were left to spawn naturally. The fertilized
eggs were collected, transferred to small Petri dishes, and kept in the deep-sea water
supplemented with the antibiotic mix (100 mg pentamycin G, 25 mg streptomycin, 25
mg gentamycin; dissolved in 10 ml of natural seawater and used 1:100). The embryos
were kept until they hatched out the eggshell (ca. 2 months). These lab-cultured
hatchlings of sizes up to ~ 400 pm were directly fixed or kept for the cell proliferation
experiments. Consistently with the presumed life cycle of M. stichopi (Berve & Hejnol,
2014), juveniles (a stage devoid of gonads) of sizes 500-800 pm were collected in April
or May and adults in late August to October.

The adult brachipods of species Terebratalia transversa (Sowerby 1846) were
collected near San Juan island, Washington, USA during the spawning season
(January). The spawned eggs were reared as described previously (Freeman, 1993)

until the late larva stage. Several developmental stages were fixed for ISH.

3.2 Animal fixation
Adults and various developmental stages of M. stichopi and T. trasversa were fixed at
room temperature with 4% paraformaldehyde (PFA) solution in seawater for 1 h.

Subsequently, the samples for ISH were washed in PTw (1x PBS with 0.1 % Tween-
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20) and samples for immunostaining were washed in 1xPTX (1xPBS with 0.1 %
Triton X-100). After a quick was in Milli-Q® H>O (ISH) or 1xPBS (immunostaining),
the samples were transferred into 100% MeOH or 1xPBS, and stored at -20 °C or 4 °C,

respectively.

3.3 Transcriptome assembly and annotation for M. stichopi
To obtain a reference transcriptome, total RNA was extracted from hatchlings,
juveniles, and gravid adults. Each sample tube contained 80, 30 or 8 animals of a
respective stage. Samples were always processed in duplicate. RNA extractions from
hatchlings and juveniles were done with the Nucleospin® RNA XS kit (Macherey
Nagel), while the extraction from adults with Direct-zol RNA Miniprep
(Zymoresearch). RNA quality and concentration were checked using the Agilent
BioAnalyzer and the samples were stored at -80 "C. Total RNA from hatchlings and
juveniles was used to prepare stranded libraries (TruSeq RNA library kit, [1lumina) that
were sequenced on the Illumina platform in the NorSeq Sequencing core (Oslo,
Norway), yielding 111 M paired-end reads for hatchlings and 140 M paired-end reads
for juveniles. Stranded libraries generated from adult worms total RNA were
sequenced on the I[llumina platform in the Genomics Core Facility (EMBL Heidelberg,
Germany), yielding 139 M paired-end reads. The reads were quality trimmed using
trimmomatic (Bolger et al., 2014) bundled within the Trinity package (Grabherr et al.,
2011), and normalized using the insilico read normalization.pl script from Trinity
package using the --KMER _SIZE 21 and --max_cov 150 options. 52 486 803 reads
(15.65 %) selected in the normalization process were assembled into the reference
transcriptome  using the  Trinity v 2.12  with  the following
parameters: --include_supertranscripts --SS_lib_type RF. As a quality check, the
normalized reads were mapped back to the assembly with bowtie2 (Langmead &
Salzberg, 2012). The mapback rate of the assembly was 78%. The redundancy was
removed with cd-hit v 4.8.1 (W. Li & Godzik, 2006), using default settings. The
resulting transcriptome had 236 923 transcripts and BUSCO v5.2.2 (Manni et al., 2021)
completeness of 92.3%. The assembled transcriptome was used as an input to find

coding regions with Transdecoder (Haas,
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BIJ. https://github.com/TransDecoder/TransDecoder), homology predictions with

blastx, blastp (v 2.7.1) using the Uniprot database (release 2020), and Pfam (release
P21) were used to improve the final proteome prediction. The best hits from homology

predictions were used for annotation.

3.4 Single cell dissociation of M. stichopi
Hatchlings

The cells at this stage are more fragile, therefore in order to preserve their cells, a
layered dissociation approach was chosen. The samples were processed in triplicate.
Around 200 animals were pre-incubated in Calcium Magnesium free artificial sea
water (CMFSW: 31 g NaCl, 0.8 g KCI, 0.29 g NaHCOs3, 1.6 g Na2SOs, 1 1 distilled
water) for 20 min. In the meantime, the Protease XIV (Sigma-Aldrich) dissolved in
Low Ca* no Mg”" artificial sea water (ASW) (26.88 g NaCl, 0.74 g KCI, 0.16 CaCl,,
2.38 ml HEPES, 1 1 distilled water, pH7.6) at the final concentration of 10 mg/ml was
heat activated for 20 min at 39 °C. After the pre-incubation, the enzyme was added to
the animals at the final concentration 4 mg/ml. The samples were triturated gently for
1 min, left on a shaker (room temperature, 550 rpm) for 10 min, and then centrifuged
briefly (600 g). The supernatant (already containing the cells) was removed, diluted
with Low Ca®" no Mg?" ASW, and kept on ice until the next centrifugation step (from
now on: supernatant tube). The pellet was resuspended in the dissociation solution with
a final enzyme concentration of 8 mg/ml. The samples were triturated gently for 2 min
and then left on a shaker (room temperature, 550 rpm) for 15 min and triturated a few
more times. Dissociation was stopped by adding CMFSW up to 1 ml of total tube
volume and the samples were centrifuged together with the supernatant (4.5 min, 700
g, 4 °C). The pellet from the “supernatant” tube was resuspended in a small volume of
Low Ca*" no Mg?* ASW and added to the resuspended pellet of the corresponding
samples. The samples were filtered through 40um cell strainer (Falcon), washed with
1 ml of Low Ca®" no Mg** ASW and centrifuged (4.5 min, 700 g, 4 °C). The pellet was
resuspended in 80 pl No Ca* no Mg?" ASW and 20 ul of 1x PBS. Cell viability was
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assessed by FDA/PI staining (PI — 1 mg/ml concentration 1:500 dilution, FDA — 11 uM
concentration 1:100 dilution, both Sigma-Aldrich) to be between 70-80 % for all the
replicates. Cell concentration was meassured with a hemocytometer. The three

replicates had cell concentrations of: 880 cells/ul; 3250 cells/ul; 3150 cells/pl.
Juveniles

Animals were pre-incubated in CMFSW for 15 min. In the meantime, Protease XIV
dissolved in Low Ca*" no Mg?" ASW at the final concentration of 10 mg/ml was heat
activated for 20 min at 39 °C. After the pre-incubation, the enzyme was added to the
animals in the final concentration of 8 mg/ml. The samples were triturated gently for 1
min, left on a shaker (room temperature, 550 rpm) for 20 min, and then centrifuged
briefly (800 g). The supernatant (already containing the cells) was taken out, diluted
with Low Ca®" no Mg** ASW, and kept on ice until the next centrifugation step. The
pellet was resuspended in the dissociation solution with the final enzyme concentration
of 10 mg/ml. The samples were triturated gently for 2 min and then left on a shaker
(room temperature, 550 rpm) for 10 min and triturated a few more times. Dissociation
was stopped by adding CMFSW up to 1 ml of total tube volume and the samples were
centrifuged together with the supernatant (4.5 min, 800 g, 4 °C). The pellet in a
“supernatant” tube was resuspended in a small volume of Low Ca*" no Mg** ASW and
added to the resuspended pellet of the corresponding samples (200 ul of Low Ca*" no
Mg?* ASW). The samples were filtered through the 40 um cell strainer, washed with 1
ml of Low Ca*" no Mg*" ASW, and centrifuged (4.5 min, 800 g, 4 °C). The pellet was
resuspended in 80 ul CMFSW and 20 pul of 1x PBS. The cell suspension was washed
again, resuspended in the same volume, and filtered through the 40 um cell strainer
(Falcon). The cell viability was assessed by FDA/PI staining (PI — 1 mg/ml
concentration 1:500 dilution, FDA — 11 uM concentration 1:100 dilution) to be between
70-80 % for all the replicates. The cell concentration in the suspension was: 20000

cells/ul; 1300 cells/ul; 1550 cells/pl.

Adults
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Three tubes with 6-10 gravid animals each were incubated in CMFSW for up to 20
min. In the meantime, the Protease XIV dissolved in Low Ca®* no Mg®" at the final
concentration 10 mg/ml was heat activated for 20 min at 39 °C. After the pre-incubation
step, the animals were transferred to a low-binding tube with 100 ul of protease XIV
dissociation solution and incubated in the thermomixer at 24 °C, 550 rpm. After 30
min, the tube was flicked to see the progress of dissociation and after 1 h, the solution
was gently triturated every 10 min. Dissociation was stopped after 1.5 h by adding 300
ul of Low Ca®" no Mg?" ASW. The tube was centrifuged (4 min, 800g), the pellet was
resuspended in 300 pl of Low Ca*' no Mg?* ASW, washed and centrifuged again (4
min, 800g), and resuspended in 80 pl of CMFSW and 20 pl of 1x PBS. Resuspended
cells were filtered once through the 40 um cell strainer (Falcon) and twice through the
20 pum cell strainer. The cell viability was assessed by FDA/PI staining (PI — 1 mg/ml
concentration 1:500 dilution, FDA — 11 uM concentration 1:100 dilution) to be between
70-80 % for all the replicates. The cell concentration in the suspension was: 8800

cells/ul; 12500 cells/ul; 17000 cells/pl.

3.5 Single-cell RNA sequencing of M. stichopi
Chip loading and library preparation

Hatchlings & Juveniles: Fresh cell suspension volumes containing ca. 40 000 cells
were loaded into the 10x Chromium 3’ gene expression (double index) chips v3.1 (10x
Genomics, USA). The CMFSW was used as a cell dilution buffer in all cases to reach

the cell suspension volume as advised by 10x Genomics guide.

Adults: The fresh stock cell suspension volumes containing ca. 40 000 cells were
loaded into the 10x Chromium 3’ gene expression (single index) chips v2 and v3.1
(10x Genomics). The CMFSW was used as a cell dilution buffer in all cases to reach
the cell suspension volume advised by 10x. To account for different loading volumes
in v2 (90 pl) and v3.1 (70 ul), and hence different salt concentrations, a portion of

nuclease-free water was replaced by 1xPBS for the v3.1 chip.
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After the Chromium Controller runs, we followed the manufacturer’s instructions to
obtain the cDNA, quantified on Qubit (Invitrogen) and Bioanalyzer (Agilent), and
prepared libraries. The resulting libraries were tested for size distribution and
quantified on Bioanalyzer (Agilent) and then stored at -20 °C. The adult libraries were
sequenced on Illumina platform in the Genomics Core Facility (EMBL Heidelberg,
Germany), the hatchlings and juvenile libraries were sequenced on Illumina platform

in the NorSeq Sequencing core (Oslo, Norway).
Data analysis and clustering

The reads obtained from single-cell RNA sequencing were mapped to the reference
transcriptome of M. stichopi using the Cell Ranger (v 6.0.2, 10x Genomics). A custom
script kindly provided by Dr. Daniel Leite from Telford lab was used to make a gtf file
for the reference transcriptome. Reads from one of the hatchling replicates were
excluded from the following analysis due to contamination. Output of the cellranger
count — the gene expression matrices — were analyzed in Seurat v4 (Hao et al., 2021).
The raw gene expression matrices were used to create Seurat objects while keeping the
genes expressed in at least 10 cells and keeping the cells expressing at least 150 features
(parameters min. cells = 10, min. features = 150). For each dataset, only the genes with
at least 3 counts were kept. The matrices of replicate libraries were merged into a single
Seurat object per stage. Each dataset was further quality filtered using the following
criteria. The hatchling dataset, to have the UMI counts of at least 300, a number of
features between 150 and 2500, a loglOgenesPerUMI metric greater than 0.8, a
percentage of mitochondrial genes less than 5 %, and a percentage of rRNA genes less
than 10 %. The juvenile dataset, to have the UMI counts of at least 500, a number of
features between 250 and 2500, a loglOgenesPerUMI metric greater than 0.8, a
percentage of mitochondrial genes less than 5 %, and a percentage of rRNA genes less
than 5 %. The adult dataset, to have the UMI counts of at least 580, a number of features
between 280 and 2500, a logl OgenesPerUMI metric greater than 0.8, a percentage of
mitochondrial genes less than 5 %, and a percentage of IRNA genes less than 5 %. This
yielded a total of 4359, 3568, and 35328 cells for hatchling, juvenile, and adult stage,

respectivelly (Suppl. Table 1). Each sample in datasets was log normalized, and
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variable features were selected. Replicate samples per stage were subsequently batch-
corrected via the Seurat CCA method (Stuart et al., 2019). All three resulting stages
were integrated using the standard rPCA workflow with 2738 anchors. The integrated
dataset contained 43255 cells and 67546 genes, the median UMI count was 938, and
the median genes expressed per cell was 413. The integrated dataset was scaled with
nCount, mitochondrial and rRNA percentages regressed out. The PCA was calculated
using 30 dimensions. The subsequent nonlinear dimensionality reduction was
performed using UMAP method “umap learn” with metric = correlation and
parameters dims = 1:30, min.dist = 0.001, spread = 0.8, n.neighbors = 5. Nearest
neighbors were found using 30 dimensions and default parameters. The Leiden
clustering with the igraph method was performed with a resolution 0.3 which yielded
16 clusters. The cluster markers were obtained with FindAllMarkers using the
Wilcoxon test, including genes expressed in at least 25 % of cells, and returning
markers that have a p-value less than 1e-5. To annotate the clusters, top 100 markers
were selected based on the average log2 fold change (avglog2FC) and used as a query
in the blastx search with UniProt human database. Human homologs were subsequently
used for the GO search. If the blastx hit was missing the homology predictions from
the transcriptome annotation were used. To calculate cluster correlation, Pearson
correlation was calculated from the average cluster expression obtained with
AverageExpression. For cluster-specific URD analysis, each cluster was subsetted as

a separate Seurat object, renormalized, scaled, and reintegrated.

3.6 Single cell trajectory inference
To evaluate a pseudotime ordering of detected cell clusters a semi-supervised inference
using Slingshot was performed (Street et al., 2018). The cluster 1 or cluster 5 was used
as a starting cluster. The resulting cluster-based minimum spanning tree (MST) of
global lineages in the dataset was used to infer three categories of cell clusters with
respect to differentiation: initial, intermediate, and terminal. To ensure the best stage
representation possible, the integrated dataset object was split by stage and
downsampled to include a maximum of 90 cells per cluster identity class. The

downsampled objects were merged again and subset based on the MST-inferred
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differentiation categories. Their gene expression matrices and metadata were used as
the input to create the URD object (Farrell et al., 2018) with min.cells and min.counts
parameters set to 3. To calculate diffusion maps, an auto-detected sigma was used. The
cells from cluster 1 were used as the root cells, cells belonging to the “terminal”
category were used as the tips of the tree. For the logistic to bias the transition
probabilities, parameters optimal.cells.forward =20, max.cells.back =40 were used.
The URD tree was built using all the tips, “preference” divergence method, 25
cells.per.pseudotime, 8 bins.per.pseudotime.window and p.thresh=0.001. To extract
markers and differentially expressed genes along the URD tree segments, the
aucprTestAlongTree was used with parameters log.effect.size =0.4, auc.factor=1.235,

max.auc.threshold=0.85, frac.must.express=0.1, frac.min.diff=0, must.beat.sibs=0.1.

3.7 Gene cloning and orthology assessment
Putative orthologs of genes of interest were found in the transcriptome of M. stichopi
and T. transversa (SRX1307070) using the tBLASTx search. Gene orthology of genes
of interest identified by tBLASTx was tested by reciprocal BLASTx against NCBI
Genbank database and followed by phylogenetic analyses. Protein sequences for the
phylogenetic analysis were obtained from the GenBank, UniProt, or OrthoDB
databases and aligned with MUSCLE (R. C. Edgar, 2004). Alignments were trimmed
with  TrimAl  (Capella-Gutiérrez et al., 2009) wusing the following
parameters: -gt 0.8 -st 0.001 -cons 60. Trimmed alignments were used to construct
maximum likelihood phylogenetic trees with IQ-TREE (Minh et al., 2020), using
ModelFinder (Kalyaanamoorthy et al., 2017) and Ultrafast Bootstrap (Hoang et al.,
2018) options. The genes of interest were amplified from cDNA of M. Stichopi, or
T. transversa using gene-specific primers (Sigma-Aldrich). PCR products were
purified and cloned into the pGEM-T Easy vector (Promega), the inserts were

sequenced and used as templates for the probe synthesis.

3.8 Probe synthesis and the in situ hybridizations
The labeled antisense riboprobes for colorimetric whole mount in situ hybridization
(WMISH) or fluorescence-based detection in the whole mount in sifu hybridization

(FISH) were prepared as follows. The genes of interest were amplified from the cDNA
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prepared from pooled M. stichopi or T. transversa stages using the gene specific
primers. Amplified sequences were ligated into the pPGEM® T Easy Vector (Promega),
which was transformed into the competent E. coli using the heat shock method. The
transformed bacteria were plated on the LB plates with Ampicilin (1 pl/ml) and freshly
added X-Gal (Sigma-Aldrich), allowing for the blue-white selection, and incubated at
37 °C overnight. The next day, the positive colonies were picked, screened by PCR,
and grown on another tracking LB plate. The positive clones, carrying the inserts of a
correct size, were inoculated into the liquid LB medium with Ampicilin (1 pl/ml),
grown overnight at 37 °C in a shaker (250 rpm), to be used for the miniprep isolation
with NucleoSpin® Plasmid kit (Macherey-Nagel) the next day. The isolated plasmids
were linearized in the PCR reaction, sequenced in the sequencing facility of the
University of Bergen (Norway), reamplified, and used as the templates for the antisense
riboprobes. For colorimetric WMISH, the probes, obtained by the in vitro transcription
reaction using MEGAscript™ kit (Invitrogen, Thermo Fisher) were labeled by the
Digoxigenin-11-UTP base analog (Roche), were diluted in the Hybe buffer
(50% Formamide; 5x SSC (pH4.5); 50 pg/ml Heparin; 0.1% Tween-20; 1% SDS; 100
pg/ml Salmon Sperm DNA; prepared in DEPC-treated H>O) and used at 1ng/pl. The
WMISH was conducted as described in (Hejnol & Martindale, 2008) with the
following modification: proteinase K treatment was performed for 15 min for
M. stichopi and 10 min for Terebratalia transversa. Hybridization steps were carried
out at 64 °C for approximately 72h. The Dig-11-UTP labeled riboprobes were detected
with the alkaline phosphatase (AP)-conjugated anti-Dig antibody diluted to 1:5000 in
the Boehringer-Mannheim Blocking buffer. The signal was visualized by the
AP-catalyzed colorimetric reaction from the NBT/BCIP substrate. The samples were
imaged using the Axiocam HRc camera mounted on Axioscope Ax10 (Zeiss,
Germany). Images were edited in Fiji and Adobe Photoshop CS6. Pairwise stitching

(Preibisch et al., 2009) was used for images that were too large.

For the FISH, the riboprobes were labeled post-transcription with DIG and DNP, using
the Label-IT kit (Mirus BIO), following manufacturer’s instructions. DIG-/DNP-
labeled riboprobes were used at 1ng/pl and detected with the anti-DIG or anti-DNP
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POD antibodies (Sigma Aldrich) used at 1:250. The signal was amplified using the
TSA Plus Cy3/CyS5 Kit (Perkin Elmer, USA) for 1 h. The samples were imaged using
the confocal laser scanning microscope (CLSM) Leica SP5 (Leica, Germany). Images

were edited in Fiji (Schindelin et al., 2012) and Adobe Photoshop CS6.

