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Most living animals reproduce sexually and develop from a fertilized egg, a strategy that
is considered evolutionarily advantageous. However, nearly half of all animal phyla also
contain species that can propagate asexually through different cloning modes such as
budding, fission, or whole-body regeneration. During these processes, an adult is formed
without passing through embryonic stages and are therefore referred to as “nonembryonic
development” (NED). Most species of tunicates, a sister group of vertebrates, are able to
reproduce asexually via various forms of NED. A recent phylogeny of the family Styelidae
revealed two independent acquisitions of NED. Botryllus schlosseri and Polyandrocarpa
zorritensis are two species that represent each of these of NED acquisitions. The former is an
established laboratory model, well-studied by several groups worldwide, whereas P.

zorritensis is a newly introduced model in our laboratory.

As | have studied both developmental and ecological aspects of asexual reproduction in
P. zorritensis, this thesis is divided into two main projects. P. zorritensis is an invasive species
in the Mediterranean and has colonized coastal sites that receive an influx of freshwater (i.e.,
harbors). Its success in colonizing these sites suggests that the animals are exposed to suitable
conditions to undergo both asexual (NED) and sexual reproduction. In the first part of this
manuscript, | tested the effect of different salinities on the reproductive efficiency of P.
zorritensis. My study found that P. zorritensis colonies grown at lower salinities of 29 or 36
ppt showed higher rates of asexual reproduction compared to those grown at 40 ppt salinity.
However, sexual reproduction did not appear to follow the same trend, with higher numbers
of larvae actually observed at higher salinities. This suggests that P. zorritensis may have
limited invasiveness in high salinity Mediterranean areas, explaining its abundance in coastal

areas with significant freshwater inflow.

In the second part of my thesis, | describe and discuss an RNA-seqg-based transcriptomic
study of different bud stages in B. schlosseri and P. zorritensis, with comparisons to other
Styleidae. Our preliminary results have shown that homologous genes are expressed at the
onset of these convergently acquired buds. It was, therefore of particular interest to perform
a large-scale comparison of gene expression in budding tissues between these two species in

order to discover common genes or gene networks that are repeatedly co-opted during the



acquisition of asexual reproduction and to highlight particular genetic signatures associated

with the different budding modes.

With these aims in mind, | performed a detailed differential gene expression analysis
across seven developmental stages during NED in P. zorritensis. | found that most changes at
the transcriptome level preceded changes at the morphological level, with a significant
overlap in gene expression dynamics throughout all stages after the onset of epithelial
swelling. The differentially expressed genes included a large set of genes that are also known
to be involved in key processes of embryonic development. These results are consistent with
current knowledge of histology, cell proliferation dynamics (based on publicly available data),
and spatio-temporal dynamics of selected genes according to whole-mount in situ
hybridization analysis, which | complemented with two key genes involved in bud
morphogenesis. Comparison of the transcriptomic profiles with B. schlosseri and other
Styelidae revealed a substantial overlap of important developmental pathways. As these data
cover different types of NED, my results provide evidence for the driving hypothesis that the
emergence of NED relies on homologous genetic modules that are repeatedly co-opted and

rewired in different species, regardless of the nature of the budding cells and tissues.
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Chapter 1 - Introduction



1.a) Sexual and Asexual Reproduction in Metazoans

Sexual Reproduction

Naturalists have analyzed the adaptive significance of sexual and asexual reproduction
for a considerable time, ever since the theory of natural selection was proposed. Sexual
reproduction entails genetic mixing, which in metazoans mainly happens through the union
of gametes from a male and female origin, producing offspring with chromosomes from both
parents (Lloyd 1980; Subramoniam 2018; Otto and Lenormand 2002; Shackelford and
Weekes-Shackelford 2021). While asexual reproduction carries many advantages, sexual
reproduction is still dominant. Crow (1994) proposes two main hypotheses to understand
why sexual reproduction evolves. The first and oldest hypothesis suggests that sexual
reproduction facilitates the production of recombinant types, which help the population
adjust better to environmental changes. According to the second hypothesis, species that
undergo recombination can cluster harmful mutations together and eliminate them in a single
"genetic death". In contrast, asexual species can only eliminate deleterious mutations within
the same genotype. Therefore, if there is a rate of one or more deleterious mutations per

zygote, the species must possess an efficient mechanism to remove them.

Upon considering the costs associated with sexual reproduction, it becomes evident
that there are several drawback (Lloyd 1980). Although Weisman argued that sex is a crucial
element for evolution (as it provides genetic diversity that is essential for natural selection),
he also acknowledged that sex is a disadvantage due to reduced reproductive rates and the
need for specialized anatomical characteristics (Weismann 1889; 1892). Asexual reproduction
is more efficient than sexual reproduction since the latter involves energy and resource
expenditure in meiosis and syngamy processes. Additionally, the existence of separate sexes
creates an additional cost for the male population, and sexual selection can result in
maladapted traits and disruptive competition (Charlesworth 1980; Crow 1994). Finding a
reproductive mate could be a disadvantage for sexual species living in sparsely populated or
new areas (Song, Scheu, and Drossel 2011). Moreover, sexual species are more vulnerable to
sexually transmitted diseases and harmful transposons (Bast et al. 2019; Dechaud et al. 2019).

Finally, sexual species have a reduced capacity for short-term selection and cannot colonize
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microhabitats that could be quickly inundated by hybridization or trapped in a local adaptive

peak (Charlesworth 1980; Crow 1994; Engelstadter 2008).

Asexual Reproduction

Asexual reproduction is a type of reproduction that does not involve the fusion of
gametes (Boyden 1954). This process is also known as clonal (De Meeds, Prugnolle, and
Agnew 2007). Asexual reproduction can be classified as gametic and agametic (Hughes 1987).
Gametic asexual reproduction is commonly referred to as parthenogenesis and is generally
defined by the development of a new organism from an unfertilized gamete(De Meeds,
Prugnolle, and Agnew 2007). Agametic reproduction involves the development of new
individuals from somatic cells instead of gametes (Sibly and Calow 1982). At least two-thirds
of metazoan phyla contain species that regularly undergo some form of agametic asexual
propagation (figure 1.1), where a genotype produces an identifiable individual unit that is an
exact genetic copy, making cloning a diverse and not uncommon process, as well as being
well documented in soft-bodied invertebrates (Grosberg 1992; Subramoniam 2018; Hiebert,

Simpson, and Tiozzo 2021).

Some annelids, as described by Giese (Giese, Pearse, and Pearse 1974), freely release
clones originating from detached pieces of the parental animal body during asexual
reproduction. This process is also known as self-division or propagation (Thomas Hunt
Morgan 1901). External forces causing pieces to generate new clones result in the
propagation phenomenon known as fragmentation. On the other hand, endogenous
processes result in the propagation phenomenon known as fission (Hughes 1989; Brockes and
Kumar 2008). The asexual process of a small area of the parental body sprouting and
increasing in size to form a new clone is known as budding (Hughes 1989). New clones
produce can be detached or stay physically connected to the parent, and their body axis is
often oriented differently (Otto and Campbell 1977). In some species, clones are physically
connected to the parent, exchanging metabolites and chemical signals, thus forming colonies
(Mackie 1986; Hughes 1989). When physical or physiological contact ceases despite spatial
proximity, it is termed as clonal aggregates (Hiebert, Simpson, and Tiozzo 2021). Throughout

this thesis, agametic reproduction will be referred to as “asexual reproduction”.
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Figure 1.1: Simplified phylogeny to illustrate the distribution of asexual reproduction (agametic reproduction) in Metazoans.
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1.b) Regeneration

Restoring lost or injured body parts is possible through regeneration, which starts from
pre-existing cells or tissues. The regeneration process can be classified into different modes
based on the stimuli that trigger it, the structure that can be regenerated, or the mechanisms
employed in response to damage (Carlson 2011). Physiological regeneration is the natural cell
turnover process that replaces worn-out or extruded body parts. This can include the
regeneration of epithelial cells, erythropoiesis, as well as seasonal regrowth of structures like
feathers in birds and antlers in cervids (Alvarado 2000; Price and Allen 2004; Tanaka and
Reddien 2011; Chuong et al. 2012; Barker 2014) (figure 1.2). Additionally, reparative or post-
traumatic regeneration occurs when tissues rebuild after being removed by self-induced
amputation or external injury (Morgan 1901; Poss 2010; Kostyuchenko, Kozin, and

Kupriashova 2016).

Mammals

Hydra Planaria Amphibians
and fish

Entire Whole anterior Full limbs, tail, fins,  Antler > Some organs
individual and posterior  lens, CNS, heart,
from small halves of body other organs
fragment

Figure 1.2: Representative organisms and their comparative regenerative capabilities (modified from Gilbert and Barresi
2016).

There are different levels of biological organization where regeneration can occur (Bely
and Nyberg 2010; Slack 2017). These can include the cellular level, such as nerve axons
(Huebner and Strittmatter 2009), the tissue level, such as the epidermis (Odland and Ross
1968), the organ level, such as the heart (Laflamme and Murry 2011), or the structural level,

such as a limb (Bryant, Endo, and Gardiner 2004; Kragl et al. 2009). Sometimes, it is possible
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to rebuild the entire body, starting from just a few cells or tiny fragments. This is known as
whole-body regeneration (WBR), which is observed in planarians (Alvarado 2003; Gehrke and

Srivastava 2016) (figure 1.3).

Biological
level Examples Pre-amputation Post-amputation Regenerate

,> @ . ﬂ
small body fragment
Structure Limb, fin, tail, head, /‘\\% —> # —> v
tentacle, siphon, ;
arm, stalk §
Internal organ  Heart, liver, lens @ —> G —>

Tissue Epidermis, gut 7'..."# —> %?@ —> @

Whole body Regeneration from a

lining -
Cell Axon, muscle fiber H —> C}"‘ —

Figure 1.3: Regeneration at different levels of biological organization. It remains unclear which aspects of regeneration are
homologous across successive levels. Colony-level ‘regeneration’, as seen in colonial animals such as corals and ascidians,
occurs through asexual reproduction rather than through the regeneration of individuals and thus is not included here.
Dashed red lines indicate amputation planes; solid red lines indicate wound surfaces; blue fill indicates regenerated body
parts (modified from Bely and Nyberg, 2010).

According to Morgan (Thomas Hunt Morgan 1901), regenerative mechanisms are
categorized into two groups based on cellular events that happen after an injury. He came up
with the terms epimorphosis and morphallaxis. Epimorphic regeneration involves forming a
structure called blastema at the injury site. The blastema comprises undifferentiated or
dedifferentiated cells that migrate to the wound and grow. One example of epimorphosis is
the amphibian limb regeneration (Suzuki et al. 2006) (figure 1.4.A). On the other hand, during
morphallaxis, a blastema is not formed, and existing cells remodel to regenerate. An example

of morphallaxis is Hydra head regeneration (Bosch 2007) (figure 1.4.B).
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(B) Morphallaxis
(A) Epimorphosis

Ft Fos

Figure 1.4: Two examples of epimorphic and morphallactic regeneration. A) Limb regeneration in amphibians is a
representative example of epimorphosis. In this type of regeneration, a mass of undifferentiated cells referred to as the
‘blastema’ is initially formed after wound healing and then blastema cells actively proliferate to restore the lost part of the
amputated organ; B) Hydra regeneration is categorized as morphallaxis. A blastema is not formed. Direct rearrangement of
pre-existing cells in the stump contributes to regeneration (modified from Agata, Saito, and Nakajima 2007).

The distinction between the two mechanisms of regeneration, epimorphosis, and
morphallaxis, is not always clear and can sometimes overlap (Agata, Saito, and Nakajima
2007; Tiozzo and Copley 2015; Pellettieri 2019). An example is the annelid Sabella sp., where
isolated abdominal fragments can regenerate both the anterior and posterior ends (Berrill
1931; Carlson 2011). Head regeneration occurs through epimorphosis with blastema
formation, while the abdominal fragments near the future head are remodeled through
morphallaxis, resulting in the formation of thoracic segments (Hill 1970). The organism Hydra
is often cited as an instance of morphallactic regeneration, wherein the skin cells of the parent
organism are utilized and rearranged to create new tissues without the need for blastema
formation. Despite the absence of blastema formation, cell division occurs during all the
stages of tissue remodeling, and multipotent interstitial cells move toward the area of

regeneration to aid the morphogenesis (Cummings and Bode 1984; Buzgariu et al. 2018).

The regeneration process can be broken down into several chronological steps,
including wound healing, mobilization of cell precursors, and morphogenesis (Tiozzo and
Copley 2015). Wound healing involves re-epithelialization, which restores damaged
epithelium after an injury (Carlson 2011). This process is necessary to maintain tissue
homeostasis, prevent infection and water loss, and is commonly found in various species,
including mammals with limited regenerative abilities (Borena et al. 2015). In some species,
wound healing is necessary to start the regenerative process. For instance, in amphibians,
during limb or tail regeneration, wound healing is responsible for organizing blastema
correctly (Murawala, Tanaka, and Currie 2012). Re-epithelialization features are similar in

species that can regenerate and those that cannot. However, the outcome in the former

15



results in functional tissue, while the latter results in a scar (Bielefeld, Amini-Nik, and Alman
2013). Although wound healing and scar formation are believed to affect an animal's
regenerative ability, how it happens is still unclear (Carlson 2011). Different organisms
activate different cellular sources for the restoration of lost structures. According to Carlson
(2011), there are three main cellular origins: dedifferentiation of mature cells in the remaining
tissue, proliferation of remaining cells without dedifferentiation, and proliferation of stem
cells. These progenitor cells may already exist in the damaged tissues or migrate from other
sites. Multiple mechanisms can coexist in some cases, as seen during heart regeneration in
zebrafish (Jopling et al. 2010; Jopling, Boue, and Belmonte 2011). After a loss, a
morphogenetic event triggers the regeneration of the lost part. This process creates a new
structure that is functionally identical or similar to the original one. During regeneration,
developmental signals like Wnt, BMP, and Nodal can be utilized in various organisms,
including cnidarians, planarians, and mammals (Holstein, Hobmayer, and Technau 2003;

Adell, Cebria, and Sal6 2010; Clevers, Loh, and Nusse 2014).

Regeneration is a common process among metazoans but is not evenly distributed.
Even within the same clade, some species can regenerate extensive body parts while others
have limited regenerative abilities. Moreover, the potential for regeneration can vary based
on intrinsic factors like age or size, as well as external cues like temperature or food
availability (Morgan 1901; Henry and Hart 2005) (figure 1.5). The idea of regeneration as an
evolutionary trait dates back to the 1890s when biologists August Weismann and Thomas
Hunt Morgan debated its origins. Weismann believed it evolved as an adaptation to injuries,
while Morgan argued it was a byproduct of development not necessarily linked to injuries
(Weismann 1892; Morgan 1898; Esposito 2013). The concept of regeneration and its origins
have been extensively studied. It has been found that certain characteristics may develop
separately in different lineages. Regeneration is a complex trait that involves various cellular
and molecular mechanisms, and despite its complexity, it is often simplified as a single trait
and included in phylogenetic trees (Goss 1992; Tiozzo and Copley 2015). Mapping out the
various regeneration mechanisms, such as identifying the cellular origin of the regenerating
part and understanding the molecular mechanisms driving its development, proves to be a
more complicated task. Additionally, incorporating "regeneration" into a phylogenetic tree

presents broader challenges related to evolutionary biology, such as defining homology.
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Nevertheless, plotting in the tree the diverse mechanisms of regeneration - like the cellular
origin of the regenerating part or the molecular mechanisms driving the development -
represents a more complex task. Additionally, incorporating "regeneration" into a
phylogenetic tree presents broader obstacles connected to evolutionary biology, such as

defining homology (Bely and Nyberg 2010).