The probes for the hybridization chain reaction (HCR) were designed by Molecular
Instruments, Inc. (USA). The HCR staining protocol was based on (Ibarra-Garcia-
Padilla et al., 2021a; S Bruce et al., 2021) with the following modifications: the

pre-hybridization step and hybridization step were extended to overnight incubations.

To simultaneously visualize proliferating cells, DIG-labeled FISH probes, and HCR
probes in M. stichopi, following modifications were introduced. Samples were
pretreated as described in the standard WMISH protocol (above) with the proteinase K
treatment of 15 min. After the hybridization step for DIG-labeled probes (left out in the
control samples that were only stained with HCR probes), the HCR pre-amplification
at 37 °C was performed overnight. The samples were washed according to the standard
protocol, prehybed for 1h with warm HCR hybe buffer at 37 °C, and subsequently
hybridized at the same temperature overnight. The next day, after the last wash in
5xSSCT, the EAU was developed following manufacturer’s instructions, and samples
were blocked for 1h in Boehringer-Mannheim Blocking buffer and incubated with the
anti-DIG antibody (1:5000) at 4 °C overnight on a rocker. Next, samples were washed,
and the signal was amplified using the TSA Plus Cy3/Cy5 Kit (Perkin Elmer, USA).
Finally, DAPI (1:1000) was used to counterstain the nuclei.
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CHAPTER 4: Summary of the findings

The findings of my PhD research which are presented in detail in the enclosed

publication are summarized below.

1. Meara stichopi has neoblast-like cells located in the parenchyma of the animal,
in the proximity of the muscle fibres and nervous plexus, and are retained until
the adulthood. These cells express a known set of germline multipotency program
(GMP) genes (piwi, vasa, nanos); however, as their number decreases throughout
development, it is likely that their main function is to contribute to developing
structures, mainly the gonads.

2. The progression of gonad formation was traced by comparing piwil and nanos
expression in gonad-lacking juveniles and sexually mature adults. Gene
expression studies revealed the piwi- and nanos-expressing cells of gonad
primordia of juvenile animals. These genes were also expressed in other
structures of the juveniles, confirming their pleiotropic roles.

3. Testing the differentiation potential of the adult bona fide stem cell-like cells by
exposing the animals to injuries did not lead to a whole-body regeneration within
the timeframe of six days. The amputation experiments revealed that the
mechanisms of wound healing and blastema formation were considerably slower
than in the acoel species whose regenerative capacities have been studied thus
far. This process was accompanied by increased cell proliferation in the proximity
of the wound. Several genes are involved in the regeneration process of M.
stichopi based on their expression in the blastema-proximal region. Namely, the
GMP genes (piwil, vasa, nanos) and early growth response (egr) and runt
transcription factors.

4. Texplored the activity of a regeneration gene regulatory network (GRN) found to
control the wound-induced gene expression in the acoel Hofstenia miamia and
planarians. To this aim, I identified the orthologous genes in the transcriptome of
M. stichopi and documented their expression in homeostasic and regenerating
animals. Under homeostatic conditions, the expression of egr, runt, deaf-1,

neuregulin 2 (nrg2), follistatin, and nemo-like kinase (nlk) — the components of
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regeneration GRN — was observed to be biased to the posterior, ovaries-bearing
end, in sexually mature animals. On the other hand, their expression was always
absent in the smaller, sexually mature individuals with less ripe gonads bearing
early stages of germ cells, and in sexually immature juvenile stages of M. stichopi
that are devoid of gonads. Homeostatic regeneration GRN gene expression in the
ovaries-proximal region can be explained by the oviposition mechanism in Meara
which occurs through the mouth and likely involves the disruption of the intestine
as the eggs are being released from the follicles. This suggests that the genetic
components of the regeneration GRN are present in M.stichopi’s transcriptome,
and function in oviposition-induduced injury response. However, their ability to
orchestrate a full whole-body regeneration upon amputation was either lost,
temporally restricted to younger stages, or modified due to developmental

constraints adapted to M.stichopi’s life history.

4.1 Single-cell RNA Sequencing Results

I collected single-cell transcriptomes from three developmental stages: hatchlings,

juveniles, and adults. Each stage was sampled with a biological replicate: two libraries

from the hatchling stage, three from the juvenile stage, and four from the adult stage.

Figure 4.1 outlines the experiment design starting from sample collection throughout

the years to the data analysis.

Sample collection Single cell separation Analysis

Figure 4.1 Experiment design for single-cell RNA sequencing of M. stichopi. Hatchling

(yellow), juvenile (cyan), and adult stages (magenta) were collected in a designated

timeframe, dissociated into single cells and loaded onto 10x chip. The 10x-processed cells
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were used to prepare the sequencing libraries. Sequenced samples were analyzed as
described in the text. The collection timepoints for M. stichopi stages are according to its life
proposed life cycle (Bgrve & Hejnol, 2014). The image of 10x Controller is from the 10x

website.

The raw gene expression matrices were quality filtered and batch-corrected per stage
using Seurat CCA method (Stuart et al., 2019). The resulting three Seurat objects were
integrated together using the rPCA integration workflow (see Material and Methods).
The integrated dataset contained 43 255 cells consisting of 4 359 cells from the
hatchling stage, 3 568 cells from the juvenile stage, and 35 328 cells from the adult
stage (Suppl. Table 1). Clustering with a Leiden algorithm and a resolution of 0.3
yielded 16 cell clusters (Figure 4.2 B).
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Figure 4.2 The UMAPs of integrated hatchling, juvenile, and adult scRNA-Seq datasets. A.
UMAP colored by developmental stage showing a good integration of stages in each cluster.
B. UMAp colored by cluster identity. C. The same UMAP split by developmental stage

showing how cluster cell densities vary based on a developmental timepoint.

Generally, all clusters showed a good intermixing of all three developmental stages
(Figure 4.2 A) except for the clusters 10, 14, and 15 which contained less than 10 cells
from the hatchling or juvenile stages. Surprisingly, however, there were no stage-
specific clusters. With only varying factors throughout the developmental timepoint

being the cell densities (Figure 4.2 C).

10x Kit cells Median | Median No of
Sample Cells . Batch-

Version UMI genes Genes

corrected
Ad1l 7365 v2
Ad2 20021 v2 35328
Ad3 6971 v2
Ad4 971 v3.1
. 938 413 67546

H1 1964 v3.1 4359
H2 2395 v3.1
J1 501 v3.1
J2 223 v3.1 3568
J3 2844 v3.1

Supplementary Table 1: Single-cell RNA Sequencing experiment technical parameters

4.1.1 Cluster cell identities description

Cluster 1 contains a high proportion of cells expressing zing metalloproteinases,
protocadherins FAT2 and FAT4, and protein crumbs homolog 1 (CRUMI)
(Figure 4.3). The GO terms associated with this cluster include secretory granules, both
extracellular and intracellular secretory vesicles and endomembrane system. This

cluster might represent epithelial cell identity.
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Cluster 2 does not have any GO term associated with it. Its cells express high levels of
microtubule nucleation factor (SSNAI1), tubulin alpha chain (TBA), tubulin
polymerization promoting protein family member 3 (TPPP3), and patched
domain-containing protein 3 (PTHD3) which was found to be male germ cell-specific
in mouse (Fan et al.,, 2007). High levels of transcripts involved in tubulin
polymerization and maintenance, together with a prerequisite for active hedgehog
signaling (Figure 4.3) make this cluster a good candidate for some stage of male germ

cell identity.
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Figure 4.3 Dotplot showing marker expression for cluster 1 and cluster 2.

Clusters 3 is associated with GO terms secretory vesicle, exocytic and synaptic vesicle
membranes and vesicles. The cells in this cluster show enrichment in genes involved
in neuronal fate and neurosecretion (Figure 4.4 A) such as neuroendocrine protein 7B2
(7B2), secretagogin (SEGN), genes involved in voltage gated Calcium signaling such
as calmodulin (CALM) and polycystin (PKD?2). This together with high expression of
neural proliferation differentiation and control protein (NPDC1), synaptotagmin

(SY65), and Unc5 Netrin receptor (UNCS), which is required for the axon guidance in
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Drosophila (Keleman & Dickson, 2001) suggest that these cells share a neuronal
phenotype. A subset of cells in this cluster expresses high levels of pro-neural markers

ELAV1, Sox2 and neuroD (Figure 4.4 B).

Cluster 8 shares neuroendocrine and neuronal markers 7B2, SEGN, NPDCI, with
cluster 3. It also shows high expression of Gamma aminobutyric acid receptor subunits
rho 2 and 3 (GBRR2, GBRR3) and Netrin receptor UNC5B (Figure 4.4 A). Thus, these
cells likely represent another group of neurons. Interestingly, some of the top markers
such as axonemal dynein, tubulin polymerization promoting protein, and intraflagellar
transport protein suggest a subset of these cells might possess a sensory cilium, which
is also supported by the GO terms for this cluster. Such sensory cells with cilia
protruding into the epithelial layer have been observed in M. stichopi before (Borve &
Hejnol, 2014) .

Cluster 11 shares neuroendocrine markers 7B2 and SEGN with clusters 3 and 8 and is
also enriched in the expression of GABA receptor subunit alpha 5 (GBRAS) (Figure
44 A).
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Figure 4.4 Neuron and neuroendocrine-like cell expression profile. A. Dotplot showing

marker expression for neuron/ neuroendocrine-like clusters 3,8, and 11. B. Dotplot showing

expression of pro-neural marker genes in these clusters (highlighted in yellow).



55

Cluster 4 is associated with GO terms lytic vacuole, lysosome, secretory vesicle, and
pigment granules. Its cells show high expression of genes involved in lipid metabolism
(Figure 4.5 A), such as apolipophorin (APLP), fatty acid binding protein type 3
(FABP3), and NPC intracellular cholesterol transporter 2 (NPC2), and genes involved
in protein degradation such as calpain (CANS) and cathepsins (CATB, CATL, CATZ).
This expression profile is consistent with cells of digestive character. This cluster is
also marked by high expression of vitelogenins and a specific expression of
endodermal markers GATA456 and hepatocyte nuclear factor 4-alpha HNF4A (Figure
4.5 B).
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Figure 4.5 Digestive cells expression profile. A. Dotplot showing expression of top markers
for digestive cells. B. Feature plots showing enriched expression of endodermal markers

GATA456 and HNF4A in cluster 4 consisting of digestive cells.

Cluster 5 shows high expression of several histone variants, including late histone 2
variants and linker histone HI. More importantly, it also shows a high level of
proliferating cell nuclear antigen (PCNA) and mitotic apparatus protein p62 (MP62),
showing that these are actively proliferating cells. This cluster is also marked by a
specific expression of transcription factor Prospero 1 (PROX1) found to regulate stem
cell self-renewal and differentiation in Drosophila (Choksi et al., 2006), and Hes family
transcription factors HES1A and HES1B which negatively regulate stem cell
differentiation (Hu & Zou, 2022). The GO terms associated with this cluster include
replisome, telomerase holoenzyme complex, ribosomal subunits, and
ribonucleoprotein complex. Altogether, this cluster is a good candidate for putative

neoblast cell identity.
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Figure 4.6 Proliferating cells expression profile. A. Dotplot showing expression of top marker
genes for proliferating cells cluster. B. Feature plots showing expression of known neoblast

marker Rir2 and germline multipotency program genes Piwil, Vasa, and Nanos.



58

Cluster 6 shows specific enrichment in tubulin alpha and beta chains (TBA,TBB),
flagellar dynein heavy and light chain (DYH2, DYL1), Sperm axonemal maintenance
protein Cfap97d1 (CF97D) and Four and half Lim domains protein 2 (FHL2). There is
also a high expression of genes encoding Calcium binding proteins calmodulin and
calretinin, which have both been shown to play a role in sperm motility and capacitation
(Dressen etal., 2018; Leclerc et al., 2020). All the above suggests that a high proportion
of this cluster represents male germ cells at various stages of spermatogenesis, which
is corroborated by high expression of spermatogenesis-associated protein 17 (SPT17),
sperm associated antigen 8 (SPAGS8) and meiosis-specific nuclear structural protein
(MNS1) (Figure 4.7 A, B). Surprisingly this cluster also contains cells from hatchling
and juvenile — stages thought to be devoid of gonads. It is possible that these genes in
hatchling and juvenile stages function in the formation of primary cilia and not the
sperm axoneme as is presumably the case in the adult. Alternatively, there might be a
pool of PGCs primed for meiosis present already in the hatchling and juvenile without

the gonads being morphologically developed.
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Figure 4.7 Male germ cells cluster expression profile. A. Dotplot showing expression of top
markers for cluster 6 in each developmental stage. Hatchling expression in cyan, juvenile
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a yellow box. B. Feature plots showing expression of spermatogenesis ans sperm markers

SPT17 and SPAGS.
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Cluster 7 shows high expression of spondins (SSPO1 and SSPO2), fibrillin (FBN1),
and sortilin-related receptor (SORL), suggesting that this cluster corresponds to the
secretory cells (Figure 4.8). Other genes amongst top markers are coatomer subunits,
and proteins involved in orchestrating vesicular transport and motility such as MAGE-
like protein 2 (MAGL2), and kinectin (KTN1) highlighting the role of vesicular
transport for this cell identity. GO terms for this cluster: translocon complex, nuclear
outer membrane-endoplasmic reticulum membrane network; support the existing

secretory pathway.

Cluster10 is marked by high expression of spondins (SSPO3, SSPO4) and adhesive
plaque matrix protein 2 homolog (FP2) which suggests it represents another secretory
cell identity (Figure 4.8). It also shows high expression of genes involved in vesicular
trafficking, as is also supported by the associated GO terms. A subset of these cells
expresses S-hydroxytryptamine (serotonin) receptor 1 B (SHTIB) and islet cell
autoantigen (ICA69), which is involved in neurotransmitter secretion (Pilon et al.,

2000).
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Figure 4.8 Secretory cell expression profile. Dotplot showing expression of top markers for

clusters 7 and 10.
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Cluster 9 is enriched in tubulin alpha and beta chain, and ciliary dynein, together with
axonemal radial spoke head 1 homolog (RSPH1). This cluster does not show any other
specific signature. Based on the cilia presence, it might represent a stage of
spermatogenesis, alternatively, it might represent restitution cells — degenerating

ciliated epithelial cells which lie in the integument and parenchyma (Westblad, 1949).

Cluster 13 shows high expression of genes involved in muscle activity: tropomyosin
(TPM), myosin regulatory light chain (ML12B), myosin heavy chain from striated
muscle (MYS), actin (ACT), myophilin (MYPH), Four and a half LIM domain protein
1 (FHL1), and titin. This cluster thus likely corresponds to the muscles.
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Figure 4.9 Muscle cell expression profile. Dotplot showing expression of top markers for

clusters 13.

Cluster 12 is marked by a high expression of homologs of IgGFc-binding protein
(FCGBP), Chromodomain helicase DNA binding protein 5 (CHDS5), Zonadhesin
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(ZAN), and several lectin homologs (LADD, LECM2, FUCL6). These secretory

lectin-producing cells might have a function in the lumen of the gut.

Cluster 14 is marked by a high expression of DNA binding protein inhibitor (ID2)
homolog involved in cellular growth, senescence, differentiation, and apoptosis
(Ruzinova & Benezra, 2003), and apoptosis inducing factor 1 (AIFM1). The rest of
markers for this cluster includes genes involved in cytoskeleton organization and actin
dynamics. This cluster might represent differentiating cells or alternatively senescence

undergoing cells.

Cluster 15 shows high expression of enzymes involved in lipid metabolism, amino acid
metabolism, transmembrane transport and it is also enriched in GABA receptor subunit
alpha 5 (GBRAS) and serotonin recpetor (SHT2B). A subset of these GABA-ergic and
serotonergic cells also likely exhibit neurotransmitter-producing activity since they
express Multiple C2 and transmembrane domain-containing protein 1 homolog
(MCTP1) and Vesicle-associated membrane protein/ synaptobrevin-binding protein

homolog (VP33).

Cluster 16 is enriched in genes with proteolytic activity such as transmembrane
protease serine 3, carboxypeptidase E (CBPE), plasminogen (PLMN),
chymotrypsinogen A (CTRA), chymotrypsin-like protease and low choriolytic enzyme
(LCE). It is also enriched in the expression of vitelline membrane outer layer protein 1
homolog (VMOL1), acidic mammalian chitinase (CHIA) and pancreas transcription
factor 1a (PTF1A). Given the catabolic nature of expression profile of this cluster and
the expression of ptfia, it might represent a specialized subset of digestive cells.
Alternatively, due to the high expression of VMO, it might constitute the cells of the

ovaries.
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Figure 4.10 Miscellaneous clusters expression profile. Dotplot showing expression of top

markers for clusters 12, 14, 15, and 16.

To examine the similarity of cluster expression profiles, an average cluster expression

was calculated for each cluster and used for Pearson correlation (Figure 4.11). The

cluster 12 and 16 were the most distinct, not correlated with the expression of any other

cluster. Interestingly, the average expression of clusters 8, 9, 10, and 11 was highly

correlated.
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Figure 4.11 Heatmap of Pearson correlation of cluster average expression. Color intensity
represents the value of Pearson correlation between the expression of average cells from

clusters.

4.1.2 Putative neoblasts as a cellular source in differentiation

Gene expression of cluster 5 showed enrichment in homologs of neoblast markers
PCNA (Orii et al., 2005) and rir2 (Eisenhoffer et al., 2008). This prompted me to
explore the expression of GMP genes in these cells throughout three studied
developmental stages more closely. Genes piwil, vasa, nanos, argonaute a (ago a),
argonaute ¢ (ago c), tudor 1 (tdrdl) and pumilio 2 (pum?2) are all expressed in the
subset of cells from cluster 5 at relatively high levels (Figure 4.12), although their

expression is also detected in other clusters.
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Figure 4.12 Expression of germline multipotency program (GMP) genes in the integrated
dataset. Dotplot shows the expression of selected GMP genes in each cluster. Cluster 5
(highlighted in yellow) shows enrichment in in most of them, except for bruno 1b, which is

enriched in cluster 2.

Confirming their pleiotropic role in development, piwil, vasa, and nanos are expressed
in a subset of multiple hatchling cell identities (Figure 4.13). Their levels, however,
seem to decrease as development proceeds (Figure 4.13 and 4.14), perhaps reflecting
the increasing differentiation of cell types. The decrease in expression levels is
particularly noticeable for the levels of piwil. Unlike the expression of rir2, and vasa
which both persist in the cluster 5 and other clusters in juvenile and adult stages, piwil
levels seem to be gradually reduced (Figure 4.14). This is unexpected as it shows strong
expression detected by in situ hybridization in adults (Manuscript I in this thesis). The
opposite trend is seen in the expression of bruno 1b which is strongly expressed mostly

by adult cells from cluster 2 (Figure 4.13).
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Figure 4.13 Expression of germline multipotency program (GMP) genes in each

developmental stage. Dotplot shows the expression of selected GMP genes in each cluster.

Cluster 5 and cluster 2 which show highest level of coexpression are highlighted in yellow.
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Figure 4.14 Expression of neoblast marker rir2 and piwil and vasa in each developmental
stage. Feature plots show cells expressing the genes. Note the strong expression in cluster 5

at the hatchling stage.
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Next, I wanted to get an understanding of cell differentiation trajectories throughout
development. To order cells in pseudotime, I first generated a minimum spanning tree
(MST) with slingshot. The resulting tree showed a branched topology with cluster 1
positioned at the center of the tree (Figure 4.15). Taking this MST as a pseudotime
proxy, I split the clusters into three categories based on the level of supposed
differentiation: initial, intermediate, and terminal. The intermediate clusters were
connecting the terminal branches of the MST with the initital cluster, and terminal
clusters were always at the end of the MST lines. To select the initial cell cluster, I

opted for two different strategies: (i) MST-inferred cluster 1 and (ii) biology-informed

cluster 5.
w p—
Lo —
N |
£ T
(@) & -
o —
W .