Asexual reproduction and regeneration are closely related. Generally, species capable
of asexual reproduction also have a high potential for regeneration (Alvarado 2000; Martinez,
Menger, and Zoran 2005). Various forms of propagation, such as fission, strobilation, and
fragmentation, can be viewed as instances of whole-body regeneration (WBR). For example,
in annelids, segmentation is classified as a type of asexual reproduction since new clones are
generated. However, when a separated segment regenerates its entire body, this process is
called WBR (Berrill 1951). A proposed way to differentiate between WBR and asexual
reproduction is by examining whether external stimuli or injury triggered the process
(Alvarado 2000). In this view, the cause of fragmentation is the key factor: if it is part of the
organism's life cycle, it is considered propagation/reproduction. However, if an external event
causes the fragment, it is classified as WBR. Both processes result in the creation of functional
clones, and they may still share certain molecular mechanisms (Martinez, Menger, and Zoran
2005). Whole-body regeneration and asexual reproduction are both forms of post-embryonic
development, which means that the entire body is formed anew without the involvement of
a zygote (Kostyuchenko, Kozin, and Kupriashova 2016). To highlight the mechanistic aspects
of this development and its lack of a zygotic origin, the term Non-Embryonic Development

(NED) has been suggested as a unifying factor for these two processes (Alié et al. 2018).
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Figure 1.5: Phylogenetic distribution of regeneration across (A) the Metazoa and (B) the Chordata. ‘Presence of regeneration’
indicates that at least one well-substantiated report exists for regeneration in that taxon and does not imply that all species
in that taxon can regenerate. ‘Absence of regeneration’ indicates at least one well-substantiated report for the lack of
regeneration in that taxon (and none indicating the presence of regeneration). We define ‘whole-body regeneration’ as the
potential to regenerate every part of the body (although not necessarily simultaneously or from a tiny fragment). The ability
to regenerate the primary body axis is scored independently for each taxon and does not assume the homology of body axes
across or within phyla (modified from Bely and Nyberg 2010).
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1.c) Tunicates

Tunicates, also called Urochordates, are strictly marine species belonging to the
subphylum of the Chordata (Delsuc et al. 2006; 2008). They are characterized by a protective
sheath, called the tunic, that covers their zooids. The tunic is a synapomorphy of this
subphylum and is made up of a polymer called Tunicin, which is a cellulose-like polysaccharide
produced by epidermal cells. It has been suggested that tunicates acquired the ability to
produce Tunicin from bacteria through horizontal gene transfer (Nakashima et al. 2004).
Tunicates encompass solitary species, which reproduce exclusively sexually, and colonial
species, which couple sexual and asexual reproduction, generally forming colonies (figurel.6)

(Holland 2007; Manni et al. 2014).

Figure 1.6: Exemplification of Tunicates biodiversity. A) Botrylloides leachii, photo by John Turnbull (Flickr). B) Polycarpa
aurata, photo by Nick Hobgood (Wikipedia). C) Clavelina lepadiformis, photo by Roberto Strafella (Wikipedia). D) Salpa
fusiformis, photo by Alexander Semenov (Flickr). E) Megalodicopia hians, photo by Aquamarine Fukushima. F) Oikopleura
dioica, photo by Cristian Cafiestro (Holland 2007).

Tunicates occupy various marine habitats, ranging from shallow water near shores to
the open ocean and the deep sea, while remaining exclusively marine (Holland 2016). Until

recently, tunicates have been divided into three classes: Ascidiacea, Thaliacea, and
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Appendicularia, with over 3000 species of ascidians, about 72 species of Thaliaceans, and
about 20 Appendicularians (Shenkar and Swalla 2011; Holland 2016). The first class comprises
ascidians with a sessile adult; the second includes the pelagic adult of salps, doliolids, and
pyrosomes. In these two types, a tadpole-like body plan is seen only in the larval stage,
although some species have lost the tadpole larvae secondarily (figure 1.7). In the third type
of lifestyle, observed in larvaceans, the tadpole-like body plan is retained throughout life, and
the motile tail in the adult is used not only for locomotion but also for collecting food (Wada
1998). Despite being sessile as adults, most of the ascidian embryos generate a tadpole larva
that exhibits characteristic chordate features such as a notochord and a dorsal, hollow nerve
cord (with some exceptions in the families Molgulidae and Styelidae) (Jeffery and Swalla
1992). This is due to the repeated evolution of several features among all three ascidian

suborders (Shenkar and Swalla 2011).

Tunicates are filter feeders, feeding on phytoplankton and other small particles. The
water enters the branchial basket (pharynx) through an opening known as the oral (or
branchial, buccal, inhalant) siphon. Multiple gill openings, called stigmata, encircle the sac-
like structure known as the branchial basket. Ciliated cells are responsible for the movement
of water flow in the pharynx. Water flows from the pharyngeal cavity through the stigmata
and into the cloacal atrium before being expelled through the atrial (or aboral, exhalant)
siphon (Petersen and Svane 2002; Petersen 2007). The endostyle, a ciliated groove that runs
along the ventral side of the pharynx until the esophagus, produces the mucus to retain food
particles suspended in the water flow inside the pharynx. This structure is considered
homologous to the vertebrate thyroid gland (Fujita and Nanba 1971; Goodbody 1975;
Ogasawara, Di Lauro, and Satoh 1999). The dorsal lamina, located in the dorsal portion of the
pharynx, with its cilia, helps move food trapped in a mucus film backward towards the short
esophagus to reach the stomach. The gastric epithelium, composed of different types of
granulated cells, facilitates the digestion and absorption of food in the stomach. The pyloric
gland, found in all species, is linked to the stomach and secretes digestive enzymes into the
lumen. Undigested food particles pass through the intestine and release through the anus
into the cloacal atrium. The atrial siphon carries the remaining particles along with the
outgoing water flow (Goodbody 1975; Thorndyke 1977; Flood and Fiala-Medioni 1981). The

heart is a tubular structure made of pericardial epithelium that beats due to muscular cells
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and peristaltic waves. Pacemaker regions at both ends alternate activity, causing blood flow
reversal. A sub-endostyle and a visceral vessel connect to release hemolymph in the sinus for
all organs, transporting the gases in solution. Colonial tunicate species have a common
extracorporeal vasculature that embeds the zooids. Radial vessels connect all the zooids and
buds. These vessels terminate in sac-like structures (ampullae) responsible for the colony's
adhesion and contractility (Gasparini et al. 2007; Cima, Franchi, and Ballarin 2016). The central
nervous system (CNS) of ascidian larvae is on the dorsal side and is formed through neural
tube closure. It is divided into different regions along the antero-posterior axis. Ascidian
juveniles have an oval-shaped CNS with regional characterization. During metamorphosis, the
larval tail is lost, and the CNS needs to change its innervating organs to transition smoothly

from larva to adult (Sasakura and Hozumi 2018).

All ascidians have both male and female reproductive organs. However, some
simultaneous hermaphrodites, like the Ciona genus, prevent self-fertilization by having
incompatible genetic variants in their cell-surface proteins (Jiang and Smith 2005). Ascidian
embryos quickly develop into tadpole larvae, with cell fates determined early on through a
determinant cleavage (Jeffery and Swalla 1992). In experiments where the first two zygotic
cells are separated, each cell only develops into the cells it would have formed in an intact
egg (Lemaire 2009). After swimming for a few days, the larva finds a suitable surface and
attaches to it using its front adhesive papillae. Its tail is absorbed shortly after, and within two
days, the larva transforms into a juvenile with incurrent and excurrent siphons and two-gill
slits (Berrill 1947; Durante 1991; Zega, Thorndyke, and Brown 2006; Fodor et al. 2021).
Ascidians reproduce sexually, typically at regular intervals during their life span, which can be
a year or more. While most solitary species release eggs and sperms, and the fecundation
occurs in the water, in colonial species, embryos are often brooded inside the zooids
(Nakauchi 1982; Gasparini and Ballarin 2018). Whereas the embryonic development pattern
in colonial ascidians is similar to that of solitary species (Ricci, Chaurasia, et al. 2016; Ricci,
Cabrera, et al. 2016; Prinster et al. 2019b; 2019a), and conserved throughout the whole class,
non-embryonic development (NED) is highly variable in terms of tissue and cell origin, and

early ontogenesis (Alié et al. 2021).
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Figure 1.7: A) Schematic representation of both ways of reproduction in Tunicates. B) Tunicate larvae settlement and
metamorphosis in sessile animals. C) General example of a Tunicate adult bauplan (modified from Kardong 2019).

Colonial tunicates undergo NED via a process called budding, where a developmental
process starts from somatic cells and/or tissues and lead to the formation of a new individual.
Budding is present in the four main tunicate orders: Thaliacea, Phlebobranchia,
Aplousobranchia, and Stolidobranchia (figure 1.8). It is generally part of the life cycle of the
colonial species, but it can also be triggered by extensive injury (Alié et al. 2018; 2021) (figure
1.8). The ability to undergo NED evolved at least seven times independently, and all budding
tunicates maintain sexual reproduction and embryonic development (figure 1.7-8). Although
budding originates from various cells and undergoes different ontogenesis, it can lead to

similar post-metamorphic body plans. It is noteworthy that various NED processes generate
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the same bauplan. Additionally, the bauplan produced by NED exhibits similarities to those
generated by the embryogenesis (Alié et al. 2018; 2021). NED produces modular units known
as zooids, which can form temporary or permanent colonies by remaining physically and
physiologically connected to one another. Alternatively, they can form clones or clonal
aggregates by staying near each other but losing their reciprocal connection (Mackie 1986;

Hughes 1989; Braconnot 1970; Tiozzo and De Tomaso 2009).

While colonial species in Doliolidae display polymorphisms resulting in a division of
labor among different modules with varying appearances (Braconnot 1970). In ascidians, the
colonies are composed of identical zooids, suggesting they all contribute equally to the colony
maintenance (Hiebert, Simpson, and Tiozzo 2021). Moreover, several independent evolutions
have resulted in coloniality through the asexual reproduction of budding from a sexually
produced zooid. In some instances, the asexually produced zooids remain closely adherent
within a shared tunic, while in others, they only stay connected via narrow stolons (Hiebert,
Simpson, and Tiozzo 2021; Hiebert et al. 2022). Solitary ascidians, by definition, do not form
colonies. Instead, many such species tend to grow in clusters or aggregates as a consequence
of gregarious settlement of larvae. Yet, these clusters do not constitute real colonies. The
Thaliaceans and different taxa of colonial ascidians produce true colonies. The single modules
of a colony are usually smaller than the adult of solitary species, but the entire colony can
reach the size of several square meters. The degree of fusion of the zooids in a colony varies
between species, forming sheet-like colonies looking like thin encrusting or massive

pedunculated ones (Hiebert, Simpson, and Tiozzo 2021).

According to Berrill (Berrill 1935), colony appearance is a consequence of the distances
between zooids, their number, and the distribution of extracorporeal vessels. According to
Berrill, ascidian colonies can be subdivided into four major types depending on the grade of
fusion (Berrill 1951): (1) zooids loosely connected at their bases by body prolongations called
stolons, as in Clavelina lepadiformis and Perophora viridis. Each zooid is equipped with its own
siphons and is surrounded by a separate tunic, resembling miniature solitary ascidians. Some
authors call them social forms rather than colonial; (2) groups of zooids that originated by
asexual reproduction but are not connected anymore, probably because their stolons
degenerated after clonal propagation. Nevertheless, these clones are often densely

compacted and form gregarious colonies, as in Distomus variolosus; (3) zooids moderately

23



connected to each other, sharing a common tunic (usually in the abdomen) but still presenting
separate siphons, as Diazona violacea and Nephtheis fascicularis; (4) zooids strictly connected
to each other and completely embedded in a common tunic; their atrial siphons coalesce into
common cloacal openings, and often share an external vascular system. Botryllus schlosseri,
Aplidium pallidum, and Diplosoma listerianum are some examples that form such intimate
and very well-organized zooidal systems. The variability of zooid organization and, thus, of
colony shape are ultimately the result of the mechanism adopted by their particular mode of

non-embryonic development (NED).

NEDs in tunicates can also be classified based on the specific tissues and cells that
trigger the budding process. A recent study used the most up-to-date phylogenetic analyses
to create a comprehensive phylogenetic tree of the entire subphylum, identifying the species
capable of performing NED. Colonial species capable of undergoing NED are found scattered
throughout the class of Tunicata. Thus, NED appears to have independently evolved at least
seven times within the three orders, involving different tissues, ontogenies, and phylogenetic
relationships between solitary and colonial species (Alié et al. 2021). It has been observed
that, despite the differences in cell/tissues and mechanisms involved, almost all modes of
NED converge towards a conserved stage referred to as the triploblastic stage, which is
characterized by the formation of a monolayered double vesicle. While the epidermis of the
parental zooid always produces the outer vesicle, the inner vesicle's origin varies depending
on the type of NED (Alié et al. 2021). A mesenchymal space exists between these two vesicles
containing circulating mesenchymal cells, the hemocytes. After the bud reaches the double
vesicle stage, the organogenesis processes are considered consistent across various NED
modes. The inner vesicle undergoes folding and evagination, forming most tissues and organs
of the nascent zooid, whereas the outer vesicle usually gives rise to the bud's epidermis

(Tiozzo and De Tomaso 2009; Alié et al. 2021).
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1.d) General Questions and Thesis Objectives

Colonial tunicates have acquired, during evolution, NEDs in a complex and plastic
manner: while some types of NED appear to have been acquired several times independently
(convergence), some species are capable of multiple modes of NED. This scenario suggests
that NEDs may share histological (such as the double-vesicle stage) and transcriptomic
commonalities despite their highly variable starting points. Comparing the
regenerating/budding capabilities of closely related species, which belong to the same family
and converge to the same bauplan, through experimental approaches, can aid in

comprehending the evolution of cellular and molecular events during regeneration.