Dim1

Figure 4.15 Minimum spanning tree of integrated dataset produced by slingshot. Cluster
nodes (dots) are connected by lines that reflect transitions. Note the central position of node

cluster 1.
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Both hypotheses yielded differentiation trajectories visualized as molecular trajectory
trees with terminal cell clusters as the tips of the tree. Cluster 1 as putative neoblasts
hypothesis produced a differentiation tree with branched topology (Figure 4.16 A). In
this tree, the muscle cluster 13, the male germ cell cluster 6, the neuronal-
/meuroendocrine-like clusters 3 and 11, and the secretory cell cluster 7 shared a
common progenitor cell population which was separated from the cells producing the
rest of the cluster tips 2, 8, 4, 12, and 15. This tree topology assumes separate
progenitors for the neuronal-/neuroendocrine-like clusters 3,8, and 11 and thus seems
unlikely. Cluster 5 as putative neoblasts hypothesis produced a differentiation tree
where each terminal tip cluster had its own progenitor, thus producing a topology with
a polytomy (Figure 4.16 B). According to this trajectory hypothesis, the putative
neoblast cluster 5 gives rise to lineage-primed progenitors which gradually differentiate
into all terminal cell identities. Recently, Hulett. et al. (2023) described neoblast
subtype dynamics during postembryonic development in acoel Hofstenia. The authors
identified several regulators of cellular differentiation stemming from neoblasts. The
muscle regulators foxF and six/, digestive/endodermal regulators foxA and ikzf-1, and
neural regulators vax and nk2-1 (Hulett et al., 2023). I recovered a subset of these genes
in branching points of the inferred trajectory trees in M. stichopi dataset (Figure 4.16
AB). In contrast to Hofstenia, the ikzf-l was clearly defining

neuronal-/neuroendocrine-like lineages.
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Figure 4.16 Molecular trajectory trees depicting potential neoblast hypotheses with
differentiation markers. Hypothesis in panel A takes the cluster 1 as the putative neoblast
cell population, while hypothesis in panel B takes cluster 5 as the putative neoblast cell
population. Differentiation markers are shown for muscles (foxF), endodermal cells (foxA1)

and neuronal /neuroendocrine-like clusters 3,8, and 11 (ikzf-1).
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4.1.3 Putative neoblasts as a cellular source for germ cells

To see whether such molecular signatures of lineage-primed differentiation would be
present in the cluster 5, I subsetted this cluster and looked at differentially expressed
genes. Subclustering revealed 6 cell identities (Figure 4.17 A), out of which two
(cluster 4, and cluster 6) are adult-specific (Figure 4.17 C). The pan-neoblast marker
PCNA is abundantly expressed in all but cluster 4 (Figure 4.17 B). Same as in the whole
dataset, piwil expression is not broad but rather found in a subset of cells in clusters 1,
2, and 3 (Figure 4.17 D). Importantly, these clusters also contain cells positive for the
sox2 expression, suggesting they might indeed represent pluripotent cells.
Transcription factor hesiB is detected in clusters 1, 2, 4, and 5. However, there is no
significant correlation in coexpression of piwil and hesIB or piwil and PCNA. Such
correlation is detected for vasa and PCNA coexpression (data not shown). Cluster 3 is
enriched in the ikzf-1, and achaete-scute homolog 1 (ascll) expression, reflecting some
degree of differentiation. Surprisingly, the subclustering also revealed a population of
cells in cluster 6 with high levels of two meiosis markers: synaptonemal complex
protein 3 (sycp3) (Figure 4.17 D) and meiotic recombination protein DMC/ (data not
shown). This suggested an existing connection of proliferating cells — putative

neoblasts — and germ cells in Meara stichopi.
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Figure 4.17 Putative neoblast dynamics throughout developmental stages and molecular
signs of their differentiation. A. UMAP of a subclustered clsuter 5 — putative neoblasts. B.
feature plot showing PCNA expression in these cells. C. UMAPs of subclustered putative

neoblasts for each stage. D. Feature plots showing the expression of several marker genes.
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To seek molecular evidence that would support such a connection, I used the
pseudotime ordering again. This time, however, focusing only on the putative neoblasts
(cluster 5) and germ cells (cluster 6). Nonlinear dimensionality reduction of these cells
(Figure 4.18 A) revealed a close association of hatchling and juvenile cells, but adult
cells seemed more distinct, connected with juvenile cells with very few transitions.
Pseudotime ordering of selected cell populations reflected this phenomenon by the
visible gap between juvenile cells from cluster 6 and adult cells from cluster 5 (Figure
4.18 B). Nonetheless, the proposed trajectory tree copies the true ordering of
developmental stages with the hatchling putative neoblasts at the root and adult cells
at the tips of the tree. When queried with a set of marker genes (Figure 4.18 C), the
obtained molecular trajectory conveys a clear differentiation path for germ cells and
putative adult neoblasts. Indeed, the cells at the root and the stem constitute the entire
sox2 expression, with the adult cells completely negative for sox2, while the PCNA and
mitotic marker MP62 span almost the entire stem of the tree and the left branch leading
toward the putative adult neoblasts. Interestingly, there is a clear gap in both mitotic
markers, where the juvenile cells from cluster 6 reside, corresponding to when the
meiosis is initiated. This part of the tree is marked by the meiosis-specific nuclear
structural protein 1 (mns/). Subsequently, other two meiosis markers, sycp3 and dmcl
are detcted at the branch point in the subset of adult cells from cluster 5.
Complementing this expression pattern, the hesib is expressed in hatchling, juvenile
and adult cells from cluster 5, and in the putative adult neoblasts in the left branch of
the tree, while the spermatogenesis marker SP777 spans the meiotic cells and right

branch of the tree.
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Figure 4.18 Mode of germ cell differentiation from putative neoblasts. A. Nonlinear
dimensionality reduction plot of cluster 5 and cluster 6 cells colored by developmental stage
and cluster membership, lines depict the connections from the pseudotime diffusion map of
the data. B. Pseudotime inferred molecular trajectory for the same cells. C. Expression of

genes from the marker set mapped onto pseudotime trajectory.
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4.2 Additional Results
Additionaly, I performed a transcriptomic survey in the transcriptome of a brachiopod
T. transversa, looking for the germline mulitpotency program (GMP) genes. To get a
better insight about their activity in germline specification in brachiopods, I performed
a whole mount in situ hybridization (WMISH) with selected GMP genes (Figure 4.19).
RNA-binding proteins bruno, pll0, pumilio and piwid are all expressed at radial
gastrula stage, but only bruno shows asymmetric distribution in the ectoderm, while
piwid, pl10, and pumilio show rather broad expression in all germ layers. boule shows
no expression at this stage. At the asymmetric gastrula stage, p//0 expression
disappears and reappears again at the bilateral gastrula stage, which seems to be the
onset of the boule expression. Indeed, it is expressed specifically in two small
bilaterally symmetrical domains at the anterior border of the mesoderm (Andrikou &
Hejnol, 2021; Passamaneck et al., 2015). At the bilobe stage, mesodermal expression
of piwid, pll10 and pumilio becomes more pronounced, although all three are also
weakly detected in the ectoderm. Strong ectodermal expression of bruno is evident,
particularly from the lateral view (Figure 4.19 insets). In larval stages, boule expression
continues to label specific domains of mesoderm in all three lobes — apical, mantle,
and pedicle — lobes. Subportion of boule-expressing pedicle mesoderm cells likely
represent multipotent precursors that give rise to germline. This domain also co-

expresses bruno, piwid, pl10, and pumilio.

|| earlylarva || latelarva |

pi10 || piwiA || bruno || boule |

| pumitio ||
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Figure 4.19 Expression of selected germline multipotency program (GMP) genes in the
development of T. transversa. All stages are imaged from the vegetal or ventral view
except for the insets in the bilobe stages which show a lateral view. Expression domains
are labeled by notched arrowheads. boule starts to be expressed at the bilateral (late)
gastrula stage, while bruno, piwiA, pl10, and pumilio all start to be expressed at the radial
(early) gastrula stage. All genes, except bruno, are detected in mesodermal derivatives

throughout development. Scale bars 50 um.
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CHAPTER 5: Discussion and perspectives

5.1 Gonad development and RNA binding proteins
The aims of this thesis were to investigate the evolutionary and developmental
relationships of germline, gonads and mesodermal precursors. To research these
phenomena, 1 studied nemertodermatid worm Meara stichopi from clade
Xenacoelomoprha. As xenacolomorphs lack the excretory system, their only
mesodermal derivatives are the muscles and gonads. Our current knowledge of M.
stichopi’s biology does not allow us to discern their gonad formation in great detail
because of its symbiotic life cycle. The free-living juveniles ingested by the sea
cucumbers are thought to grow inside their host foregut and sexually mature for several
months, with the gravid animals spotted in their host again from mid August to mid
October. The gonad formation thus occurs sometime during this intense growth period
and likely involves the parenchyma proliferation as suggested by the species
description work by Westblad (1949). Supporting his proposed mechanism, such
prolific activity of central parenchyma cells is detectable in the juvenile stage
(Manuscript I, Figure 2). In comparison to the hatchling stage where most proliferating
cells are localized in the periphery, the juvenile central parenchyma shows
morphologically distinguishable outgrowths containing proliferating cells, which I
propose represent the early gonad anlage that later develops into the follicular testes

and ovaries.

The process of parenchyma differentiation is accompanied by the expression of genes
encoding the set of evolutionarily well-conserved RNA-binding proteins (RBPs).
Indeed, the expression of bruno a (bru a), mago nashi (mago), maelstrom (mael),
staufen (stau), tudor (tdr), argonaute a (ago a), gustavus a (gus a) and boule (boll) is
detected in adult testes and/or ovaries. In juveniles, these genes are found in different
regions of parenchyma, often lining the gonad primordium (Manuscript I, Figure 1c¢).
The same genes have been implicated in the maturation of germ cells and stem cells in
planarians (Guo et al., 2006; Handberg-Thorsager & Salo, 2007; Kuales et al., 2011;
Pfister et al., 2008; Salvetti et al., 2005; Wang et al., 2007), and acoels (De Mulder,
Kuales, et al., 2009; Hulett et al., 2023; Srivastava et al., 2014). This demonstrates that
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they function similarly in M. stichopi, taking part in gametogenesis and possibly also
in the stem cell maintenance. However, several works have described the plethora of
other roles for the RBPs in model organisms such as Drosophila and mouse (Lasko,
2000; McKee et al., 2005; Gamberi et al., 2006; Kerner et al., 2011). Likewise in M.
stichopi, the expression of ago a, bru a, gus a, and orb2 in adults but mainly in juveniles
also indicates these genes play a role in the nervous system too (Manuscript I, Figure
Ic). I probed the overall capacity to encode conserved RNA-binding domains (RBDs)
contained in the RBPs in the predicted proteomes of nemertodermatid species:
Ascoparia, and Nemertoderma westbladi, and Xenoturbella species: X. bocki and X.
profunda. The results are comparable with those reported by Kerner et al. (2011) for
the sponge, Drosophila, and mouse. The RRM motif containing RBPs are consistently
the most numerous group recovered in all studied proteomes, followed by the DEAD-
box RBPs, KH-1 and KH-2 motif RBPs, and dsSRBM-containing RBPs being the least
numerous group (Manuscript I, Suppl. Fig. 1).

5.2 Putative neoblast-like cells in M. stichopi and limited regenerative capacity
The parenchyma cells — the cells found between the body wall and the gut that do not
form the gonads are thought to be lacking in nemertodermatids. Indeed, many authors
claimed that nemertodermatids and Xenoturbella are completely devoid of
parenchymal cells (Rieger, 1981; Smith & Tyler, 1985). It is noteworthy that these
claims are based on the ultrastructure of species Nemertoderma and Flagellophora,
while the morphological description of M. stichopi in Westblad’s original description
(1949) and in a later comprehensive description by Sterrer (1998) does mention the
parenchyme. Interestingly, the cell proliferation assay presented in Manuscript I. has
revealed a cell population lying in a position where parenchyma cells are usually found.
Occasionally, there were also proliferating cells present in the epithelial layer
(Manuscript I, Suppl. Fig. 2 D-E), a feature that is absent in planarians and acoels
(Egger, Steinke, et al., 2009). The proliferating parenchyma cells reside below the
musculature and do not form a part of the gut or the gonads, they rather give an

individual appearance (Manuscript I, Suppl. Fig. 2). Their nuclear morphology,
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position, and the fact that they are mitotically active, all support the notion that these
cells might represent putative neoblasts. Indeed, the labeled cells concentrate along the
body walls, forming bilateral bands that start posteriorly to the double statocyst and
stretch all the way to the posterior end (Manuscript I, Figure 2). Furthermore, this
pattern is consistently detected throughout the worm’s development starting from the
hatchling stage (Manuscript I, Figure 2A), through the juvenile stage (Manuscript I,
Figure 2B), to adulthood (Manuscript I, Figure 2C). A similar pattern is typical for the
neoblasts of planarians (De Mulder, Pfister, et al., 2009; Egger, Steinke, et al., 2009;
Newmark & Sanchez Alvarado, 2000) and neoblast-like cells of some acoels (De
Mulder, Kuales, et al., 2009; Srivastava et al., 2014). Importantly, in my analyses, these
cells were often in close proximity to the nerve bundles (Manuscript I, Figure 2 A”’-
A’ and B’’-B’””). This association and potential interaction of neurons and putative
neoblast-like cells which might have a functional aspect is also known from
Macrostomum (Nimeth et al., 2004) but not from acoels where the neoblast-like stem
cell system is more associated with the gonads and peripheral parenchyme (De Mulder,
Kuales, et al., 2009; Gschwentner et al., 2001; Srivastava et al., 2014). I also detected
proliferating cells associated with the gonads in M. stichopi. In addition to
spermatogonia, forming follicles consisting of several cells (Manuscript I, Figure 2
E,G), the labeled cells were also found dorsolaterally at the rim of testes (Manuscript
I, Figure 2F) and ovaries (Manuscript I, Figure 2H-J). It is possible these cells are
presumptive germline stem cells, a separate cell lineage capable of self-renewal, which
also reside at the periphery of planarian gonads (Sato et al., 2006). If there is indeed
such cell population present in M. stichopi, it might originate from the putative

neoblast-like cells or directly derive from the PGCs.

To investigate the function of putative neoblast-like cells, I examined the cell
proliferation following the injury. Exposing the animals to two different homeostasis-
compromising situations: traumatic oviposition and amputation caused a visible
increase in proliferation in the vicinity of the blastema region (Manuscript I, Figure 4
B’i, Suppl. Fig. 3 A-D, Figure 5). The blastema itself contained proliferating cells
(Manuscript I, Figure 4 B’i, Suppl. Fig. 3 and Figure 5) and was dorsally tapered
(Manuscript I, Figure 4 C* and Suppl. Fig. 3 D). This represents a unique feature among
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the so far studied flatworms, which all displace the blastema ventrally (Chiodin et al.,
2011; Egger, Gschwentner, et al., 2009; Grosbusch et al., 2022; Srivastava et al., 2014).
Displacing the wound to the dorsal side is probably facilitated by strongly developed
dorsal muscle bands and the fact that animals slide with their ventral, mouth-
containing, side up; dorsal side being the one that is in contact with the substrate. The
presence of dividing cells in the blastema has been observed in Macrostomum (Egger,
Gschwentner, et al., 2009) but it is in contrast to the regeneration blastema of acoel
Hofstenia (Srivastava et al., 2014) and planarians (Morita & Best, 1974) where the
blastema consists of post-mitotic progeny of neoblast-like cells. It is possible that due
to the long EdU pulse, lasting for 24 h, some of the labeled cells that are present in the
blastema represent a post-mitotic progeny. To distinguish between these scenarios, a

shorter EAU pulse or different cell labeling technique is necessary.

Interestingly, both, the anterior and posterior regenerating pieces showed some degree
of regenerative capacity, although in the case of post-oviposition injury only anterior,
double-statocyst pieces were observed. The actin stainings showed disorganized
muscle fibers which were in the wound-affected area (Manuscript I, Figure 4 B’, C’),
the blastema was also innervated by serotonergic neurons (Manuscript I, Figure 4 B,
C). Proliferating cells were in the proximity of both structures (Manuscript I, Figure 4
B’1, C’1), perhaps reflecting their interaction in orchestrating the wound healing process
and providing positional cues — a phenomenon previously demonstrated in planarians

(Witchley et al., 2013) and acoels (Raz et al., 2017).

It is perplexing, however, that despite the intensive proliferation response seen in M.
stichopi, | never observed the full whole-body regeneration. Neither was it observed in
worms regenerating for the period of 4 weeks (Manuscript I, Suppl. Fig. 4),
corroborating my observations. This suggests that M. stichopi's regenerative capacity
is rather limited and perhaps only covers the initial wound healing response and
restricted regrowth of the tissue. There are multiple explanations for this from a
comparative perspective (Figure 5.1). (i) An extensive range of regenerative capacity
seen in acoels (Keil, 1929; Steinbock, 1954, 1963; Hanson, 1967; Gschwentner et al.,
2001; De Mulder, Kuales, et al., 2009; Chiodin et al., 2011; Srivastava et al., 2014)
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might have been acquired as an apomorphy on the acoelomorph lineage leading
towards acoels (Figure 5.1A). (ii) The regenerative capacity was present in the
acoelomorph (Figure 5.1B”), and/or xenacoelomorph ancestor (Figure 5.1B) but was
lost or modified in the lineage leading towards nemertodermatids. This scenario is
supported by observations of limited regeneration in Xenoturbella (Israelsson, 2006;
Nakano, 2015) and unpublished reports of neoblasts present in nemertodermatids
(Rieger & Ladurner, 2003; Smith III et al., 2009). The data to support it, however, are
still scarce. (iii) The regenerative capacity was reduced and/or lost in M. stichopi as the

result of its adaptation to the symbiotic life cycle (Figure 5.1C).
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Figure 5.1 Different scenarios of evolution of regeneration in Xenacoelomorpha. A.
Regeneration was absent in the xenacoelomorph common ancestor and was only acquired
in the lineage leading towards Acoela. B. Regeneration was present in the xenacoelomorph
common ancestor and acelomorph common ancestor but lost or modified in
nemertodermatids. B’. Regeneration was absent in the xenacoelomorph common ancestor
but present in acelomorph common ancestor and lost or modified in nemertodermatids.
C. Similar to B., but regeneration might be present in some nemertodermatids, while lost

in others such as M. stichopi. X — Xenoturbella; A — Acoela; N — Nemertodermatida.

5.3 Conservation of regeneration GRN and its functionality
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Recently, epigenetic profiling of regeneration-induced chromatin response in acoel
Hofstenia recovered several early wound-induced genes and associated GRN with a
master regulator egr (Gehrke et al., 2019). Orthologs that constitute this regeneration
GRN: egr, deafl, fstl, mtss, nlk, nrg2, runt are present in the transcriptome of
M. stichopi (Manuscript I, Suppl. Fig. 6). Their expression in intact adults is rather
weak, mostly found in the posterior end, whereas the expression in juveniles is nearly
absent or completely absent (Manuscript I, Suppl. Fig. 5). I hypothesize that the
expression seen in the adult in homeostasis is connected to the traumatic oviposition
and probably caused by the release of the oocyte from the follicle into the lumen of the
gut. This would explain the absence of expression in the posterior of sexually immature
stage. The oviposition by means of the body wall rupture and the following
regeneration are also described in acoel Polychoerus (Costello & Costello, 1939). Upon
the amputation, there was a strong induction of egr and runt expression in anterior and
posterior regenerates (Manuscript I, Figure 5 A-D). This is consistent with wound
response in Hofstenia (Gehrke et al., 2019) but differs from regeneration in
Convolutriloba, where only the anterior regenerates show runt induction since
posterior regeneration proceeds by morphallactic processes (Sarfati et al., 2023). In M.
stichopi, both genes showed accumulation in the blastema region and a broad
expression domain at 24 hpa in muscles and neurons (Manuscript I, Figure 5 A-D and
E-H). Furthermore, both, egr and runt were coexpressed with piwil™ cells, a subset of
which were also proliferating (Manuscript I, Figure 5 A’’-D’’). During initiation of
wound response in acoels (Gehrke et al., 2019; Hulett et al., 2023; Sarfati et al., 2023)
and planarians (Sandmann et al., 2011; Wenemoser et al., 2012), both egr and runt start
to be expressed several hours post-injury. The expression data in Manuscript I present
a single timepoint, 24hpa, so it is not possible to distinguish whether the wound
response in M. stichopi has a delayed onset or whether the levels of transcripts persist
until then. Likewise, without the chromatin-level information or functional validation,

it remains uncertain whether the whole GRN is wired the same in nemertodermatids.