In Chapter 2, in order to improve the breeding of Polyandrocarpa zorritensis | studied
the effect of one abiotic factor, salinity, on the asexual and sexual propagation in
Polyandrocarpa zorritensis by subjecting dormant spherules to hatch and develop in different
salinities based on values reported in the collecting sites where P. zorritensis has been
reported in the Mediterranean Sea. In Chapter 3 firstly, | will report an overview of differential
gene expression based on de novo transcriptome assembling of seven NED stages in P.
zorritensis. Secondly, | compare two different transcriptome analyses: de novo transcriptome
assembling and genome-based transcriptome mapping. Thirdly, | report differentially
expressed genes that might be necessary during P. zorritensis’ NED, and finally, | compare the
differential expressed genes of P. zorritensis with the other four NED strategies present in the

same tunicate family: Styelidae.
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Chapter 2 - Salinity-Mediated Limitation on Asexual
Growth and the Mediterranean Spread of Ascidian
Polyandrocarpa zorritensis, a Species Introduced to the

Region Decades Ago
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Chapter summary

Ascidians are among the most common invasive marine invertebrates worldwide. Many
non-indigenous ascidians (NIAs) species have colonized the Mediterranean Sea, particularly
in anthropized coastal lagoons and harbors. Although invasive species are typically assumed
to possess a broad ecological tolerance, different ascidian species exhibit variable responses
to biotic and abiotic environmental stressors such as temperature and salinity. Acquiring a
better understanding of the impact of such parameters on ascidian life history is crucial for
predicting the invasive potential of NIAs. In this study, we investigated the impact of different
salinities on the reproduction of the colonial ascidian Polyandrocarpa zorritensis, a species
native to Peru and a very successful invader. P. zorritensis reproduces asexually via a peculiar
form of budding named vasal budding and by producing resistant spherules that likely favored
its long-distance dispersal via hull fouling. However, in striking contrast to its reported broad
expansion throughout the Pacific and Atlantic coasts, its distribution across the
Mediterranean Sea remains confined to a few coastal spots characterized by relatively low
salinity. We measured in laboratory-controlled conditions the effect of different salinity
conditions on the sexual and asexual reproduction rates of P. zorritensis. The rate of asexual
reproduction was higher when colonies were grown at 29 or 36 ppt - corresponding to
salinities where P. zorritensis were found - when compared to 40 ppt - a high salinity often
encountered in Mediterranean marinas and harbors. These results suggest that, albeit
present in the Mediterranean Sea for decades, P. zorritensis invasiveness may be constrained
by low tolerance to high salinity in coastal environments colonized by non-indigenous

invertebrates.
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2.a) Introduction

Ascidians are among the most common invasive marine invertebrates worldwide
(Lambert and Lambert 1998; lzquierdo-Mufioz 2009; Clarke Murray, Pakhomov, and
Therriault 2011; Cardeccia et al. 2018; Ulman et al. 2017; Ulman, Ferrario, Forcada,
Arvanitidis, et al. 2019). Once introduced to a new environment, non-indigenous ascidians
(NIAs) have the ability to quickly propagate on hard substrates, subsequently outcompeting
local species and causing alteration to the native fouling communities (Lambert 2002; Castilla
et al. 2004; Bullard et al. 2007; Dias, Delboni, and Duarte 2008). Coastal anthropized
environments such as harbors and lagoons are particularly prone to colonization by non-
indigenous ascidians, which get mainly introduced by human-mediated vectors such as hull
fouling and aquaculture activities (Lambert and Lambert 2003; Clarke Murray et al. 2014;
Lopez-Legentil et al. 2015; Ulman, Ferrario, Forcada, Seebens, et al. 2019; Nichols, Lambert,
and Nydam 2023). In these semi-enclosed habitats, environmental conditions differ from the
open sea from which they are separated by natural or artificial barriers, leading to short scale
instability in terms of eutrophication, pollution, temperature, and salinity (Cognetti and
Maltagliati 2000; Gewing, Lépez-Legentil, and Shenkar 2017). In particular, temperature and
salinity have a very strong influence on the distribution of marine species and particularly of
ascidians (Dybern 1967; 1969; Sims 1984; Vazquez and Young 1996; Lowe 2002; Vazquez and
Young 2005; Bullard et al. 2007; Epelbaum et al. 2009; Chebbi, Mastrototaro, and Missaoui
2010; Pineda, Turon, and Lépez-Legentil 2012). With their limited dispersive capacity due to
their biphasic life cycle, including a short-living swimming larva giving a benthic fixed adult
(Carballo 2000), ascidians can not easily escape unfavorable conditions. Consequently, while
successful ascidian invaders are typically recognized for their wide range of ecological
tolerance (Lambert and Lambert 2003; Groner et al. 2011; Granot, Shenkar, and Belmaker
2017; Rocha, Castellano, and Freire 2017; Platin and Shenkar 2023), NIAs can also have poor
survival or reproductive outcome when they are exposed to temperature and salinity differing
from their region of origin (Shenkar and Loya 2008; Lindeyer and Gittenberger 2011; Nagar
and Shenkar 2016; Gewing et al. 2019). Hence, improving our understanding of the influence
of environmental factors on NIA’s reproduction is crucial to predict better their invasive

potential (Rocha, Castellano, and Freire 2017; Platin and Shenkar 2023).
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Figure 2.1: A) Locations in the Mediterranean Sea where the presence of Polyandrocarpa zorritensis was reported (1: Turon-
Pererra 1988; 2: https.//doris.ffessm.fr/Especes/Polyandrocarpa-zorritensis-Polyandrocarpe-de-Zorritos-5004; 3: Brunetti
1978; 4: Tempesti et al. 2019; 5: Virgilli et al. 2022; 6: Mastrototaro et al. 2008; 7: Stabili et al. 2015). The yellow star marks
La Spezia, where the samples for this study were collected; B) Satellite view of the Assonautica Marina in La Spezia.

Polyandrocarpa zorritensis (Stolidobranchia: Styelidae) is a colonial ascidian that was
first described from the coasts of Peru (Van Name 1931). Over the last few decades, P.
zorritensis has emerged as a widely distributed non-indigenous species and is considered as
an aggressive invader to temperate coastal areas (Lambert and Lambert 1998; Brunetti and
Mastrototaro 2004). The first report of P. zorritensis outside its native range was on the
Mediterranean coast of Italy (Brunetti 1978), and then later, it was also found in several
Pacific and Atlantic regions, including Japan (Otani 2002; Iwasaki et al. 2004), Southern
California (Lambert and Lambert 1998; Nichols, Lambert, and Nydam 2023), Hawaii (Abbott,
Newberry, and Morris 1997), Galapagos Islands (Lambert 2019), the Panama canal (Carman
et al. 2011), the Caribbean (Monniot 2018; Streit et al. 2021), Brazil (Millar 1958), the Gulf of
Mexico (Lambert et al. 2005), Florida (Vazquez and Young 1996), and North Carolina
(Villalobos et al. 2017). From 1994 to 2020, there has been a noticeable increase in the
abundance of P. zorritensis in California marinas, accompanied by a concomitant northward
expansion of the species (Nichols, Lambert, and Nydam 2023). Similarly, twenty years after
its first introduction to Japan in 1991, P. zorritensis has become a common NIA detected over
the coasts of this country (Iwasaki et al. 2004). The successful invasiveness of P. zorritensis
has been attributed to its apparent tolerance to temperature and salinity changes (Lambert
and Lambert 1998), as well as its unique mode of asexual reproduction (Brunetti and
Mastrototaro 2004). During this process, the species produces resistant spherules, likely

enabling long-distance human-mediated transportation and colony restoration even in the
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absence of adult individuals and after prolonged periods of dormancy (Brunetti and
Mastrototaro 2004; Alié et al. 2018; Scelzo et al. 2019; Hiebert et al. 2022). However, the only
existing experimental study focused on the impact of low salinity on larval behavior (Vazquez
and Young 1996), and therefore we have a poor understanding of the link between

environmental parameters and P. zorritensis asexual and sexual reproduction.