5.4 GMP genes and their role in putative neoblasts and beyond
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One of the main points of focus of the thesis was to investigate the expression dynamics
of known GMP genes. To this end, I performed fluorescent in situ hybridizations for
piwil and vasa (Manuscript I, Figure 3). Both genes were strongly expressed in the
follicles of gonads, staining multiple, if not all, stages of spermatogenesis and
oogenesis (Manuscript I, Figure 3 B-C and H-I). Outside of gonads, the signal was also
present in the somatic cells located in the parenchyma (Manuscript I, Figure 3 D-F and
J). Indeed, piwil expression pattern highly resembled the bilateral bands of
proliferating cells, forming a continuous signal from anterior to the posterior end
(Manuscript I, Figure 3 A). According to these results, both piwil/ and vasa are
expressed in putative neoblast-like cells in homeostasis (Manuscript I, Figure 3) and
post-amputation (Manuscript I, Figure 5 A’-D’ and Suppl.Fig. 4 b and c¢). The blastema
in anterior and posterior regenerates contained piwil/ and vasa-expressing cells,
suggesting that both are involved in regeneration process. In planarians, orthologs
smedwi-2 (Reddien et al., 2005), smedwi-3 (Palakodeti et al., 2008), and vasa (Shibata
et al., 1999) are contained within the ribonucleoprotein particles in neoblasts and
control their role in regeneration. Similarly in Hofstenia, piwi-1 is iindispensable for
regenearation (Srivastava et al., 2014). In contrast, RNAi of piwil in Isodiametra
reduces the vasa expression but does not lead to a reduction in cell proliferation nor
impedes the posterior regeneration (De Mulder, Kuales, et al., 2009). Thus, it remains
to be seen whether piwil and/or vasa are essential for the regeneration in M. stichopi

and how their knockdown affects the cell proliferation dynamics.

Given the strong expression of piwil detected by in situ hybridization, we would
expect to see its enrichment in high proportion of cells in the single-cell transcriptomic
data. On the contrary, its transcript levels are quite low in the integrated dataset,
showing a clear decrease throughout animal’s development (Figure 4.12 — 4.14). The
same is not true for the vasa transcripts which are detected at hatchling, juvenile, and
adult stages. This might be a technical artifact explained by the possible exclusion of
majority of piwil” cells in the filtering step of the analysis, or by different 10x kit
versions used (v2 for the adult samples and v3 for the hatchling and juvenile samples).
Such differences in cell and gene dropout events between v2 and v3 have been

demonstrated before (Yamawaki et al., 2021) with v3 outperforming the v2. Despite
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this issue, the piwil transcripts were detected in a subset of several cell identities with
the strongest expression in cluster 5 — putative neoblast-like cells and cluster 14
(Figure 4.12). Interestingly, these two clusters showed high correlation of average
expression (Figure 4.11), which might convey that cluster 14 represents differentiating

neoblast-like cells.

Demonstrating the pleiotropic and essential role of GMP genes in development, vasa,
and nanos and to an extent also piwil were detected in multiple cell identities of a
hatchling (Figure 4.13). Indeed, while high proportions of almost all hatchling cell
identities express these three genes, piwil, and nanos but not vasa are expressed in
fewer cells of juveniles, and adults. This might reflect the high potency of cells at the
hatchling stage. Indeed, the putative neoblast-like cells constitute the most numerous
cluster at this stage, while in the adults it is the cluster 1 and 2 (Figure 4.2 C). Consistent
with the role og GMP genes and RBPs in neoblast biology (Shibata et al., 1999;
Reddien et al., 2005; Salvetti et al., 2005; Sato et al., 2006; Handberg-Thorsager &
Sald, 2007; Palakodeti et al., 2008; Solana et al., 2009; Y.-Q. Li et al., 2011), the piwil,
vasa, nanos, ago a, ago c, tdrdl and pum?2 are all detected in the subset of cells from

cluster 5 at relatively high levels (Figure 4.12).

5.5 Nemertodermatid cell type diversity
Using the scRNA-Seq, this thesis brings new insights into the cell type diversity of
nemertodermatids and may serve as a resource for their future studies. Sampling three
developmental stages: hatchling, juvenile and adult revealed 16 putative cell identities
(Figure 4.2). The clustering with higher resolution parameter typically yielded finer
separation (eg. putative neoblast cluster separated into three clusters based on the cell
cycle phase; data not shown) but it also split major cell types into subsets that are not
supported by animal’s biology. Surprisingly, there were no stage-specific clusters in
the integrated dataset, if we do not count those represented by less than 10 cells from
hatchling or juvenile stages. A limited cell type diversity is also known from

Xenoturbella species (Robertson et al., 2022). My analysis recovered all major cell
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identities: epithelial cells (cluster 1, Figure 4.3), gut/digestive cells (cluster 4, Figure
4.5), muscles (cluster 13, Figure 4.9), neuron/neroendocrine-like cells (clusters 3, §,
and 11, Figure 4.4), and secretory cells (clusters 7 and 10, Figure 4.8). Transcriptional
signatures which define these cell identities are largely shared among corresponding
cell types from available scRNA-Seq xenacolomorph datasets (Duruz et al., 2021;
Hulett et al., 2023; Robertson et al., 2022). However, there were also species-specific
genes among the top markers present in almost all cell identities. Without the genomic

information, it is difficult to ascertain their function.

Importantly, the scRNA-Seq analysis revealed a neoblast-like cell identity (cluster 5,
Figure 4.6) defined by the expression of known neoblast markers: PCNA, rir2, and
piwil (Orii et al., 2005; Reddien et al., 2005; Eisenhoffer et al., 2008). Interestingly, a
subset of cells in this cluster also expresses transcription factor prosperol (Figure 4.6
A), which is expressed in planarian gamma neoblasts — the intestine progenitors
(Fincher et al., 2018). Given that neoblasts are the major source of all adult cell types
in planarians (Davies et al., 2017) and acoel Hofstenia (Hulett et al., 2023; Kimura et
al., 2022), I probed their capacity to differentiate into terminal cell types in M. stichopi
by using a pseudotime lineage trajectory (Figure 4.16 B). With putative neoblasts as
root cells, the resulting molecular trajectory displays a topology where each terminal
cell identity has its own progenitor. Among the genes that were differntially expressed
along the branches of this tree, several markers were retrieved. The transcription factor
foxF was specific for the muscle lineage, transcription factor fox41 was specific for the
endodermal lineage, and transcription factor ikzf~] was specific for the
neural/neuroendocrine lineage (Figure 4.16 B). The same regulators of neoblast-
derived cellular differentiation are known from the postembryonic development of
Hofstenia (Hulett et al., 2023). Interestingly, the only difference is the expression of
transcription factor ikzf~/ which in Hofstenia labels the endodermal-like progenitors
(Hulett et al., 2023). This difference might be caused by different wiring of
developmental program mirrored in distinct blastomere division patterns in early
cleavage of both animals (Berve & Hejnol, 2014; Kimura et al., 2021). As is also the
case for adult neural structures. While in M. stichopi they are entirely basiepidermal

with the exception of statocyst-associated neurons (Berve & Hejnol, 2014), in
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Hofstenia, they form two layers with the internalization below the muscle sheath

(Hulett et al., 2020).

Further supporting the hypothesis that putative neoblasts are a cellular source in
development and homeostatic tissue turnover in M. stichopi, 1 also detected expression
of ikzf-1 and ascll — pro neural markers — in a subset of subclustered neoblast cells
(Figure 4.17 D). This shows that M. stichopi’s neoblast-like cells might function as a

source for cell progenitors in a similar way to planarian and acoel neoblasts.

5.6 Origin of germ cells in nemertodermatids
What differentiation mode do nemertodermatid germ cells utilize? And what serves as
their cellular source? Finding a support in the presented transcriptomic data, I propose
that M. stichopi’s germ cells arise by differentiation from neoblast-like cells by
induction. The fact that the meiotic marker sycp3 is expressed in a subset of putative
neoblasts (cluster 5, Figure 4.17 D), which are adult-specific, suggests that this
induction is not restricted to the early stages of development but rather occurs
throughout animal’s life. Surprisingly, the onset of expression of meiosis-associated
genes occurs much earlier in development than previously thought. Indeed, it is already
in the hatchling and juvenile cells belonging to cluster 6 when the gene mns/ starts to
be expressed on differentiation trajectory from neoblasts to differentiatied germ cells
of adult cluster 6 (Figure 4.18 C). This implies that there are germ cell-fated cells
already present in the hatchling, well before the gonad anlage is formed. Similarly,
expression data from Isodiametra suggest there are piwil* germ cells already present
at the hatchling stage (De Mulder, Kuales, et al., 2009). On the other hand, in Hofstenia
it is only from early adult when the germ cell signature starts to be detectable in the
transcriptomic data (Hulett et al., 2023). One possible reason for this might be that in
the study of Hulett et al, the authors did not look at the meiosis genes but rather genes
that define a phenotype of differentiated germ cells. Alternatively, the production of
germ cells in M. stichopi might be accelerated as the adaptation to its symbiotic life

cycle. It is important to note however, that despite its symbiotic life cycle, M. stichopi
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was retrieved as more basal than species Flagellophora, Nemertinoides or Sterreria in
modern phylogenies (Meyer-Wachsmuth & Jondelius, 2016). Arguably still, future
studies that include more nemertodermatid species are necessary to see how

representative the data from M. stichopi really are.



88

CHAPTER 6: Bibliography

Achatz, J. G., Chiodin, M., Salvenmoser, W., Tyler, S., & Martinez, P. (2013). The
Acoela: On their kind and kinships, especially with nemertodermatids and
xenoturbellids (Bilateria incertae sedis). Organisms, Diversity & Evolution,
13(2), 267. https://doi.org/10.1007/S13127-012-0112-4

Agata, K., Nakajima, E., Funayama, N., Shibata, N., Saito, Y., & Umesono, Y.
(2006). Two different evolutionary origins of stem cell systems and their
molecular basis. Seminars in Cell & Developmental Biology, 17(4), 503-509.
https://doi.org/10.1016/j.semcdb.2006.05.004

Akesson, B., Gschwentner, R., Hendelberg, J., Ladurner, P., Miiller, J., & Rieger, R.
(2001). Fission in Convolutriloba longifissura: Asexual reproduction in
acoelous turbellarians revisited. Acta Zoologica, 82(3), 231-239.
https://doi.org/10.1046/j.1463-6395.2001.00084.x

Alié, A., Hayashi, T., Sugimura, 1., Manuel, M., Sugano, W., Mano, A., Satoh, N.,
Agata, K., & Funayama, N. (2015). The ancestral gene repertoire of animal
stem cells. Proceedings of the National Academy of Sciences of the United
States of America, 112(51), E7093-100.
https://doi.org/10.1073/pnas.1514789112

Alié, A., Leclére, L., Jager, M., Dayraud, C., Chang, P., Le Guyader, H., Quéinnec,
E., & Manuel, M. (2011). Somatic stem cells express Piwi and Vasa genes in
an adult ctenophore: Ancient association of “germline genes” with stemness.
Developmental Biology, 350(1), 183—-197.

https://doi.org/10.1016/j.ydbi0.2010.10.019



&9

Andrikou, C., & Hejnol, A. (2021). FGF signaling acts on different levels of
mesoderm development within Spiralia. Development, 148(10), dev196089.
https://doi.org/10.1242/dev.196089

Andrikou, C., Thiel, D., Ruiz-Santiesteban, J. A., & Hejnol, A. (2019). Active mode
of excretion across digestive tissues predates the origin of excretory organs.
PLOS Biology, 17(7). https://doi.org/10.1371/journal.pbio.3000408

Angelo, G., & Van Gilst, M. R. (2009). Starvation protects germline stem cells and
extends reproductive longevity in C. elegans. Science (New York, N.Y.),
326(5955), 954-958. https://doi.org/10.1126/science.1178343

Aramaki, S., Hayashi, K., Kurimoto, K., Ohta, H., Yabuta, Y., Iwanari, H.,
Mochizuki, Y., Hamakubo, T., Kato, Y., Shirahige, K., & Saitou, M. (2013). A
Mesodermal Factor, T, Specifies Mouse Germ Cell Fate by Directly
Activating Germline Determinants. Developmental Cell, 27(5), 516-529.
https://doi.org/10.1016/j.devcel.2013.11.001

Baguia, J., & Riutort, M. (2004). The dawn of bilaterian animals: The case of
acoelomorph flatworms. BioEssays, 26(10), 1046—1057.
https://doi.org/10.1002/bies.20113

Baguiia, J., & Romero, R. (1981). Quantitative analysis of cell types during growth,
degrowth and regeneration in the planarians Dugesia mediterranea and
Dugesia tigrina. Hydrobiologia, 84(1), 181-194.
https://doi.org/10.1007/BF00026179

Bailly, X., Laguerre, L., Correc, G., Dupont, S., Kurth, T., Pfannkuchen, A.,

Entzeroth, R., Probert, 1., Vinogradov, S., Lechauve, C., Garet-Delmas, M.-J.,



90

Reichert, H., & Hartenstein, V. (2014). The chimerical and multifaceted
marine acoel {Symsagittifera} roscoffensis: From photosymbiosis to brain
regeneration. Frontiers in Microbiology, 5.
https://www frontiersin.org/articles/10.3389/fmicb.2014.00498

Barfield, S., Aglyamova, G. V., & Matz, M. V. (2016). Evolutionary origins of
germline segregation in Metazoa: Evidence for a germ stem cell lineage in the
coral Orbicella faveolata (Cnidaria, Anthozoa). Proceedings of the Royal
Society B: Biological Sciences, 283(1822), 20152128.
https://doi.org/10.1098/rspb.2015.2128

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible trimmer for
[llumina sequence data. Bioinformatics, 30(15), 2114-2120.
https://doi.org/10.1093/bioinformatics/btul 70

Boone, M., Bert, W., Claeys, M., Houthoofd, W., & Artois, T. (2011).
Spermatogenesis and the structure of the testes in Nemertodermatida.
Zoomorphology, 130(4), 273-282. https://doi.org/10.1007/s00435-011-0137-9

Borve, A., & Hejnol, A. (2014). Development and juvenile anatomy of the
nemertodermatid Meara stichopi (Bock) Westblad 1949 (Acoelomorpha).
Frontiers in Zoology, 11(1), 50. https://doi.org/10.1186/1742-9994-11-50

Bosch, T. C. G., & David, C. N. (1987). Stem cells of Hydra magnipapillata can
differentiate into somatic cells and germ line cells. Developmental Biology,

121(1), 182-191. https://doi.org/10.1016/0012-1606(87)90151-5



91

Bowler, P. J. (1971). Preformation and pre-existence in the seventeenth century: A
brief analysis. Journal of the History of Biology, 4(2), 221-244.
https://doi.org/10.1007/BF00138311

Boyer, B. C. (1971). Regulative development in a spiralian embryo as shown by cell
deletion experiments on the acoel, Childia. Journal of Experimental Zoology,
176(1), 97-105. https://doi.org/10.1002/jez.1401760110

Buckland-Nicks, J., Lundin, K., & Wallberg, A. (2019). The sperm of
Xenacoelomorpha revisited: Implications for the evolution of early bilaterians.
Zoomorphology, 138(1), 13-27. https://doi.org/10.1007/s00435-018-0425-8

Bush, L. (1975). Biology of Neochilda fusca n. gen., n. sp. from the Northeastern
Coast of the United States (Platyhelminthes: Turbellaria). Biological Bulletin,
148(1), 35-48. https://doi.org/10.2307/1540648

Bush, L., & Baldrige, M. (1981). NOAA Technical Report NMF'S Circular 440
Marine Flora and Fauna of the Northeastern United States. Turbellaria:
Acoela and Nemertodermatida.

Cannon, J. T., Vellutini, B. C., Smith, J., Ronquist, F., Jondelius, U., & Hejnol, A.
(2016). Xenacoelomorpha is the sister group to Nephrozoa. Nature,
530(7588), 89-93. https://doi.org/10.1038/nature16520

Capella-Gutiérrez, S., Silla-Martinez, J. M., & Gabaldon, T. (2009). trimAl: A tool
for automated alignment trimming in large-scale phylogenetic analyses.
Bioinformatics, 25(15), 1972-1973.

https://doi.org/10.1093/bioinformatics/btp348



92

Cetrangolo, V. (2020). Comparative analysis of acoel embryonic development
[Doctoral thesis]. University of Bergen.

Chakravarti, A., Thirimanne, H. N., Brown, S., & Calvi, B. R. (2022). Drosophila
p53 isoforms have overlapping and distinct functions in germline genome
integrity and oocyte quality control. ELife, 11, €61389.
https://doi.org/10.7554/eLife.61389

Chatfield, J., O’Reilly, M.-A., Bachvarova, R. F., Ferjentsik, Z., Redwood, C.,
Walmsley, M., Patient, R., Loose, M., & Johnson, A. D. (2014). Stochastic
specification of primordial germ cells from mesoderm precursors in axolotl
embryos. Development, 141(12), 2429-2440.
https://doi.org/10.1242/dev.105346

Chen, C.-Y., McKinney, S. A., Ellington, L. R., & Gibson, M. C. (2020). Hedgehog
signaling is required for endomesodermal patterning and germ cell
development in the sea anemone Nematostella vectensis. ELife, 9, e54573.
https://doi.org/10.7554/eLife.54573

Cheung, T. H., & Rando, T. A. (2013). Molecular regulation of stem cell quiescence.
Nature Reviews Molecular Cell Biology, 14(6), 329-340.
https://doi.org/10.1038/nrm3591

Chiodin, M., Achatz, J. G., Wanninger, A., & Martinez, P. (2011). Molecular
architecture of muscles in an acoel and its evolutionary implications. Journal
of Experimental Zoology Part B: Molecular and Developmental Evolution,

316B(6), 427-439. https://doi.org/10.1002/jez.b.21416



93

Chiodin, M., Berve, A., Berezikov, E., Ladurner, P., Martinez, P., & Hejnol, A.
(2013). Mesodermal Gene Expression in the Acoel Isodiametra pulchra
Indicates a Low Number of Mesodermal Cell Types and the Endomesodermal
Origin of the Gonads. PLoS ONE, 8(2), €55499.
https://doi.org/10.1371/journal.pone.0055499

Choksi, S. P., Southall, T. D., Bossing, T., Edoff, K., de Wit, E., Fischer, B. E., van
Steensel, B., Micklem, G., & Brand, A. H. (2006). Prospero Acts as a Binary
Switch between Self-Renewal and Differentiation in Drosophila Neural Stem
Cells. Developmental Cell, 11(6), 775-789.
https://doi.org/10.1016/j.devcel.2006.09.015

Costello, H. M., & Costello, D. P. (1939). Egg laying in the Acoelous Turbellarian
Polychoerus. The Biological Bulletin. https://doi.org/10.2307/1537637

Cox, D. N., Chao, A., Baker, J., Chang, L., Qiao, D., & Lin, H. (1998). A novel class
of evolutionarily conserved genes defined by piwi are essential for stem cell
self-renewal. Genes & Development, 12(23), 3715-3727.
https://doi.org/10.1101/gad.12.23.3715

Czotowska, R. (1972). The fine structure of the “germinal cytoplasm” in the egg
ofXenopus laevis. Wilhelm Roux’ Archiv Fiir Entwicklungsmechanik Der
Organismen, 169(4), 335-344. https://doi.org/10.1007/BF00580253

Dannenberg, L. C., & Seaver, E. C. (2018). Regeneration of the germline in the
annelid Capitella teleta. Developmental Biology, 440(2), 74-87.

https://doi.org/10.1016/j.ydbio.2018.05.004



94

Davies, E. L., Lei, K., Seidel, C. W., Kroesen, A. E., McKinney, S. A., Guo, L.,
Robb, S. M., Ross, E. J., Gotting, K., & Alvarado, A. S. (2017). Embryonic
origin of adult stem cells required for tissue homeostasis and regeneration.
ELife, 6, €21052. https://doi.org/10.7554/eLife.21052

De Mulder, K., Kuales, G., Pfister, D., Willems, M., Egger, B., Salvenmoser, W.,
Thaler, M., Gorny, A.-K., Hrouda, M., Borgonie, G., & Ladurner, P. (2009).
Characterization of the stem cell system of the acoel Isodiametra pulchra.
BMC Developmental Biology, 9(1), 69. https://doi.org/10.1186/1471-213X-9-
69

De Mulder, K., Pfister, D., Kuales, G., Egger, B., Salvenmoser, W., Willems, M.,
Steger, J., Fauster, K., Micura, R., Borgonie, G., & Ladurner, P. (2009). Stem
cells are differentially regulated during development, regeneration and
homeostasis in flatworms. Developmental Biology, 334(1), 198-212.
https://doi.org/10.1016/J.YDBI0.2009.07.019

Dearden, P. K. (2006). Germ cell development in the Honeybee (Apis mellifera);
Vasa and Nanosexpression. BMC Developmental Biology, 6(1), 6.
https://doi.org/10.1186/1471-213X-6-6

Dill, K. K., & Seaver, E. C. (2008). Vasa and nanos are coexpressed in somatic and
germ line tissue from early embryonic cleavage stages through adulthood in
the polychaete Capitella sp. 1. Development Genes and Evolution, 218(9),
453-463. https://doi.org/10.1007/s00427-008-0236-x

Donoughe, S., Nakamura, T., Ewen-Campen, B., Green, D. A., Henderson, L., &

Extavour, C. G. (2014). BMP signaling is required for the generation of



95

primordial germ cells in an insect. Proceedings of the National Academy of
Sciences, 111(11), 4133—4138. https://doi.org/10.1073/pnas.1400525111

Dressen, C., Schwaller, B., Vegh, G., Leleux, F., Gall, D., Lebrun, P., & Lybaert, P.
(2018). Characterization and potential roles of calretinin in rodent
spermatozoa. Cell Calcium, 74, 94—101.
https://doi.org/10.1016/j.ceca.2018.05.008

Drobysheva, 1. M. (1986). Physiological regeneration of the digestive parenchyma in
Convoluta convoluta and Oxyposthia praedator (Turbellaria, Acoela).
Hydrobiologia, 132(1), 189-193. https://doi.org/10.1007/BF00046247

DuBuc, T. Q., Schnitzler, C. E., Chrysostomou, E., McMahon, E. T., Febrimarsa,
Gahan, J. M., Buggie, T., Gornik, S. G., Hanley, S., Barreira, S. N., Gonzalez,
P., Baxevanis, A. D., & Frank, U. (2020). Transcription factor AP2 controls
cnidarian germ cell induction. Science, 367(6479), 757-762.
https://doi.org/10.1126/science.aay6782

Duruz, J., Kaltenrieder, C., Ladurner, P., Bruggmann, R., Martinez, P., & Sprecher,
S. G. (2021). Acoel Single-Cell Transcriptomics: Cell Type Analysis of a
Deep Branching Bilaterian. Molecular Biology and Evolution, 38(5), 1888—
1904. https://doi.org/10.1093/molbev/msaa333

Edgar, A., Mitchell, D. G., & Martindale, M. Q. (2021). Whole-Body Regeneration in
the Lobate Ctenophore Mnemiopsis leidyi. Genes, 12(6), Article 6.

https://doi.org/10.3390/genes12060867



96

Edgar, R. C. (2004). MUSCLE: Multiple sequence alignment with high accuracy and

high throughput. Nucleic Acids Research, 32(5), 1792—1797.

https://doi.org/10.1093/nar/gkh340

Egger, B., Gschwentner, R., Hess, M. W., Nimeth, K., Adamski, Z., Willems, M.,

Rieger, R., & Salvenmoser, W. (2009). The caudal regeneration blastema is an
accumulation of rapidly proliferating stem cells in the flatworm Macrostomum
lignano. BMC Developmental Biology, 9, 41. https://doi.org/10.1186/1471-

213X-9-41

Egger, B., Gschwentner, R., & Rieger, R. (2007). Free-living flatworms under the

knife: Past and present. Development Genes and Evolution, 217, 89—104.

https://doi.org/10.1007/s00427-006-0120-5

Egger, B., Steinke, D., Tarui, H., De Mulder, K., Arendt, D., Borgonie, G.,

Funayama, N., Gschwentner, R., Hartenstein, V., Hobmayer, B., Hooge, M.,
Hrouda, M., Ishida, S., Kobayashi, C., Kuales, G., Nishimura, O., Pfister, D.,
Rieger, R., Salvenmoser, W., ... Ladurner, P. (2009). To Be or Not to Be a
Flatworm: The Acoel Controversy. PLoS ONE, 4(5), €5502.

https://doi.org/10.1371/journal.pone.0005502

Eisenhoffer, G. T., Kang, H., & Alvarado, A. S. (2008). Molecular analysis of stem

cells and their descendents during cell turnover and regeneration in the
planarian Schmidtea mediterranea. Cell Stem Cell, 3(3), 327-339.

https://doi.org/10.1016/j.stem.2008.07.002

Ewen-Campen, B., Donoughe, S., Clarke, D. N., & Extavour, C. G. (2013). Germ cell

specification requires zygotic mechanisms rather than germ plasm in a basally



97

branching insect. Current Biology, 23(10), 835-842.
https://doi.org/10.1016/j.cub.2013.03.063

Ewen-Campen, B., Jones, T. E. M., & Extavour, C. G. (2013). Evidence against a
germ plasm in the milkweed bug Oncopeltus fasciatus, a hemimetabolous
insect. Biology Open, 2(6), 556-568. https://doi.org/10.1242/B10.20134390

Ewen-Campen, B., Schwager, E. E., & Extavour, C. G. (2010). The molecular
machinery of germ line specification: GERM LINE MOLECULAR
MACHINERY. Molecular Reproduction and Development, 77(1), 3—18.
https://doi.org/10.1002/mrd.21091

Extavour, C. G. (2007). Evolution of the bilaterian germ line: Lineage origin and
modulation of specification mechanisms. Integrative and Comparative
Biology, 47(5), 770-785. https://doi.org/10.1093/icb/icm027

Extavour, C. G. (2008). Urbisexuality: The evolution of bilaterian germ cell
specification and reproductive systems. In A. Minelli (Ed.), Evolving
Pathways: Key Themes in Evolutionary Developmental Biology (pp. 321-342).
Cambridge University Press. https://doi.org/10.1017/CB0O9780511541582.023

Extavour, C. G., & Akam, M. (2003). Mechanisms of germ cell specification across
the metazoans: Epigenesis and preformation. Development (Cambridge,
England), 130(24), 5869-5884. https://doi.org/10.1242/dev.00804

Extavour, C. G., Pang, K., Matus, D. Q., & Martindale, M. Q. (2005). Vasa and
Nanos Expression Patterns in a Sea Anemone and the Evolution of Bilaterian
Germ Cell Specification Mechanisms. Evolution and Development, 7(3), 201—

215. https://doi.org/10.1111/j.1525-142X.2005.05023.x



98

Fan, J., Akabane, H., Zheng, X., Zhou, X., Zhang, L., Liu, Q., Zhang, Y.-L., Yang, J.,
& Zhu, G.-Z. (2007). Male germ cell-specific expression of a novel Patched-
domain containing gene Ptchd3. Biochemical and Biophysical Research
Communications, 363(3), 757-761. https://doi.org/10.1016/j.bbrc.2007.09.047

Farrell, J. A., Wang, Y., Riesenfeld, S. J., Shekhar, K., Regev, A., & Schier, A. F.
(2018). Single-cell reconstruction of developmental trajectories during
zebrafish embryogenesis. Science, 360(6392), caar3131.
https://doi.org/10.1126/science.aar3131

Ferrario, C., Sugni, M., Somorjai, I. M. L., & Ballarin, L. (2020). Beyond Adult Stem
Cells: Dedifferentiation as a Unifying Mechanism Underlying Regeneration in
Invertebrate Deuterostomes. Frontiers in Cell and Developmental Biology, 8.
https://www.frontiersin.org/articles/10.3389/fcell.2020.587320

Fierro-Constain, L., Schenkelaars, Q., Gazave, E., Haguenauer, A., Rocher, C.,
Ereskovsky, A., Borchiellini, C., & Renard, E. (2017). The Conservation of
the Germline Multipotency Program, from Sponges to Vertebrates: A Stepping
Stone to Understanding the Somatic and Germline Origins. Genome Biology
and Evolution, 9(3), 474—488. https://doi.org/10.1093/gbe/evw289

Fincher, C. T., Wurtzel, O., de Hoog, T., Kravarik, K. M., & Reddien, P. W. (2018).
Cell type transcriptome atlas for the planarian Schmidtea mediterranea.
Science (New York, N.Y.), 360(6391), eaaql736.

https://doi.org/10.1126/science.aaql736



99

Freeman, G. (1993). Regional Specification during Embryogenesis in the Articulate
Brachiopod Terebratalia. Developmental Biology, 160(1), 196-213.
https://doi.org/10.1006/dbio.1993.1298

Fresques, T., Swartz, S. Z., Juliano, C. E., Morino, Y., Kikuchi, M., Akasaka, K.,
Wada, H., Yajima, M., & Wessel, G. M. (2016). The diversity of nanos
expression in echinoderm embryos supports different mechanisms in germ cell
specification. Evolution & Development, 18(4), 267-278.
https://doi.org/10.1111/ede.12197

Fresques, T., & Wessel, G. M. (2018). Nodal induces sequential restriction of germ
cell factors during primordial germ cell specification. Development, 145(2),
dev155663.

Freter, R., Osawa, M., & Nishikawa, S.-1. (2010). Adult Stem Cells Exhibit Global
Suppression of RNA Polymerase II Serine-2 Phosphorylation. Stem Cells,
28(9), 1571-1580. https://doi.org/10.1002/stem.476

Fujimura, M., & Takamura, K. (2000). Characterization of an ascidian DEAD-box
gene, Ci-DEAD1: Specific expression in the germ cells and its mRNA
localization in the posterior-most blastomeres in early embryos. Development
Genes and Evolution, 210(2), 64—72. https://doi.org/10.1007/s004270050012

Funayama, N. (2013). The stem cell system in demosponges: Suggested involvement
of two types of cells: archeocytes (active stem cells) and choanocytes (food-
entrapping flagellated cells). Development Genes and Evolution, 223(1), 23—

38. https://doi.org/10.1007/s00427-012-0417-5



100

Funayama, N. (2018). The cellular and molecular bases of the sponge stem cell
systems underlying reproduction, homeostasis and regeneration. The
International Journal of Developmental Biology, 62(6-7-8), 513-525.
https://doi.org/10.1387/ijdb.180016nf

Funayama, N., Nakatsukasa, M., Mohri, K., Masuda, Y., & Agata, K. (2010). Piwi
expression in archeocytes and choanocytes in demosponges: Insights into the
stem cell system in demosponges. Evolution and Development, 12(3), 275—
287. https://doi.org/10.1111/.1525-142X.2010.00413.x

Gaino, E., Burlando, B., Zunino, L., Pansini, M., & Buffa, P. (1984). Origin of male
gametes from choanocytes in Spongia officinalis (Porifera, Demospongiae).
International Journal of Invertebrate Reproduction and Development, 7(2),
83-93. https://doi.org/10.1080/01688170.1984.10510077

Gamberi, C., Johnstone, O., & Lasko, P. (2006). Drosophila RNA Binding Proteins.
International Review of Cytology, 248, 43—139. https://doi.org/10.1016/S0074-
7696(06)48002-5

Gavilan, B., Sprecher, S. G., Hartenstein, V., & Martinez, P. (2019). The digestive
system of xenacoelomorphs. Cell and Tissue Research, 377(3), 369-382.
https://doi.org/10.1007/s00441-019-03038-2

Gazave, E., Béhague, J., Laplane, L., Guillou, A., Préau, L., Demilly, A., Balavoine,
G., & Vervoort, M. (2013). Posterior elongation in the annelid Platynereis
dumerilii involves stem cells molecularly related to primordial germ cells.
Developmental Biology, 382(1), 246-267.

https://doi.org/10.1016/J.YDBIO.2013.07.013



101

Gehrke, A. R., Neverett, E., Luo, Y.-J., Brandt, A., Ricci, L., Hulett, R. E., Gompers,
A., Ruby, J. G, Rokhsar, D. S., Reddien, P. W., & Srivastava, M. (2019).
Acoel genome reveals the regulatory landscape of whole-body regeneration.
Science, 363(6432), eaau6173. https://doi.org/10.1126/science.aau6173

Ghosh, D., & Seydoux, G. (2008). Inhibition of Transcription by the Caenorhabditis
elegans Germline Protein PIE-1: Genetic Evidence for Distinct Mechanisms
Targeting Initiation and Elongation. Genetics, 178(1), 235-243.
https://doi.org/10.1534/genetics.107.083212

Giani, V. C., Yamaguchi, E., Boyle, M. J., & Seaver, E. C. (2011). Somatic and
germline expression of piwi during development and regeneration in the
marine polychaete annelid Capitella teleta. EvoDevo, 2(1), 1-18.
https://doi.org/10.1186/2041-9139-2-10

Goto, T., Torii, S., Kondo, A., Kawakami, J., Yagi, H., Suekane, M., Kataoka, Y., &
Nishikata, T. (2022). Dynamic changes in the association between maternal
mRNAs and endoplasmic reticulum during ascidian early embryogenesis.
Development Genes and Evolution, 232(1), 1-14.
https://doi.org/10.1007/S00427-021-00683-Y/FIGURES/6

Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson, D. A., Amit, 1.,
Adiconis, X., Fan, L., Raychowdhury, R., Zeng, Q., Chen, Z., Mauceli, E.,
Hacohen, N., Gnirke, A., Rhind, N., Di Palma, F., Birren, B. W., Nusbaum, C.,
Lindblad-Toh, K., ... Regev, A. (2011). Full-length transcriptome assembly
from RNA-Seq data without a reference genome. Nature Biotechnology, 29(7),

644—652. https://doi.org/10.1038/nbt.1883



102

Grosbusch, A. L., Bertemes, P., Kauffmann, B., Gotsis, C., & Egger, B. (2022). Do
Not Lose Your Head Over the Unequal Regeneration Capacity in
Prolecithophoran Flatworms. Biology 2022, Vol. 11, Page 1588, 11(11), 1588.
https://doi.org/10.3390/BIOLOGY 11111588

Grudniewska, M., Mouton, S., Simanov, D., Beltman, F., Grelling, M., De Mulder,
K., Arindrarto, W., Weissert, P. M., van der Elst, S., & Berezikov, E. (2016).
Transcriptional signatures of somatic neoblasts and germline cells in
Macrostomum lignano. ELife, S(DECEMBER2016).
https://doi.org/10.7554/eLife.20607

Gschwentner, R., Ladurner, P., Nimeth, K., & Rieger, R. (2001). Stem cells in a basal
bilaterian: S-phase and mitotic cells in Convolutriloba longifissura (Acoela,
Platyhelminthes). Cell and Tissue Research, 304(3), 401-408.
https://doi.org/10.1007/s004410100375

Guo, T., Peters, A. H. F. M., & Newmark, P. A. (2006). A bruno-like Gene Is
Required for Stem Cell Maintenance in Planarians. Developmental Cell, 11(2),
159-169. https://doi.org/10.1016/j.devcel.2006.06.004

Handberg-Thorsager, M., & Sal6, E. (2007). The planarian nanos-like gene Smednos
is expressed in germline and eye precursor cells during development and
regeneration. Development Genes and Evolution, 217(5), 403—411.
https://doi.org/10.1007/s00427-007-0146-3

Hanson, E. D. (1967). Regeneration in acoelous flatworms: The role of the peripheral
parenchyma. Wilhelm Roux’ Archiv Fiir Entwicklungsmechanik Der

Organismen, 159(3), 298-313. https://doi.org/10.1007/BF00573798



103

Hanyu-Nakamura, K., Sonobe-Nojima, H., Tanigawa, A., Lasko, P., & Nakamura, A.
(2008). Drosophila Pgc protein inhibits P-TEFb recruitment to chromatin in
primordial germ cells. Nature, 451(7179), 730-733.
https://doi.org/10.1038/nature06498

Hao, Y., Hao, S., Andersen-Nissen, E., Mauck, W. M., Zheng, S., Butler, A., Lee, M.
J., Wilk, A. J., Darby, C., Zager, M., Hoffman, P., Stoeckius, M., Papalexi, E.,
Mimitou, E. P., Jain, J., Srivastava, A., Stuart, T., Fleming, L. M., Yeung, B.,
... Satija, R. (2021). Integrated analysis of multimodal single-cell data. Cell,
184(13), 3573-3587.¢29. https://doi.org/10.1016/j.cell.2021.04.048

Harris, R. E., Pargett, M., Sutcliffe, C., Umulis, D., & Ashe, H. L. (2011). Brat
Promotes Stem Cell Differentiation via Control of a Bistable Switch that
Restricts BMP Signaling. Developmental Cell, 20(1), 72—-83.
https://doi.org/10.1016/j.devcel.2010.11.019

Harvey, W., Willis, R., & Society, S. (1847). The works of William Harvey ... (pp. 1—-
728). Printed for the Sydenham Society.
https://www.biodiversitylibrary.org/item/56320

Haszprunar, G. (2015). Review of data for a morphological look on
Xenacoelomorpha (Bilateria incertae sedis). Organisms Diversity & Evolution
2015 16:2, 16(2), 363-389. https://doi.org/10.1007/S13127-015-0249-Z

Heasman, J., Quarmby, J., & Wylie, C. C. (1984). The mitochondrial cloud of
Xenopus oocytes: The source of germinal granule material. Developmental

Biology, 105(2), 458—469. https://doi.org/10.1016/0012-1606(84)90303-8



104

Hejnol, A. (2015). Acoelomorpha and xenoturbellida. In Evolutionary Developmental
Biology of Invertebrates 1: Introduction, Non-Bilateria, Acoelomorpha,
Xenoturbellida, Chaetognatha (pp. 203-214). Springer-Verlag Vienna.
https://doi.org/10.1007/978-3-7091-1862-7 9

Hejnol, A., & Martindale, M. Q. (2008). Acoel development indicates the
independent evolution of the bilaterian mouth and anus. Nature, 456(7220),
382-386. https://doi.org/10.1038/nature07309