Coastal lagoons, harbors, and marinas of the Mediterranean Sea are known hotspots
for the entry and secondary spreading of non-indigenous invasive species (Ulman et al. 2017,
Ulman, Ferrario, Forcada, Arvanitidis, et al. 2019; Ulman, Ferrario, Forcada, Seebens, et al.
2019) (Ulman et al. 2017, 2019a, 2019b). While some non-indigenous ascidians have a broad
Mediterranean distribution, such as Ascidiella aspersa, Styela plicata, Ciona robusta, and
Pyura dura, other NIAs originating from the Red Sea are mostly found in the eastern
Mediterranean (e.g., Microcosmus exasperatus, Herdmania momus), while others are more
common in the western part (e.g., Microcosmus squamiger) (lzquierdo-Mufioz 2009). This
suggests that west-east gradients of temperature and salinity in the Mediterranean (Coll et
al. 2010) may influence the distribution of non-indigenous ascidians in relation to the species-
specific ecological tolerance (Shenkar and Loya 2008; Platin and Shenkar 2023). P. zorritensis,
despite being locally abundant, is not among the most widespread Mediterranean NIAs
(Izquierdo-Mufioz 2009; Cardeccia et al. 2018; Ulman, Ferrario, Forcada, Arvanitidis, et al.
2019). It was not found on the 583 vessel hulls investigated by Ulman et al. (Ulman, Ferrario,
Forcada, Seebens, et al. 2019) although 71% of the boats hosted at least one NIS, and was
only recorded in 1 out of the 50 marinas sampled by Ferrario et al. (Ferrario et al. 2017; Ulman
et al. 2017; Ulman, Ferrario, Forcada, Seebens, et al. 2019). Furthermore, it was only present
in 1 of the 32 harbors studied in northern Spain (Lépez-Legentil et al. 2015) and is absent from
NIA-rich areas along the Tunisian and Israeli coasts (Chebbi, Mastrototaro, and Missaoui 2010;
Gewing and Shenkar 2017). Therefore, despite the first observation of P. zorritensis outside
Peru being in the Mediterranean Sea (Brunetti 1978), its expansion in this area has remained
relatively limited to the northern-west basins (figure 2.1.A). Notably, the salinity levels in
several Mediterranean locations where P. zorritensis occurs are lower than the average 38
ppt of the western Mediterranean. In the Mare Piccolo of Taranto harbor (Italy) and the Thau
Lagoon (France), the annual salinity values stay around 36-37 ppt (Audouin 1962; Brunetti

and Mastrototaro 2004), and the Santa Carla de la Rapita harbor in the Delta del Ebro has a
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low salinity due to freshwater inputs (Lopez-Legentil et al. 2015). In La Spezia harbor, the
spring salinity fluctuates between 32 and 37 ppt (Brunetti 1978), and in Livorno harbor, it
ranges from 35 to 39 ppt (Tempesti et al. 2022). In this study, we investigated the influence
of salinity on the reproduction of P. zorritensis, with a particular focus on asexual budding,
analyzing in laboratory-controlled conditions the effects of different salinity values reported

in regions where the species was found.
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2.b) Materials and Methods

Polyandrocarpa zorritensis Collection, Identification, and Husbandry

Colonies of Polyandrocarpa zorritensis were collected in the harbor of La Spezia, Italy
(Assonautica Benedetti, 44°06'10.7”N, 9°49'34.5"E) (figure 2.1.B). Taxonomic identification
follows Van Name (1931), and molecular barcoding of colonies from La Spezia was conducted
previously (Alié et al. 2018) The spherules were gently separated from the colony and stored
in tanks containing seawater at 11 °C (at a salinity of 38-39 ppt) before being used for
experiments. To obtain zooids used for the experiments, the spherules were transferred to
water tanks containing 12 liters of artificial seawater (ASW) at 24°C, prepared with deionized
water and marine salt (Red Sea Salt, Red Sea) at the desired concentration. The spherules
were placed on microscope glass slides (5x7cm) at the bottom of the tanks, with 5 to 12
spherules per slide and 3 to 4 slides per tank (appendix 1). Since we observed the number of
stolons to be proportional to spherule size (unpublished obs.), we took care to use spherules
of similar sizes. Upon hatching, bubblers were added to oxygenate the water, animals were
fed twice a day with the following mix: 15ml of live Tisochrysis lutea, 15ml of live Chaetoceros
gracilis, 250ul 1SO800, and 250ul of Shellfish Diet 1800 (Reed Mariculture) per tank. Water
was changed every two days, temperature was maintained around 24-24,5°C and colorimetric
tests (Ammonia Marine Test Kit and Nitrate\Nitrite Marine Test Kit, Red Sea) were performed
on a regular basis to ensure that NHa, NO2, and NO3 wastes did not reach toxic values through

the experiments.

Asexual Reproduction Monitoring and Quantification

A first set of experiments was conducted on two different batches of spherules that
were collected in autumn (09/05/2019 and 11/10/2022) and maintained at 11°C for 80 and
99 days, respectively. Another set of experiments was conducted on a single batch of
spherules collected in winter (02/03/2022) and maintained at 11°C for 73 days and 97 days,
respectively. A last experiment was conducted on spherules collected in spring (05/12/2022)
and used immediately after collection. Zooids were cultivated at 22, 29, 36, and 40 ppt.
Photos of the zooids were taken at regular intervals, up to 24 days after spherule seeding

(appendix 2), the date from which image-based quantification of asexual reproduction
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becomes complicated due to the high number of overlapping stolons, which makes the
individual assignment difficult. Pictures were taken with a Canon EOS 6D camera equipped
with a 100mm macro lens. Stolon bases, stolon tips, budding nests, and newly hatched zooids
were quantified from pictures of the last day of each experiment using the Cell Tracker plugin

on Imagel.

Quantification of Sexual Reproduction

Sexual reproduction was evaluated by counting the number of embryos and larvae
produced per zooid obtained from the autumn 2022 spherules (appendix 3). Upon having
reached sexual maturity (approximately a month after spherule seeding), zooids were relaxed
in seawater with Ms-222 (E10521-10G, Sigma Aldrich), then fixed in a solution of 4%
paraformaldehyde diluted in ASW according to the salinity of each sample. After several days
of fixation, zooids were dissected, and the number of gonads and brooded embryos in the
atrial chamber were counted for each individual. We also counted the swimming larvae and
the embryos accidentally released by the zooids during the 9 days preceding their fixation by
visually inspecting the tanks every morning (from the time the light goes on, 8 am, to early
afternoon, when they stopped releasing larvae) and before every water change. In these
experiments, we raised 19 spherules at 40 ppt, 22 spherules at 36 ppt, and 20 spherules at 29

ppt (appendix 4).

Morphological Measuring, Heartbeat Rate, and Stolon Pulsation Period

The zooid size was measured using ImageJ, on the animals hatched from spherules
collected in the autumn of 2022 batch, relaxed in MS-222, and before fixing. Size was
measured between the tip of the inhalant siphons and the posterior-most point of the body
cavity (see appendix 5 as an example). Heart and stolon beating rates were measured in an
additional experiment using autumn spherules (appendix 6). Heart beating was measured
visually under a stereomicroscope, thanks to the transparency of the tunic, as the number of
pulsations within one minute. The stolon pulsation period was measured using timelapse

imaging with a Leica M165-FC stereomicroscope equipped with a MC170-HD camera. One
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picture was taken every 5 seconds, a pulsation period being the lag time until the beating tip

of a stolon comes back to its initial condition (see appendix 6).
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2.c) Results

The Presence of Polyandrocarpa zorritensis Coincides with Lower Salinity

in La Spezia Marina

In 2016, we investigated several spots in La Spezia Bay, including marinas (Circolo Velico
Palmito 44.086377, 9.878521; Darsena Pagliari 44.104680, 9.859106; Porto La Grazie
44.068307, 9.835713; Assonautica 44.103388, 9.82633) and open water oyster racks
(44.071649, 9.857886; 44.057952, 9.842249). We only found P. zorritensis in the Assonautica
marina (figure 2.2.A), the innermost investigated spot of the bay. From 2016 to 2023, we
regularly found Polyandrocarpa zorritensis in this marina, usually as large aggregate colonies
and/or as mats of dormant spherules on the immersed boat lines, in the proximity of a
freshwater outlet (figure 2.2.A-F). In May 2016 and 2022, the species was only visible on the
proximal-most pontoons of the marina, where the salinity was the lowest, i.e., 29 and 34 ppt,
respectively (figure 2.2.A,D). In the autumn and winter seasons, the colonies had a wider

distribution, with measured salinities ranging between 36 and 38 ppt (figure 2.2.B,C,E,F).