Hejnol, A., Obst, M., Stamatakis, A., Ott, M., Rouse, G. W., Edgecombe, G. D.,
Martinez, P., Baguiia, J., Bailly, X., Jondelius, U., Wiens, M., Miiller, W. E.
G., Seaver, E., Wheeler, W. C., Martindale, M. Q., Giribet, G., & Dunn, C. W.
(2009). Assessing the root of bilaterian animals with scalable phylogenomic
methods. Proceedings. Biological Sciences, 276(1677), 4261-4270.
https://doi.org/10.1098/rspb.2009.0896

Hejnol, A., & Pang, K. (2016). Xenacoelomorpha’s significance for understanding
bilaterian evolution. Current Opinion in Genetics & Development, 39, 48—54.
https://doi.org/10.1016/J.GDE.2016.05.019

Henry, J. Q., Martindale, M. Q., & Boyer, B. C. (2000). The Unique Developmental
Program of the Acoel Flatworm, Neochildia fusca. Developmental Biology,
220(2), 285-295. https://doi.org/10.1006/DBI0.2000.9628

Hershey, A. D., & Chase, M. (1952). INDEPENDENT FUNCTIONS OF VIRAL
PROTEIN AND NUCLEIC ACID IN GROWTH OF BACTERIOPHAGE.
Journal of General Physiology, 36(1), 39-56.

https://doi.org/10.1085/jgp.36.1.39



105

Hoang, D. T., Chernomor, O., Von Haeseler, A., Minh, B. Q., & Vinh, L. S. (2018).
UFBoot2: Improving the Ultrafast Bootstrap Approximation. Molecular
Biology and Evolution, 35(2), 518-522.
https://doi.org/10.1093/molbev/msx281

Hopf, C., Viebahn, C., & Piischel, B. (2011). BMP signals and the transcriptional
repressor BLIMP1 during germline segregation in the mammalian embryo.
Development Genes and Evolution, 221(4), 209.
https://doi.org/10.1007/s00427-011-0373-5

Hori, L. (1982). An Ultrastructural Study of the Chromatoid Body in Planarian
Regenerative Cells. Journal of Electron Microscopy, 31(1), 63-72.
https://doi.org/10.1093/0xfordjournals.jmicro.a050338

Hu, N., & Zou, L. (2022). Multiple functions of Hes genes in the proliferation and
differentiation of neural stem cells. Annals of Anatomy - Anatomischer
Anzeiger, 239, 151848. https://doi.org/10.1016/j.aanat.2021.151848

Hulett, R. E., Kimura, J. O., Bolafios, D. M., Luo, Y.-J., Rivera-Loépez, C., Ricci, L.,
& Srivastava, M. (2023). Acoel single-cell atlas reveals expression dynamics
and heterogeneity of adult pluripotent stem cells. Nature Communications,
14(1), Article 1. https://doi.org/10.1038/s41467-023-38016-4

Hulett, R. E., Potter, D., & Srivastava, M. (2020). Neural architecture and
regeneration in the acoel Hofstenia miamia. Proceedings of the Royal Society
B: Biological Sciences, 287(1931), 20201198.

https://doi.org/10.1098/rspb.2020.1198



106

Ibarra-Garcia-Padilla, R., Howard, A. G. A., Singleton, E. W., & Uribe, R. A.
(2021a). A protocol for whole-mount immuno-coupled hybridization chain
reaction (WICHCR) in zebrafish embryos and larvae. STAR Protocols, 2(3).
https://doi.org/10.1016/J.XPR0O.2021.100709

Ibarra-Garcia-Padilla, R., Howard, A. G. A., Singleton, E. W., & Uribe, R. A.
(2021b). A protocol for whole-mount immuno-coupled hybridization chain
reaction (WICHCR) in zebrafish embryos and larvae. STAR Protocols, 2(3),
100709. https://doi.org/10.1016/j.xpro.2021.100709

Ikenishi, K., Nakazato, S., & Okuda, T. (1986). Direct Evidence for the Presence of
Germ Cell Determinant in Vegetal Pole Cytoplasm of Xenopus laevis and in a
Subcellular Fraction of It. (Xenopus laevis/germ cell determinant/germ
plasm/PGC induction). Development, Growth and Differentiation, 28(6), 563—
568. https://doi.org/10.1111/j.1440-169X.1986.00563.x

Isaeva, V. V. (2011). Pluripotent Gametogenic Stem Cells of Asexually Reproducing
Invertebrates. In M. S. Kallos (Ed.), Embryonic Stem Cells—Basic Biology to
Bioengineering. InTech. https://doi.org/10.5772/23740

Israelsson, O. (2006). Observations on some unusual cell types in the enigmatic
worm Xenoturbella (phylum uncertain). Tissue and Cell, 38(4), 233-242.
https://doi.org/10.1016/j.tice.2006.05.002

Johnson, A. D., Crother, B., White, M. E., Patient, R., Bachvarova, R. F., Drum, M.,
& Masi, T. (2003). Regulative germ cell specification in axolotl embryos: A

primitive trait conserved in the mammalian lineage. Philosophical



107

Transactions of the Royal Society of London. Series B: Biological Sciences,
358(1436), 1371-1379. https://doi.org/10.1098/rstb.2003.1331

Jondelius, U., Larsson, K., & Raikova, O. (2004). Cleavage in Nemertoderma
westbladi (Nemertodermatida) and its phylogenetic significance.
Zoomorphology, 123(4), 221-225. https://doi.org/10.1007/s00435-004-0105-8

Jondelius, U., Raikova, O. 1., & Martinez, P. (2019). Xenacoelomorpha, a Key Group
to Understand Bilaterian Evolution: Morphological and Molecular
Perspectives. In Evolution, Origin of Life, Concepts and Methods (pp. 287—
315). Springer International Publishing. https://doi.org/10.1007/978-3-030-
30363-1 14

Jondelius, U., Ruiz-Trillo, 1., Baguna, J., & Riutort, M. (2002). The
Nemertodermatida are basal bilaterians and not members of the
Platyhelminthes. Zoologica Scripta, 31(2), 201-215.
https://doi.org/10.1046/j.1463-6409.2002.00090.x

Jondelius, U., Wallberg, A., Hooge, M., & Raikova, O. I. (2011). How the Worm Got
its Pharynx: Phylogeny, Classification and Bayesian Assessment of Character
Evolution in Acoela. Systematic Biology, 60(6), 845-871.

Juliano, C. E., Reich, A., Liu, N., Gétzfried, J., Zhong, M., Uman, S., Reenan, R. A.,
Wessel, G. M, Steele, R. E., & Lin, H. (2014). PIWI proteins and PIWI-
interacting RNAs function in Hydra somatic stem cells. Proceedings of the
National Academy of Sciences, 111(1), 337-342.

https://doi.org/10.1073/pnas.1320965111



108

Juliano, C. E., Swartz, S. Z., & Wessel, G. M. (2010). A conserved germline
multipotency program. Development, 137(24), 4113—4126.
https://doi.org/10.1242/dev.047969

Juliano, C. E., Voronina, E., Stack, C., Aldrich, M., Cameron, A. R., & Wessel, G.
M. (2006). Germ line determinants are not localized early in sea urchin
development, but do accumulate in the small micromere lineage.
Developmental Biology, 300(1), 406—415.
https://doi.org/10.1016/j.ydbio.2006.07.035

Juliano, C. E., Wang, J., & Lin, H. (2011). Uniting Germline and Stem Cells: The
Function of Piwi Proteins and the piRNA Pathway in Diverse Organisms.
Annual Review of Genetics, 45(1), 447-469. https://doi.org/10.1146/annurev-
genet-110410-132541

Juliano, C. E., & Wessel, G. (2010). Versatile Germline Genes. Science, 329(5992),
640—-641. https://doi.org/10.1126/science.1194037

Juliano, C. E., & Wessel, G. M. (2009). An evolutionary transition of vasa regulation
in echinoderms. Evolution & Development, 11(5), 560-573.
https://doi.org/10.1111/j.1525-142X.2009.00362.x

Kadyrova, L. Y., Habara, Y., Lee, T. H., & Wharton, R. P. (2007). Translational
control of maternal Cyclin B mRNA by Nanos in the Drosophila germline.
Development, 134(8), 1519-1527. https://doi.org/10.1242/dev.002212

Kalyaanamoorthy, S., Minh, B. Q., Wong, T. K. F., Von Haeseler, A., & Jermiin, L.

S. (2017). ModelFinder: Fast model selection for accurate phylogenetic



109

estimates. Nature Methods, 14(6), 587-589.
https://doi.org/10.1038/nmeth.4285

Kapli, P., & Telford, M. J. (2020). Topology-dependent asymmetry in systematic
errors affects phylogenetic placement of Ctenophora and Xenacoelomorpha.
Science Advances, 6(50), eabc5162. https://doi.org/10.1126/sciadv.abc5162

Karling, T. G. (n.d.). On the Anatomy and Affinities of the Turbellarian Orders.

Karrer, K. M. (2012). Nuclear Dualism. In Methods in Cell Biology (Vol. 109, pp.
29-52). Academic Press Inc. https://doi.org/10.1016/B978-0-12-385967-
9.00003-7

Keil, E. M. (1929). Regeneration in Polychcerus caudatus Mark. Biological Bulletin,
57(4), 225-244. https://doi.org/10.2307/1536824

Keleman, K., & Dickson, B. J. (2001). Short- and Long-Range Repulsion by the
Drosophila Unc5 Netrin Receptor. Neuron, 32(4), 605-617.
https://doi.org/10.1016/S0896-6273(01)00505-0

Kerner, P., Degnan, S. M., Marchand, L., Degnan, B. M., & Vervoort, M. (2011).
Evolution of RNA-Binding Proteins in Animals: Insights from Genome-Wide
Analysis in the Sponge Amphimedon queenslandica. Molecular Biology and
Evolution, 28(8), 2289-2303. https://doi.org/10.1093/molbev/msr046

Kimura, J. O., Bolafios, D. M., Ricci, L., & Srivastava, M. (2022). Embryonic origins
of adult pluripotent stem cells. Cell, 185(25), 4756-4769.¢e13.

https://doi.org/10.1016/j.cell.2022.11.008



110

Kimura, J. O., Ricci, L., & Srivastava, M. (2021). Embryonic development in the
acoel Hofstenia miamia. Development (Cambridge), 148(13).
https://doi.org/10.1242/DEV.188656/VIDEO-5

King, M. L., Messitt, T. J., & Mowry, K. L. (2005). Putting RNAs in the right place
at the right time: RNA localization in the frog oocyte. Biology of the Cell,
97(1), 19-33. https://doi.org/10.1042/BC20040067

Kloc, M., Bilinski, S., Chan, A. P., Allen, L. H., Zearfoss, N. R., & Etkin, L. D.
(2001). RNA localization and germ cell determination in xenopus.
International Review of Cytology, 203, 63-91. https://doi.org/10.1016/S0074-
7696(01)03004-2

Kloc, M., Dougherty, M. T., Bilinski, S., Chan, A. P., Brey, E., King, M. L., Patrick,
C. W., & Etkin, L. D. (2002). Three-dimensional ultrastructural analysis of
RNA distribution within germinal granules of Xenopus. Developmental
Biology, 241(1), 79-93. https://doi.org/10.1006/dbio.2001.0488

Kojima, C., & Funayama, N. (2022). In Situ Hybridization to Identify Stem Cells in
the Freshwater SpongeSpongesEphydatia fluviatilisEphydatia fluviatilis (E.
fluviatilis). In S. Blanchoud & B. Galliot (Eds.), Whole-Body Regeneration:
Methods and Protocols (pp. 335-346). Springer US.
https://doi.org/10.1007/978-1-0716-2172-1 17

Krishna, S., Palakodeti, D., & Solana, J. (2019). Post-transcriptional regulation in
planarian stem cells. Seminars in Cell & Developmental Biology, 87, 69-78.

https://doi.org/10.1016/j.semcdb.2018.05.013



111

Kuales, G., De Mulder, K., Glashauser, J., Salvenmoser, W., Takashima, S.,
Hartenstein, V., Berezikov, E., Salzburger, W., & Ladurner, P. (2011). Boule-
like genes regulate male and female gametogenesis in the flatworm
Macrostomum lignano. Developmental Biology, 357(1), 117-132.
https://doi.org/10.1016/j.ydbi0.2011.06.030

Kulkarni, A., & Extavour, C. G. (2017). Convergent evolution of germ granule
nucleators: A hypothesis. Stem Cell Research, 24, 188—194.
https://doi.org/10.1016/J.SCR.2017.07.018

Kurosaki, H., Kazuki, Y., Hiratsuka, M., Inoue, T., Matsui, Y., Wang, C. C.,
Kanatsu-Shinohara, M., Shinohara, T., Toda, T., & Oshimura, M. (2006). 4
comparison study in the proteomic signatures of multipotent germline stem
cells, embryonic stem cells, and germline stem cells.
https://doi.org/10.1016/j.bbrc.2006.12.025

Lai, F., Singh, A., & King, M. L. (2012). Xenopus Nanos]1 is required to prevent
endoderm gene expression and apoptosis in primordial germ cells.
Development, 139(8), 1476—1486. https://doi.org/10.1242/dev.079608

Langmead, B., & Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie 2.
Nature Methods, 9(4), Article 4. https://doi.org/10.1038/nmeth.1923

Lasko, P. (2000). Analysis The Drosophila melanogaster Genome: Translation
Factors and RNA Binding Proteins. The Journal of Cell Biology, 150(2), 51—
56. https://doi.org/10.1083/jcb.150.2.F51

Lawson, K. A., Dunn, N. R., Roelen, B. A. J., Zeinstra, L. M., Davis, A. M., Wright,

C. V. E,, Korving, J. P. W. F. M., & Hogan, B. L. M. (1999). Bmp4 is required



112

for the generation of primordial germ cells in the mouse embryo. Genes &
Development, 13(4), 424-436.

Leatherman, J. L., Levin, L., Boero, J., & Jongens, T. A. (2002). Germ cell-less Acts
to Repress Transcription during the Establishment of the Drosophila Germ
Cell Lineage. Current Biology, 12(19), 1681-1685.
https://doi.org/10.1016/S0960-9822(02)01182-X

Lebedeva, L. A., Yakovlev, K. V., Kozlov, E. N., Schedl, P., Deshpande, G., &
Shidlovskii, Y. V. (2018). Transcriptional quiescence in primordial germ cells.
Critical Reviews in Biochemistry and Molecular Biology, 53(6), 579-595.
https://doi.org/10.1080/10409238.2018.1506733

Leclerc, P., Goupil, S., Rioux, J., Lavoie-Ouellet, C., Clark, M., Ruiz, J., & Saindon,
A. (2020). Study on the role of calmodulin in sperm function through the
enrichment and identification of calmodulin-binding proteins in bovine
ejaculated spermatozoa. Journal of Cellular Physiology, 235(6), 5340-5352.
https://doi.org/10.1002/jcp.29421

Leclere, L., Jager, M., Barreau, C., Chang, P., Le Guyader, H., Manuel, M., &
Houliston, E. (2012). Maternally localized germ plasm mRNAs and germ
cell/stem cell formation in the cnidarian Clytia. Developmental Biology,
364(2), 236-248. https://doi.org/10.1016/j.ydbio.2012.01.018

Lehmann, R. (2012). Germline stem cells: Origin and destiny. Cell Stem Cell, 10(6),

729-739. https://doi.org/10.1016/j.stem.2012.05.016



113

Li, D., Taylor, D. H., & van Wolfswinkel, J. C. (2021). PIWI-mediated control of
tissue-specific transposons is essential for somatic cell differentiation. Cell
Reports, 37(1), 109776. https://doi.org/10.1016/j.celrep.2021.109776

Li, W., & Godzik, A. (2006). Cd-hit: A fast program for clustering and comparing
large sets of protein or nucleotide sequences. Bioinformatics, 22(13), 1658—
1659. https://doi.org/10.1093/bioinformatics/btl158

Li, Y.-Q., Zeng, A., Han, X.-S., Wang, C., Li, G., Zhang, Z.-C., Wang, J.-Y., Qin, Y .-
W., & Jing, Q. (2011). Argonaute-2 regulates the proliferation of adult stem
cells in planarian. Cell Research, 21(12), Article 12.
https://doi.org/10.1038/cr.2011.151

Lim, R. S. M., Anand, A., Nishimiya-Fujisawa, C., Kobayashi, S., & Kai, T. (2014).
Analysis of Hydra PIWI proteins and piRNAs uncover early evolutionary
origins of the piRNA pathway. Developmental Biology, 386(1), 237-251.
https://doi.org/10.1016/j.ydbi0.2013.12.007

Lin, H. (1997). The Tao of Stem Cells in the Germline. Annual Review of Genetics,
31(1),455-491. https://doi.org/10.1146/annurev.genet.31.1.455

Lin, H. (1998). The self-renewing mechanism of stem cells in the germline. Current
Opinion in Cell Biology, 10(6), 687—693. https://doi.org/10.1016/S0955-
0674(98)80108-7

Lin, H., & Spradling, A. C. (1993). Germline Stem Cell Division and Egg Chamber
Development in Transplanted Drosophila Germaria. Developmental Biology,

159(1), 140-152. https://doi.org/10.1006/dbio.1993.1228



114

Lindblad, K. A., Bracht, J. R., Williams, A. E., & Landweber, L. F. (2017).
Thousands of RNA-cached copies of whole chromosomes are present in the
ciliate Oxytricha during development. RNA, 23(8), 1200-1208.
https://doi.org/10.1261/ra.058511.116

Liu, S.-Y., Selck, C., Friedrich, B., Lutz, R., Vila-Farré, M., Dahl, A., Brandl, H.,
Lakshmanaperumal, N., Henry, 1., & Rink, J. C. (2013). Reactivating head
regrowth in a regeneration-deficient planarian species. Nature, 500(7460),
Article 7460. https://doi.org/10.1038/nature12414

Loépez-Nandam, E. H., Albright, R., Hanson, E. A., Sheets, E. A., & Palumbi, S. R.
(2023). Mutations in coral soma and sperm imply lifelong stem cell renewal
and cell lineage selection. Proceedings of the Royal Society B: Biological
Sciences, 290(1991), 20221766. https://doi.org/10.1098/rspb.2022.1766

Lu, K. L., & Yamashita, Y. M. (2017). Germ cell connectivity enhances cell death in
response to DNA damage in the Drosophila testis. ELife, 6, €27960.
https://doi.org/10.7554/eLife.27960

Lundin, K. (1998). Symbiotic bacteria on the epidermis of species of the
Nemertodermatida (Platyhelminthes, Acoelomorpha). Acta Zoologica, 79(3),
187-191. https://doi.org/10.1111/j.1463-6395.1998.tb01157.x

Lundin, K., & Hendelberg, J. (1995). Ultrastructure of the epidermis of Meara
stichopi (Platyhelminthes, Nemertodermatida) and associated extra-epidermal
bacteria. Hydrobiologia: The International Journal of Aquatic Sciences,

305(1), 161-165. https://doi.org/10.1007/BF00036380



115

Lundin, K., & Hendelberg, J. (1996). Degenerating epidermal bodies (“pulsatile
bodies™) in Meara stichopi (Plathelminthes, Nemertodermatida).
Zoomorphology, 116, 1-6.

Lundin, K., & Hendelberg, J. (1998). Is the sperm type of the Nemertodermatida
close to that of the ancestral Platyhelminthes? In Hydrobiologia (Vol. 383, pp.
197-205).

Lundin, K., & Sterrer, W. (2001). The Nemertodermatida. In D. T. J. Littlewood & R.
A. Bray (Eds.), Interrelationships of the Platyhelminthes. CRC Press.

Lynch, J. A., & Desplan, C. (2010). Novel modes of localization and function of
nanos in the wasp Nasonia. Development, 137(22), 3813-3821.
https://doi.org/10.1242/dev.054213

Madeira, F., Pearce, M., Tivey, A. R. N., Basutkar, P., Lee, J., Edbali, O.,
Madhusoodanan, N., Kolesnikov, A., & Lopez, R. (2022). Search and
sequence analysis tools services from EMBL-EBI in 2022. Nucleic Acids
Research, 50(W1), W276-W279. https://doi.org/10.1093/nar/gkac240

Magnusdoéttir, E., Dietmann, S., Murakami, K., Giinesdogan, U., Tang, F., Bao, S.,
Diamanti, E., Lao, K., Gottgens, B., & Azim Surani, M. (2013). A tripartite
transcription factor network regulates primordial germ cell specification in
mice. Nature Cell Biology, 15(8), 905-915. https://doi.org/10.1038/ncb2798

Mahowald, A. P. (1962). Fine structure of pole cells and polar granules in Drosophila
melanogaster. Journal of Experimental Zoology, 151(3), 201-215.

https://doi.org/10.1002/jez.1401510302



116

Mahowald, A. P. (1977). The Germ Plasm of Drosophila: An Experimental System
for the Analysis of Determination. American Zoologist, 17(3), 551-563.

Manni, M., Berkeley, M. R., Seppey, M., Simao, F. A., & Zdobnov, E. M. (2021).
BUSCO Update: Novel and Streamlined Workflows along with Broader and
Deeper Phylogenetic Coverage for Scoring of Eukaryotic, Prokaryotic, and
Viral Genomes. Molecular Biology and Evolution, 38(10), 4647—4654.
https://doi.org/10.1093/molbev/msab199

Martin-Duran, J. M., Pang, K., Berve, A., Lé, H. S., Furu, A., Cannon, J. T.,
Jondelius, U., & Hejnol, A. (2018). Convergent evolution of bilaterian nerve
cords. Nature, 553(7686), 45-50. https://doi.org/10.1038/nature25030

Martinho, R. G., Kunwar, P. S., Casanova, J., & Lehmann, R. (2004). A Noncoding
RNA Is Required for the Repression of RNApolll-Dependent Transcription in
Primordial Germ Cells. Current Biology, 14(2), 159—165.
https://doi.org/10.1016/j.cub.2003.12.036

McKee, A. E., Minet, E., Stern, C., Riahi, S., Stiles, C. D., & Silver, P. A. (2005). A
genome-wide in situ hybridization map of RNA-binding proteins reveals
anatomically restricted expression in the developing mouse brain. BMC
Developmental Biology, 5, 14. https://doi.org/10.1186/1471-213X-5-14

Meyer-Wachsmuth, 1., Galletti, M. C., & Jondelius, U. (2014). Hyper-Cryptic Marine
Meiofauna: Species Complexes in Nemertodermatida. PLOS ONE, 9(9),

¢107688. https://doi.org/10.1371/journal.pone.0107688



117

Meyer-Wachsmuth, 1., & Jondelius, U. (2016). Interrelationships of
Nemertodermatida. Organisms Diversity and Evolution, 16(1), 73—-84.
https://doi.org/10.1007/s13127-015-0240-8

Meyer-Wachsmuth, 1., Raikova, O. 1., & Jondelius, U. (2013). The muscular system
of Nemertoderma westbladi and Meara stichopi (Nemertodermatida,
Acoelomorpha). Zoomorphology, 132(3), 239-252.
https://doi.org/10.1007/s00435-013-0191-6

Minh, B. Q., Schmidt, H. A., Chernomor, O., Schrempf, D., Woodhams, M. D., Von
Haeseler, A., & Lanfear, R. (2020). IQ-TREE 2: New Models and Efficient
Methods for Phylogenetic Inference in the Genomic Era. Molecular Biology
and Evolution, 37(5), 1530—1534. https://doi.org/10.1093/molbev/msaa015

Miramon-Puertolas, P., & Steinmetz, P. R. H. (2023). 4An adult stem-like cell
population generates germline and neurons in the sea anemone Nematostella
vectensis (p. 2023.01.27.525880). bioRxiv.
https://doi.org/10.1101/2023.01.27.525880

Miyaoku, K., Nakamoto, A., Nishida, H., & Kumano, G. (2018). Control of Pem
protein level by localized maternal factors for transcriptional regulation in the
germline of the ascidian, Halocynthia roretzi. PloS One, 13(4), €0196500.
https://doi.org/10.1371/journal.pone.0196500

Mochizuki, K., Nishimiya-Fujisawa, C., & Fujisawa, T. (2001). Universal occurrence
of the vasa -related genes among metazoans and their germline expression in
Hydra. Development Genes and Evolution, 211(6), 299-308.

https://doi.org/10.1007/s004270100156



118

Morgan, T. H. (1898). Experimental studies of the regeneration of Planaria maculata.
Archiv Fiir Entwickelungsmechanik Der Organismen, 7(2-3), 364-397.
https://doi.org/10.1007/BF02161491

Morita, M., & Best, J. B. (1974). Electron microscopic studies of planarian
regeneration. II. Changes in epidermis during regeneration. Journal of
Experimental Zoology, 187(3), 345-373.
https://doi.org/10.1002/JEZ.1401870305

Morita, M., Best, J. B., & Noel, J. (1969). Electron microscopic studies of planarian
regeneration. I. Fine structure of neoblasts in Dugesia dorotocephala. Journal
of Ultrastructure Research, 27(1), 7-23.

Nakamura, T., & Extavour, C. G. (2016). The transcriptional repressor Blimp-1 acts
downstream of BMP signaling to generate primordial germ cells in the cricket
Gryllus bimaculatus. Development, 143(2), 255-263.
https://doi.org/10.1242/dev.127563

Nakano, H. (2015). What is Xenoturbella? Zoological Letters 2015 1:1, 1(1), 1-8.
https://doi.org/10.1186/S40851-015-0018-Z

Nakano, H., Lundin, K., Bourlat, S. J., Telford, M. J., Funch, P., Nyengaard, J. R.,
Obst, M., & Thorndyke, M. C. (2013). Xenoturbella bocki exhibits direct
development with similarities to Acoelomorpha. Nature Communications, 4,
1537. https://doi.org/10.1038/NCOMMS2556

Newmark, P. A., & Sanchez Alvarado, A. (2000). Bromodeoxyuridine Specifically
Labels the Regenerative Stem Cells of Planarians. Developmental Biology,

220(2), 142-153. https://doi.org/10.1006/dbio.2000.9645



119

Newmark, P. A., Wang, Y., & Chong, T. (2008). Germ Cell Specification and
Regeneration in Planarians. Cold Spring Harbor Symposia on Quantitative
Biology, 73(0), 573-581. https://doi.org/10.1101/sqb.2008.73.022

Nicoglou, A., & Wolfe, C. T. (2018). Introduction: Sketches of a conceptual history
of epigenesis. History and Philosophy of the Life Sciences, 40(4), 64.
https://doi.org/10.1007/s40656-018-0230-1

Nimeth, K. T., Mahlknecht, M., Mezzanato, A., Peter, R., Rieger, R., & Ladurner, P.
(2004). Stem cell dynamics during growth, feeding, and starvation in the basal
flatworm Macrostomum sp. (Platyhelminthes). Developmental Dynamics,
230(1), 91-99. https://doi.org/10.1002/dvdy.20035

Nishimiya-Fujisawa, C., & Kobayashi, S. (2012). Germline stem cells and sex
determination in Hydra. The International Journal of Developmental Biology,
56(6-8), 499—-508. https://doi.org/10.1387/ijdb.123509cf

Nowacki, M., Vijayan, V., Zhou, Y., Schotanus, K., Doak, T. G., & Landweber, L. F.
(2008). RNA-mediated epigenetic programming of a genome-rearrangement
pathway. Nature, 451(7175), 153—158. https://doi.org/10.1038/nature06452

Ohinata, Y., Ohta, H., Shigeta, M., Yamanaka, K., Wakayama, T., & Saitou, M.
(2009). A Signaling Principle for the Specification of the Germ Cell Lineage
in Mice. Cell, 137(3), 571-584. https://doi.org/10.1016/j.cell.2009.03.014

Ohinata, Y., Payer, B., O’Carroll, D., Ancelin, K., Ono, Y., Sano, M., Barton, S. C.,
Obukhanych, T., Nussenzweig, M., Tarakhovsky, A., Saitou, M., & Surani, M.
A. (2005). Blimp1 is a critical determinant of the germ cell lineage in mice.

Nature, 436(7048), Article 7048. https://doi.org/10.1038/nature03813



120

Orii, H., Sakurai, T., & Watanabe, K. (2005). Distribution of the stem cells
(neoblasts) in the planarian Dugesia japonica. Development Genes and
Evolution, 215(3), 143—157. https://doi.org/10.1007/s00427-004-0460-y

Ozpolat, B. D., Sloane, E. S., Zattara, E. E., & Bely, A. E. (2016). Plasticity and
regeneration of gonads in the annelid Pristina leidyi. EvoDevo, 7(1), 22.
https://doi.org/10.1186/s13227-016-0059-1

Paix, A., Yamada, L., Dru, P., Lecordier, H., Pruliere, G., Chenevert, J., Satoh, N., &
Sardet, C. (2009). Cortical anchorages and cell type segregations of maternal
postplasmic/PEM RNAs in ascidians. Developmental Biology, 336(1), 96—111.
https://doi.org/10.1016/J.YDBI0.2009.09.001

Palakodeti, D., Smielewska, M., Lu, Y.-C., Yeo, G. W., & Graveley, B. R. (2008).
The PIWI proteins SMEDWI-2 and SMEDWI-3 are required for stem cell
function and piRNA expression in planarians. RNA, 14(6), 1174-1186.
https://doi.org/10.1261/rna.1085008

Passamaneck, Y. J., Hejnol, A., & Martindale, M. Q. (2015). Mesodermal gene
expression during the embryonic and larval development of the articulate
brachiopod Terebratalia transversa. EvoDevo, 6(1), 10.
https://doi.org/10.1186/s13227-015-0004-8

Perea-Atienza, E., Botta, M., Salvenmoser, W., Gschwentner, R., Egger, B., Kristof,
A., Martinez, P., & Achatz, J. G. (2013). Posterior regeneration in Isodiametra
pulchra (Acoela, Acoelomorpha). Frontiers in Zoology, 10(1), 1-20.

https://doi.org/10.1186/1742-9994-10-64



121

Perea-Atienza, E., Gavilan, B., Chiodin, M., Abril, J. F., Hoff, K. J., Poustka, A. J., &
Martinez, P. (2015). The nervous system of Xenacoelomorpha: A genomic
perspective. Journal of Experimental Biology, 218(4), 618—628.
https://doi.org/10.1242/jeb.110379

Pfister, D., De Mulder, K., Hartenstein, V., Kuales, G., Borgonie, G., Marx, F.,
Morris, J., & Ladurner, P. (2008). Flatworm stem cells and the germ line:
Developmental and evolutionary implications of macvasa expression in
Macrostomum lignano. Developmental Biology, 319(1), 146—159.

Philippe, H., Brinkmann, H., Copley, R. R., Moroz, L. L., Nakano, H., Poustka, A. J.,
Wallberg, A., Peterson, K. J., & Telford, M. J. (2011). Acoelomorph
flatworms are deuterostomes related to Xenoturbella. Nature, 470(7333), 255—
258. https://doi.org/10.1038/nature09676

Philippe, H., Brinkmann, H., Martinez, P., Riutort, M., & Baguia, J. (2007). Acoel
Flatworms Are Not Platyhelminthes: Evidence from Phylogenomics. PLoS
ONE, 2(8), €717. https://doi.org/10.1371/journal.pone.0000717

Philippe, H., Poustka, A. J., Chiodin, M., Hoff, K. J., Dessimoz, C., Tomiczek, B.,
Schiffer, P. H., Miiller, S., Domman, D., Horn, M., Kuhl, H., Timmermann,
B., Satoh, N., Hikosaka-Katayama, T., Nakano, H., Rowe, M. L., Elphick, M.
R., Thomas-Chollier, M., Hankeln, T., ... Telford, M. J. (2019). Mitigating
Anticipated Effects of Systematic Errors Supports Sister-Group Relationship
between Xenacoelomorpha and Ambulacraria. Current Biology, 29(11), 1818-

1826.¢€6. https://doi.org/10.1016/j.cub.2019.04.009



122

Pilato, G. (2000). The Ontogenetic origin of germ cells in Porifera and Cnidaria and
the Theory of the endoderm as secondary layer. Zoologischer Anzeiger, 239,
289-295.

Pilon, M., Peng, X.-R., Spence, A. M., Plasterk, R. H. A., & Dosch, H.-M. (2000).
The Diabetes Autoantigen ICA69 and Its Caenorhabditis elegans Homologue,
ric-19 , Are Conserved Regulators of Neuroendocrine Secretion. Molecular
Biology of the Cell, 11(10), 3277-3288.
https://doi.org/10.1091/mbc.11.10.3277

Plass, M., Solana, J., Wolf, F. A., Ayoub, S., Misios, A., Glazar, P., Obermayer, B.,
Theis, F. J., Kocks, C., & Rajewsky, N. (2018). Cell type atlas and lincage tree
of a whole complex animal by single-cell transcriptomics. Science (New York,
N.Y.), 360(6391), 8406—8411. https://doi.org/10.1126/science.aaql723

Preibisch, S., Saalfeld, S., & Tomancak, P. (2009). Globally optimal stitching of tiled
3D microscopic image acquisitions. Bioinformatics, 25(11), 1463—1465.
https://doi.org/10.1093/bioinformatics/btp184

Raikova, O. I. I., Reuter, M., Jondelius, U., & Gustafsson, M. K. S. K. S. S. (2000).
The brain of the Nemertodermatida (Platyhelminthes) as revealed by anti-SHT
and anti-FMRFamide immunostainings. Tissue and Cell, 32(5), 358-365.
https://doi.org/10.1054/tice.2000.0121

Ramachandra, N. B., Gates, R. D., Ladurner, P., Jacobs, D. K., & Hartenstein, V.
(2002). Embryonic development in the primitive bilaterian Neochildia fusca:

Normal morphogenesis and isolation of POU genes Brn-1 and Brn-3.



123

Development Genes and Evolution, 212(2), 55-69.
https://doi.org/10.1007/s00427-001-0207-y

Ramon-Mateu, J., Ellison, S. T., Angelini, T. E., & Martindale, M. Q. (2019).
Regeneration in the ctenophore Mnemiopsis leidyi occurs in the absence of a
blastema, requires cell division, and is temporally separable from wound
healing. BMC Biology, 17(1), 80. https://doi.org/10.1186/s12915-019-0695-8

Raz, A. A., Srivastava, M., Salvamoser, R., & Reddien, P. W. (2017). Acoel
regeneration mechanisms indicate an ancient role for muscle in regenerative
patterning. Nature Communications, 8(1), 1-8.
https://doi.org/10.1038/s41467-017-01148-5

Raz, A. A., & Yamashita, Y. M. (2021). Molding immortality from a plastic
germline. Current Opinion in Cell Biology, 73, 1-8.
https://doi.org/10.1016/j.ceb.2021.04.010

Rebscher, N., Volk, C., Teo, R., & Plickert, G. (2008). The germ plasm component
vasa allows tracing of the interstitial stem cells in the cnidarian Hydractinia
echinata. Developmental Dynamics, 237(6), 1736—1745.
https://doi.org/10.1002/dvdy.21562

Rebscher, N., Zelada-Gonzalez, F., Banisch, T. U., Raible, F., & Arendt, D. (2007).
Vasa unveils a common origin of germ cells and of somatic stem cells from
the posterior growth zone in the polychaete Platynereis dumerilii.
Developmental Biology, 306(2), 599—-611.

https://doi.org/10.1016/].YDBIO.2007.03.521



124

Reddien, P. W., & Alvarado, A. S. (2004). Fundamentals of Planarian Regeneration.
Annual Review of Cell and Developmental Biology, 20(1), 725-757.
https://doi.org/10.1146/annurev.cellbio.20.010403.095114

Reddien, P. W., Oviedo, N. J., Jennings, J. R., Jenkin, J. C., & Alvarado, A. S.
(2005). SMEDWI-2 Is a PIWI-Like Protein That Regulates Planarian Stem
Cells. Science, 310(5752), 1327-1330.
https://doi.org/10.1126/science.1116110

Reitzel, A. M., Pang, K., & Martindale, M. Q. (2016). Developmental expression of
“germline”- and “sex determination”-related genes in the ctenophore
Mnemiopsis leidyi. EvoDevo, 7(1), 17. https://doi.org/10.1186/s13227-016-
0051-9

Rieger, R. M. (1981). Morphology of the Turbellaria at the ultrastructural level.
Hydrobiologia, 84(1), 213-229. https://doi.org/10.1007/BF00026183

Rieger, R. M., & Ladurner, P. (2003). The Significance of Muscle Cells for the Origin
of Mesoderm in Bilateria 1 (Vol. 43, pp. 47-54).
https://academic.oup.com/icb/article-abstract/43/1/47/604451

Rieger, R. M., Legniti, A., Ladurner, P., Reiter, D., Asch, E., Salvenmoser, W.,
Schiirmann, W., & Peter, R. (1999). Ultrastructure of neoblasts in
microturbellaria: Significance for understanding stem cells in free-living
Platyhelminthes. Invertebrate Reproduction & Development, 35(2), 127-140.
https://doi.org/10.1080/07924259.1999.9652376

Rinkevich, B., Ballarin, L., Martinez, P., Somorjai, I., Ben-Hamo, O., Borisenko, 1.,

Berezikov, E., Ereskovsky, A., Gazave, E., Khnykin, D., Manni, L.,



125

Petukhova, O., Rosner, A., Rottinger, E., Spagnuolo, A., Sugni, M., Tiozzo,
S., & Hobmayer, B. (2022). A pan-metazoan concept for adult stem cells: The
wobbling Penrose landscape. Biological Reviews, 97, 299-325.
https://doi.org/10.1111/brv.12801

Robert, V. J., Garvis, S., & Palladino, F. (2015). Repression of somatic cell fate in the
germline. Cellular and Molecular Life Sciences, 72(19), 3599-3620.
https://doi.org/10.1007/s00018-015-1942-y

Robertson, H. E., Sebe-Pedros, A., Saudemont, B., Mie, Y. L., Zakrzewski, A., Grau-
Bové, X., Mailhe, M.-P., Schiffer, P., Telford, M. J., & Marlow, H. (2022).
Single cell atlas of Xenoturbella bocki highlights the limited cell-type
complexity of a non- vertebrate deuterostome lineage.