May 2016 Nov 2021

May 2022 Nov 2022 Feb 2023

Figure 2.2: Polyandrocarpa zorritensis presence and salinity values observed by our group in 2016, 2021, 2022, and 2023. The
blue arrow indicates a freshwater influx spot in the marina. The white circles contain the salinity value (in ppt) observed in
the different regions of the pontoon. The orange stars indicate the spots where P. zorritensis was found.
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High Salinity Negatively Effects the Rate of Asexual Reproduction

Figure 2.3: Parameters measured for the rate of
asexual reproduction. Image showing a zooid
originated from a dormant spherule, indicating
the base of a stolon, tips of stolons, a bud (or
budding nest), and a new zooid formed from a
bud.

Stolons

In order to study the effect of the observed salinity on the asexual budding in P.
zorritensis, we quantified the production of stolons, budding nests (also called buds), and new
zooids produced by individual adult zooids (illustrated in figure 2.3) cultivated at 22, 29, 36
and 40 ppt. These adults were obtained from dormant spherules collected on the field and
later placed in experimental conditions in the laboratory. While not all spherules placed at 22
ppt did not hatch, every spherule in the other salinity conditions hatched after 5 to 7 days and
gave rise to a functional zooid. When using spherules collected in autumn (figure 2.4.A-A”)
and maintained in hibernation for three months before the experiment, the salinity
significantly affected the number of stolonial tips (Kruskall-Wallis p-value = 0.022) and the
production of buds and new zooids (Kruskall-Wallis p-value = 0.00029). The number of
stolonial tips was significantly lower at 40 than at 36 ppt (Mann-Whitney p-value = 0.0071)
(figure 2.4.A"), while the number of buds and of newly born zooids were significantly lower at
40 than at 29 (p-value = 0.0099) and 36 ppt (p-value = 6.05e-5) (figure 2.4.A”). The number of
stolon bases was also significantly lower at 40 ppt than 36 ppt (p-value = 0.014) and did not

differ between 29 and the two other conditions (figure 2.4.A).

Experiments conducted with spherules batches collected in different seasons gave a
similar, albeit less pronounced trend. When using spherules collected in winter (figure 4B-B”),

the number of stolon bases and stolon tips did not differ between the three treatments (figure
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2.4.B-B’), but the salinity affected the number of nests and new zooids (Kruskall-Wallis p-value
= 0.035), which was lower at 40 than 29 ppt (p-value = 0.011) (figure 2.4.B”). Finally, for
spherules collected in spring (Figure 4C-C”), the number of stolon bases and stolon tips did
not differ between the tree treatment (figure 4.2.C-C’) but the number of nest and new zooids

was lower at 40 than 36 ppt (p-value = 0.037) (figure 2.4.C").

In order to estimate the yield between the somatic growth of the colony and the actual
reproduction by budding, we calculated a budding index, which is the ratio between the
number of nest/new zooids and the number of stolons. Regardless of the spherule batch used,
the high salinity always negatively impacts this ratio (figure 2.4.D-D”). Using autumn and
winter spherules, the budding index was significantly lower at 40 ppt when compared to 29
and 36 ppt (figure 2.4.D,D”), and spring spherules gave a higher index at 29 when compared
to 40 and 36 ppt (figure 2.4.D’).

Salinity Did Not Affect Zooid Physiology

Physiological variables reflecting the general zooid health (Dijkstra et al. 2008) were not
significantly affected after exposure to the tested salinities. The average size of the zooids
(figure 2.5.A), measured from the tip of the inhalant siphon to the posterior-most point of the
body cavity, was 1.14, 1.24, and 1.31 cm for 50 days-old zooids grown at 29, 36, and 40 ppt
respectively, with no significant impact of salinity (Kruskall Wallis p-value = 0,096). Similarly,
the average heartbeats rate (figure 2.5.B) did not significantly differ between the three
conditions (56, 60 and 57.2 puls.min-1 at 29, 36 and 40 ppt respectively, Kruskal-Wallis p-
value = 0,26), neither did the period of stolon beating (110, 112 and 107 seconds at 29, 36
and 40 ppt respectively, Kruskal-Wallis p-value = 0,25) (figure 2.5.C). These results suggest
that zooids grow at a similar rate regardless of the salinity condition and that they do not
experience chronic stress significantly affecting blood circulation between adult zooids and

their forming buds.
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Figure 2.4: Asexual reproduction in the three different salinities: 29, 36, and 40 ppt, measured by the production of stolons
(bases), stolons ramification (tips), and buds. A-A”) Autumn batch. B-B”) Winter batch. C-C”) Spring experiment. D-D”)
Budding index, i.e., the ratio of buds per stolon base.
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Figure 2.5: A-C) Colony health parameters. A) zooid size in cm. B) heart beating rate (pulsation.min-1). C) Stolon pulsation
period (time between two consecutive pulsations, in seconds). D-E) Influence of salinity on sexual reproduction. D) Number
of brooded embryos per 1 month-old zooids. E) Number of gonads per 1 month-old zooid.

Production of Embryos and Larvae

In order to estimate whether sexual reproduction was equally affected by the salinity,
we counted the number of gonads and embryos present in the body cavity of one-month-old
zooids obtained from autumn spherules (figure 2.5.D,E). The number of gonads did not
significantly differ between the three conditions (figure 2.5.E). One month after spherule
hatching, we counted an average of 0.50, 2.04, and 4.42 offspring per zooid at 29, 36, and 40
ppt, respectively (figure 2.5.D), with no statistical difference between the three conditions,
probably due to inter-individual variance (appendix 3). However, we noticed that zooids had
started to release larvae and sometimes embryos (most likely accidentally during animal
manipulation) before fixation. Therefore, we also counted the larvae and embryos present in
the tanks during the nine days prior to fixation (appendix 4). If we add these numbers to the

offspring found in the atrial cavity, we obtain a total of 11 larva and 23 embryos released by
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the 20 zooids at 29 ppt (0.24 offspring per zooid/day), 112 larvae and 37 embryos released by
the 22 zooids at 36 ppt (0.73 offspring per zooid/day), and 104 larvae and 17 embryos were
released by 19 zooids at 40 ppt (0.70 offspring per zooid/day). Taken together, these results
do not allow us to conclude that salinity treatments significantly affect the rate of sexual

reproduction but suggest that the number of offspring is approximately ten times lower at 29

ppt.
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2.d) Discussion

Salinity Effect on Asexual Budding in P. zorritensis

Our results provide evidence that the rate of asexual reproduction, quantified by the
number of blastozooids produced per oozoid 14 days after spherule hatching, decreases
when P. zorritensis is reared at a salinity of 40 ppt compared to 29 and 36 ppt. These salinities
were selected because 29 ppt is the lowest salinity at which P. zorritensis was found in the
sampling site (La Spezia, Assonautica Marina), while 36 ppt corresponds to the average
salinity in semi-enclosed basins colonized by P. zorritensis in the Mediterranean Sea (Tempesti
et al. 2022; Brunetti and Mastrototaro 2004). 36 ppt is also close to the surface salinity along
the northern Peruvian coast (Chaigneau et al. 2013), where P. zorritensis was originally
described. Conversely, 40 ppt is commonly observed in Mediterranean marinas (Ulman,
Ferrario, Forcada, Arvanitidis, et al. 2019), which serve as the primary entry point and most
favorable habitat for most non-indigenous ascidians (NIAs). The number of blastozooids
produced by spherules at 40 ppt compared with lower salinities in our experiments suggest

that this relatively high salinity negatively impacts the asexual propagation of P. zorritensis.