Ruiz-Trillo, L., Paps, J., Loukota, M., Ribera, C., Jondelius, U., Baguiia, J., & Riutort,
M. (2002). A phylogenetic analysis of myosin heavy chain type Il sequences
corroborates that Acoela and Nemertodermatida are basal bilaterians.
Proceedings of the National Academy of Sciences, 99(17), 11246-11251.
https://doi.org/10.1073/pnas.172390199

Ruzinova, M. B., & Benezra, R. (2003). Id proteins in development, cell cycle and
cancer. Trends in Cell Biology, 13(8), 410—418.
https://doi.org/10.1016/S0962-8924(03)00147-8

S Bruce, H., Jerz, G., R Kelly, S., McCarthy, J., Pomerantz, A., Senevirathne, G.,
Sherrard, A., A Sun, D., Wolff, C., & H Patel, N. (2021). Hybridization Chain
Reaction (HCR) In Situ Protocol vI [Preprint].

https://doi.org/10.17504/protocols.io.bunznvfo



126

Salvetti, A., Rossi, L., Lena, A., Batistoni, R., Deri, P., Rainaldi, G., Locci, M. T.,
Evangelista, M., & Gremigni, V. (2005). DjPum, a homologue of Drosophila
Pumilio, is essential to planarian stem cell maintenance. Development, 132(8),
1863—1874. https://doi.org/10.1242/dev.01785

Sandmann, T., Vogg, M. C., Owlarn, S., Boutros, M., & Bartscherer, K. (2011). The
head-regeneration transcriptome of the planarian Schmidtea mediterranea.
Genome Biology, 12(8), R76. https://doi.org/10.1186/gb-2011-12-8-r76

Sandoval-Guzman, T., Wang, H., Khattak, S., Schuez, M., Roensch, K., Nacu, E.,
Tazaki, A., Joven, A., Tanaka, E. M., & Simon, A. (2014). Fundamental
Differences in Dedifferentiation and Stem Cell Recruitment during Skeletal
Muscle Regeneration in Two Salamander Species. Cell Stem Cell, 14(2), 174—
187. https://doi.org/10.1016/j.stem.2013.11.007

Sarfati, D. N., Xue, Y., Song, E. S., Byrne, A., Le, D., Darmanis, S., Quake, S. R.,
Burlacot, A., Sikes, J., & Wang, B. (2023). Coordinated wound responses in a
regenerative animal-algal photosymbiotic metaorganism (p.
2023.06.21.545945). bioRxiv. https://doi.org/10.1101/2023.06.21.545945

Sato, K., Shibata, N., Orii, H., Amikura, R., Sakurai, T., Agata, K., Kobayashi, S., &
Watanabe, K. (2006). Identification and origin of the germline stem cells as
revealed by the expression of nanos-related gene in planarians. Development,
Growth and Differentiation, 48(9), 615-628. https://doi.org/10.1111/j.1440-
169X.2006.00897.x

Schindelin, J., Arganda-Carreras, 1., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,

Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J.-Y., White, D.



127

J., Hartenstein, V., Eliceiri, K., Tomancak, P., & Cardona, A. (2012). Fiji: An
open-source platform for biological-image analysis. Nature Methods, 9(7),
676—682. https://doi.org/10.1038/nmeth.2019

Seipel, K., Yanze, N., & Schmid, V. (2003). The germ line and somatic stem cell
gene Cniwi in the jellyfish Podocoryne carnea. International Journal of
Developmental Biology, 48(1), Article 1.
https://doi.org/10.1387/ijdb.15005568

Seydoux, G., & Dunn, M. A. (1997). Transcriptionally repressed germ cells lack a
subpopulation of phosphorylated RNA polymerase II in early embryos of
Caenorhabditis elegans and Drosophila melanogaster. Development, 124(11),
2191-2201. https://doi.org/10.1242/DEV.124.11.2191

Shannon, T., & Achatz, J. G. (2007). Convolutriloba macropyga sp. Nov., an
uncommonly fecund acoel (Acoelomorpha) discovered in tropical aquaria.
Zootaxa, 1525(1), 1-17. https://doi.org/10.11646/zootaxa.1525.1.1

Shibata, N., Umesono, Y., Orii, H., Sakurai, T., Watanabe, K., & Agata, K. (1999).
Expression ofvasa(vas)-Related Genes in Germline Cells and Totipotent
Somatic Stem Cells of Planarians. Developmental Biology, 206(1), 73-87.
https://doi.org/10.1006/DBI10.1998.9130

Shirae-Kurabayashi, M. (2006). Dynamic redistribution of vasa homolog and
exclusion of somatic cell determinants during germ cell specification in Ciona
intestinalis. Development, 133(14), 2683-2693.

https://doi.org/10.1242/dev.02446



128

Shirae-Kurabayashi, M., Matsuda, K., & Nakamura, A. (2011). Ci-Pem-1 localizes to
the nucleus and represses somatic gene transcription in the germline of Ciona
intestinalis embryos. Development, 138(14), 2871-2881.
https://doi.org/10.1242/dev.058131

Sikes, J. M. (2009). Breaking the A-P axis: Evolution of diverse asexual reproduction
strategies in Convolutriloba acoels [Dissertation]. University of Maryland.

Sikes, J. M., & Bely, A. E. (2008). Radical modification of the A—P axis and the
evolution of asexual reproduction in Convolutriloba acoels. Evolution &
Development, 10(5), 619—631. https://doi.org/10.1111/j.1525-
142X.2008.00276.x

Sikes, J. M., & Bely, A. E. (2010). Making heads from tails: Development of a
reversed anterior-posterior axis during budding in an acoel. Developmental
Biology, 338(1), 86-97. https://doi.org/10.1016/j.ydbi0.2009.10.033

Sikes, J. M., & Newmark, P. A. (2013). Restoration of anterior regeneration in a
planarian with limited regenerative ability. Nature, 500(7460), Article 7460.
https://doi.org/10.1038/nature12403

Sinigaglia, C., Alié, A., & Tiozzo, S. (2022). The Hazards of Regeneration: From
Morgan’s Legacy to Evo-Devo. In S. Blanchoud & B. Galliot (Eds.), Whole-
Body Regeneration (Vol. 2450, pp. 3-25). Springer US.
https://doi.org/10.1007/978-1-0716-2172-1 1

Smith III, J. P. S., Egger, B., Tyler, S., Ladurner, P., Achatz, J., & Merlie, S. (2009,

January 6). Neoblasts in Nemertodermatida. SICB. Society for Integrative and



129

Comparative Biology. https://sicb.org/abstracts/neoblasts-in-
nemertodermatida/

Smith II1, J. P. S., TYLER, S., Boatwright, D., & Lundin, K. (1994). Rhabdite-like
secretions in Acoelomorpha: Evidence for monophyly? [Abstract].
Transactions of the American Microscopical Society, 113(1), 96—101.

Smith, J. P. S., & Tyler, S. (1985). The acoel turbellarians: Kingpins of metazoan
evolution or a specialized offshoot? In S. Conway Morris, J. D. George, R.
Gibson, & H. M. Platt (Eds.), The origins and relationships of lower
invertebrates. (Vol. 28, pp. 123-142). Oxford University Press.

Solana, J. (2013). Closing the circle of germline and stem cells: The Primordial Stem
Cell hypothesis. EvoDevo, 4(1), 2. https://doi.org/10.1186/2041-9139-4-2

Solana, J., Lasko, P., & Romero, R. (2009). Spoltud-1 is a chromatoid body
component required for planarian long-term stem cell self-renewal.
Developmental Biology, 328(2), 410—421.
https://doi.org/10.1016/J.YDBIO.2009.01.043

Spallanzani, L. (1789). Dissertations relative to the natural history of animals and
vegetables / Translated from the Italian of the Abbe Spallanzani... Printed for
J. Murray.,. https://doi.org/10.5962/bhl.title.45675

Spradling, A., Fuller, M. T., Braun, R. E., & Yoshida, S. (2011). Germline Stem
Cells. Cold Spring Harbor Perspectives in Biology, 3(11), a002642—a002642.
https://doi.org/10.1101/cshperspect.a002642

Sprecher, S. G., Bernardo-Garcia, F. J., van Giesen, L., Hartenstein, V., Reichert, H.,

Neves, R., Bailly, X., Martinez, P., & Brauchle, M. (2015). Functional brain



130

regeneration in the acoel worm Symsagittifera roscoffensis. Biology Open,
4(12), 1688-1695. https://doi.org/10.1242/bi0.014266

Srivastava, M. (2021). Beyond Casual Resemblance: Rigorous Frameworks for
Comparing Regeneration across Species. Annual Review of Cell and
Developmental Biology, 37, 415-440. https://doi.org/10.1146/annurev-cellbio-
120319-114716

Srivastava, M., Mazza-Curll, K. L., van Wolfswinkel, J. C., & Reddien, P. W. (2014).
Whole-Body Acoel Regeneration Is Controlled by Wnt and Bmp-Admp
Signaling. Current Biology, 24(10), 1107-1113.
https://doi.org/10.1016/j.cub.2014.03.042

Srouji, J., & Extavour, C. (2010). Redefining Stem Cells and Assembling Germ
Plasm: Key Transitions in the Evolution of the Germ Line. In Key Transitions
in Animal Evolution (pp. 360-397).

Steinbdck, O. (1954). Regeneration azdler Turbellarien. Verh Deutschen Zool Ces. in
Tubingen, 86-94.

Steinbock, O. (1963). Regenerations- und Konplantationsversuche anAmphiscolops
spec. (Turbellaria acoela). Wilhelm Roux’ Archiv fiir Entwicklungsmechanik
der Organismen, 154(4), 308-353. https://doi.org/10.1007/BF00582080

Sterrer, W. (1998). New and known Nemertodermatida (Platyhelminthes-
Acoelomorpha): A revision. Belgian Journal of Zoology, 128(1), 55-92.

Stevens, A.-S., Wouters, A., Ploem, J.-P., Pirotte, N., Van Roten, A., Willems, M.,
Hellings, N., Franken, C., Koppen, G., Artois, T., Plusquin, M., & Smeets, K.

(2018). Planarians Customize Their Stem Cell Responses Following



131

Genotoxic Stress as a Function of Exposure Time and Regenerative State.
Toxicological Sciences, 162(1), 251-263.
https://doi.org/10.1093/toxsci/kfx247

Street, K., Risso, D., Fletcher, R. B., Das, D., Ngai, J., Yosef, N., Purdom, E., &
Dudoit, S. (2018). Slingshot: Cell lineage and pseudotime inference for single-
cell transcriptomics. BMC Genomics, 19(1), 477.
https://doi.org/10.1186/s12864-018-4772-0

Strome, S., & Updike, D. (2015). Specifying and protecting germ cell fate. 16(7),
406—416. https://doi.org/10.1038/nrm4009

Strome, S., & Wood, W. B. (1983). Generation of asymmetry and segregation of
germ-line granules in early C. elegans embryos. Cell, 35(1), 15-25.
https://doi.org/10.1016/0092-8674(83)90203-9

Stuart, T., Butler, A., Hoffman, P., Hafemeister, C., Papalexi, E., Mauck, W. M.,
Hao, Y., Stoeckius, M., Smibert, P., & Satija, R. (2019). Comprehensive
Integration of Single-Cell Data. Cell, 177(7), 1888-1902.e21.
https://doi.org/10.1016/j.cell.2019.05.031

Sulston, J. E., Schierenberg, E., White, J. G., & Thomson, J. N. (1983). The
embryonic cell lineage of the nematode Caenorhabditis elegans.
Developmental Biology, 100(1), 64—119. https://doi.org/10.1016/0012-
1606(83)90201-4

Swartz, S. Z., Reich, A. M., Oulhen, N., Raz, T., Milos, P. M., Campanale, J. P.,

Hamdoun, A., & Wessel, G. M. (2014). Deadenylase depletion protects



132

inherited mRNAs in primordial germ cells. Development, 141(16), 3134-3142.
https://doi.org/10.1242/dev.110395

Takamura, K., Fujimura, M., & Yamaguchi, Y. (2002). Primordial germ cells
originate from the endodermal strand cells in the ascidian Ciona intestinalis.
Development Genes and Evolution, 212(1), 11-18.
https://doi.org/10.1007/s00427-001-0204-1

Teefy, B. B., Siebert, S., Cazet, J. F., Lin, H., & Juliano, C. E. (2020). PIWI-piRNA
pathway-mediated transposable element repression in Hydra somatic stem
cells. RNA, 26(5), 550-563. https://doi.org/10.1261/rma.072835.119

Tomioka, M., Miya, T., & Nishida, H. (2002). Repression of Zygotic Gene
Expression in the Putative Germline Cells in Ascidian Embryos. Zoological
Science, 19(1), 49-55. https://doi.org/10.2108/zsj.19.49

Tsuda, M., Sasaoka, Y., Kiso, M., Abe, K., Haraguchi, S., Kobayashi, S., & Saga, Y.
(2003). Conserved Role of nanos Proteins in Germ Cell Development.
Science, 301(5637), 1239-1241. https://doi.org/10.1126/SCIENCE.1085222

Varley, A., Horkan, H. R., McMahon, E. T., Krasovec, G., & Frank, U. (2022).
Pluripotent, germ cell competent adult stem cells underlie cnidarian plant-like
life history (p. 2022.11.09.515637). bioRxiv.
https://doi.org/10.1101/2022.11.09.515637

Vasquez Kuntz, K. L., Kitchen, S. A., Conn, T. L., Vohsen, S. A., Chan, A. N.,
Vermeij, M. J. A., Page, C., Marhaver, K. L., & Baums, 1. B. (2022).
Inheritance of somatic mutations by animal offspring. Science Advances,

8(35), eabn0707. https://doi.org/10.1126/sciadv.abn0707



133

Venkatarama, T., Lai, F., Luo, X., Zhou, Y., Newman, K., & King, M. L. (2010).
Repression of zygotic gene expression in the Xenopus germline. Development,
137(4), 651-660. https://doi.org/10.1242/dev.038554

Vila-Farré, M., Rozanski, A., Ivankovi¢, M., Cleland, J., Brand, J. N., Thalen, F.,
Grohme, M., Kannen, S. von, Grosbusch, A., Vu, H. T.-K., Prieto, C. E.,
Carbayo, F., Egger, B., Bleidorn, C., Rasko, J. E. J., & Rink, J. C. (2022).
Probing the evolutionary dynamics of whole-body regeneration within
planarian flatworms (p. 2022.12.19.520916). bioRxiv.

https://doi.org/10.1101/2022.12.19.520916
Vincent, S. D., Dunn, N. R., Sciammas, R., Shapiro-Shalef, M., Davis, M. M.,
Calame, K., Bikoff, E. K., & Robertson, E. J. (2005). The zinc finger
transcriptional repressor Blimp1/Prdml is dispensable for early axis formation
but is required for specification of primordial germ cells in the mouse.
Development, 132(6), 1315-1325. https://doi.org/10.1242/dev.01711
Voronina, E., Seydoux, G., Sassone-Corsi, P., & Nagamori, I. (2011). RNA granules
in germ cells. Cold Spring Harbor Perspectives in Biology, 3(12), a002774.
https://doi.org/10.1101/cshperspect.a002774
Wagner, D. E., Wang, L. E., & Reddien, P. W. (2011). Clonogenic Neoblasts Are
Pluripotent Adult Stem Cells That Underlie Planarian Regeneration. Science,
332(6031), 811-816. https://doi.org/10.1126/science.1203983
Wan, Z., Rui, L., & Li, Z. (2014). Expression patterns of prdm1 during chicken
embryonic and germline development. Cell and Tissue Research, 356(2), 341—

356. https://doi.org/10.1007/s00441-014-1804-1



134

Wang, Y., Zayas, R. M., Guo, T., & Newmark, P. A. (2007). Nanos function is
essential for development and regeneration of planarian germ cells.
Proceedings of the National Academy of Sciences, 104(14), 5901-5906.
https://doi.org/10.1073/pnas.0609708104

Warn, R. (1975). Restroation of the capacity to form pole cells in u.v.-irradiated
Drosophila embryos. Journal of Embryology and Experimental Morphology,
33(4), 1003-1011.

Weber, S., Eckert, D., Nettersheim, D., Gillis, A. J. M., Schifer, S., Kuckenberg, P.,
Ehlermann, J., Werling, U., Biermann, K., Looijenga, L. H. J., & Schorle, H.
(2010). Critical Function of AP-2gamma/TCFAP2C in Mouse Embryonic
Germ Cell Maintenancel. Biology of Reproduction, 82(1), 214-223.
https://doi.org/10.1095/biolreprod.109.078717

Weismann, A. (1893). The Germ-plasm: A theory of heredity. Translated by W.
Newton Parker and Harriet Ronnfeldt. Scribner.
https://doi.org/10.5962/bhl.title.25196

Weismann, A., Poulton, E. B., Sir, Schonland, S., & Shipley, A. E. (Arthur E., Sir,.
(1889). Essays upon heredity and kindred biological problems. at the
Clarendon Press. https://www.biodiversitylibrary.org/item/181224

Weissman, 1. L., Anderson, D. J., & Gage, F. (2001). Stem and Progenitor Cells:
Origins, Phenotypes, Lineage Commitments, and Transdifferentiations.
Annual Review of Cell and Developmental Biology, 17(1), 387-403.

https://doi.org/10.1146/annurev.cellbio.17.1.387



135

Wenemoser, D., Lapan, S. W., Wilkinson, A. W., Bell, G. W., & Reddien, P. W.
(2012). A molecular wound response program associated with regeneration
initiation in planarians. Genes & Development, 26(9), 988—1002.
https://doi.org/10.1101/gad.187377.112

Westblad, E. (1949). On Meara stichopi (Bock) Westblad, a new representative of
Turbellaria archoophora. Arkiv For Zoologi, 1, 43-57.

Whittle, C. A., & Extavour, C. G. (2019). Contrasting patterns of molecular evolution
in metazoan germ line genes. BMC Evolutionary Biology, 19(1), 53.
https://doi.org/10.1186/s12862-019-1363-x

Witchley, J. N., Mayer, M., Wagner, D. E., Owen, J. H., & Reddien, P. W. (2013).
Muscle Cells Provide Instructions for Planarian Regeneration. Cell Reports,
4(4), 633—641. https://doi.org/10.1016/j.celrep.2013.07.022

Yajima, M., & Wessel, G. M. (2011a). Small micromeres contribute to the germline
in the sea urchin. Development, 138(2), 237-243.
https://doi.org/10.1242/dev.054940

Yajima, M., & Wessel, G. M. (2011b). The multiple hats of Vasa: Its functions in the
germline and in cell cycle progression. Molecular Reproduction and
Development, 78(10—11), 861-867. https://doi.org/10.1002/mrd.21363

Yajima, M., & Wessel, G. M. (2012). Autonomy in specification of primordial germ
cells and their passive translocation in the sea urchin. Development, 139(20),
3786-3794. https://doi.org/10.1242/dev.082230

Yamaji, M., Seki, Y., Kurimoto, K., Yabuta, Y., Yuasa, M., Shigeta, M., Yamanaka,

K., Ohinata, Y., & Saitou, M. (2008). Critical function of Prdm14 for the



136

establishment of the germ cell lineage in mice. Nature Genetics, 40(8), Article
8. https://doi.org/10.1038/ng.186

Yamawaki, T. M., Lu, D. R., Ellwanger, D. C., Bhatt, D., Manzanillo, P., Arias, V.,
Zhou, H., Yoon, O. K., Homann, O., Wang, S., & Li, C.-M. (2021).
Systematic comparison of high-throughput single-cell RNA-seq methods for
immune cell profiling. BMC Genomics, 22(1), 66.
https://doi.org/10.1186/s12864-020-07358-4

Yoon, C., Kawakami, K., & Hopkins, N. (1997). Zebrafish vasa homologue RNA is
localized to the cleavage planes of 2- and 4-cell-stage embryos and is
expressed in the primordial germ cells. Development, 124(16), 3157-3165.
https://doi.org/10.1242/dev.124.16.3157

Zhang, X., Lu, X., Chi, Y., Jiang, Y., Wang, C., Al-Farraj, S. A., Vallesi, A., & Gao,
F. (2022). Timing and characteristics of nuclear events during conjugation and
genomic exclusion in Paramecium multimicronucleatum. Marine Life Science

& Technology, 4(3), 317-328. https://doi.org/10.1007/s42995-022-00137-y



ISBN: 9788230854884 (print)
9788230864272 (PDF)

s,
T,
Sy Uofseyiunwiwoy saudiy :3utld / gif) ‘UoisIAIQ UONEdIUNWLIO) :ubisap d1ydels “/////N



	110818 Petra Kovacikova_Elektronisk
	110818 Petra Kovacikova_korrekturfil
	110818 Petra Kovacikova_innmat
	110818 Petra KovacikovaElektronsk_bakside
	110818 Petra KovacikovaElektronsk_bakside