Salinity significantly affected the budding index, i.e., the average number of buds per
stolon, which was lower at 40 ppt for most comparisons (except at 36 versus 40 ppt with
spring spherules, although the absence of significance may come from the low number of
individuals used). The budding index was taken as an indication of the relative energy
expended to somatic growth per se versus asexual replication (budding). Specifically, while
salinity affected the number of buds and blastozooids in most experiments, a significant effect
on stolons bases and tips was only observed for 36 versus 40 ppt with the autumn batch. It is
also noteworthy that zooids raised at 40 ppt were larger than at lower salinities. Taken
together, these results suggest that the animals raised at 40 ppt may allocate more energy to

somatic growth and colony expansion and, conversely, less energy to asexual reproduction.

Overwintering spherules are likely to represent a seasonal population bottleneck for P.
zorritensis. In fact, observations from March 2018 and May 2019 revealed the almost
complete disappearance of P. zorritensis at the site of La Spezia, with only a few scattered
resting spherules found attached to boat mooring lines (Hiebert et al. 2022). Similarly, in May

2022, the animals were confined to the very proximal zone (figure 2.1). This scenario is in
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striking contrast with the situation in fall, during which P. zorritensis dominated the benthic
community on the same lines, displaying dense colonies with numerous stolons and buds (see
figure 5 in Hiebert et al. 2022 or figure 2 in Scelzo et al. 2019). This population dynamic
suggests that a small number of spherules are sufficient to reconstitute the population. On
the other hand, it also underscores that the success of spherule hatching in spring is critical
for population replenishment, which heavily relies on budding (Brunetti and Mastrototaro
2004; Hiebert et al. 2022). Thus, even if they cause only a slight reduction in the rate of asexual
reproduction, unfavorable conditions such as a relatively high salinity may decrease the

species' fitness.

Thisis further supported by our observation that the influence of salinity on the budding
index was particularly pronounced in colonies that originated from spring spherules. Indeed,
the spring batch was the only one to exhibit a statistical difference between 29 and 36 ppt,
and a budding index 2.5 times higher at 29 ppt than at 40 ppt. This may hold crucial
implications for P. zorritensis fitness in response to salinity gradients, as the most substantial
salinity gradient between proximal and distal docks in La Spezia marina (34 to 40 ppt in May
2022), as well as the lowest measured salinity (29 ppt in May 2016), were observed in spring
(figure 2.2). Thus, spring spherules might be particularly sensitive to water salinity, compared
to other seasons. As a result, their reproductive outcomes may be significantly influenced by
strong gradients during this critical season, wherein spherules that overwintered have to

replenish the population.

P. zorritensis expansion may also be limited by very low salinity. Previous findings
demonstrated that exposure to salinity as low as 15 ppt for 48 hours reduced by half the
number of spherules capable of hatching once returned to a higher salinity (Hiebert et al.
2022). Evidently, spherules represent a resistant form capable of coping with acute hypo-
osmotic stress. However, our present results indicate that spherules cannot ensure zooid
production when maintained at 22 ppt. Additionally, low salinity seems to prevent larval
recruitment. Vazquez and Young (1996) studied the swimming behavior of P. zorritensis
larvae in response to haloclines and found that larvae exhibited abnormal swimming
behavior, staying at the bottom of the tank instead of swimming upward in water with a
salinity lower than 26 ppt. Furthermore, through experiments involving water columns to

create controlled haloclines (i.e., abrupt salinity changes between adjacent water masses),
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they observed that 72% of the larvae actively escaped water of 22 ppt. Considering these
findings along with our present results, it becomes evident that water with salinity as low as
22 ppt does not allow asexual reproduction and impedes larval recruitment, suggesting that

P. zorritensis may not be able to thrive in brackish environments.

Effect of Different Salinities on Asexual Versus Sexual Reproduction

Due to the lack of a statistically significant difference in the number of embryos and
larvae between the different experimental conditions, the present study does not allow us to
draw a definitive conclusion on the impact of salinity on sexual reproduction. Furthermore,
there was no significant difference in the number of gonads among the three treatments, but
this particular trait might have limited relevance as it is a phylogenetically constrained
character commonly employed for species identification (Monniot 2016). However, the
number of larvae observed swimming in the tanks were approximately ten times lower at 29
ppt when compared to 36 and 40 ppt, suggesting that 36 ppt might be an ideal salinity where
both asexual and sexual reproduction rates are high. Histological analyses could do further
exploration of the effects of salinity on sexual reproduction to investigate gonad maturity.
Additionally, other aspects related to sexual reproduction could be explored, such as the age
at which zooids reach sexual maturity or the larval swimming behavior and larval recruitment

under different salinities.

Decreasing asexual reproduction in P. zorritensis, as observed at 40 ppt, may strongly
hinder its fitness, especially since sexual reproduction probably hardly compensates for
reproductive success in this species. Indeed, coloniality in ascidians often coincides with zooid
size reduction, ovoviviparity, and reduction in the number of embryos compared to solitary
species (Berrill 1935; Svane and Young 1989; Zega, Thorndyke, and Brown 2006; Alié et al.
2018). For instance, P. zorritensis gonads contain relatively few eggs (Van Name 1945), each
zooid bears around 20 embryos at various developmental stages (Monniot 2016), and the
embryonic development in this species takes several days (personal observations). Our results
also further demonstrate that P. zorritensis zooids release very few (less than one) larvae per
day. In contrast, solitary Polycarpa species, which are closely related to P. zorritensis (Alié et

al. 2018), have bigger zooids, have more and larger gonads (Van Name 1931; Vazquez, Ramos-
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Espla, and Turon 1995) and can spawn several dozens of eggs weekly (Gordon et al. 2020).
Additionally, internal brooders release mature lecithotrophic and low-dispersive larvae with
a relatively short swimming period. For example, P. zorritensis larvae typically settle within
minutes to a few hours post-release (Vazquez and Young 1998). In contrast, oviparous species
release planktonic eggs promoting long-range dispersion by water currents (Berrill 1935;
Svane and Young 1989; Havenhand 1991). For instance, Styela plicata, which is a solitary
Stolidobranchia also very abundant in La Spezia marina, is a broadcast spawner that follows
a broadcast spawning strategy, releasing floating eggs and sperm (Villa and Patricolo 2000;
Crean and Marshall 2015). The fertilization of these gametes takes place externally, and the
embryos undergo development outside the body for approximately 12 hours, followed by
several hours before the larvae become competent to metamorphose (Yamaguchi 1975).
Notably, there have been reports of solitary oviparous phlebobranchs whose larvae can
survive for ten days and disperse as far as 1.5 km away (Svane and Young 1989; Havenhand
1991). In conclusion, while the colonial lifestyle is supposed to provide competitive
advantages over solitary organisms because it enables indeterminate growth, colonization of
complex microhabitats, or high regenerative capability (Jackson and Hughes 1985; Kott 1989;
Dias, Delboni, and Duarte 2008; Hiebert et al. 2019), when a colonial ascidian such as P.
zorritensis finds itself in an environment where asexual propagation is hindered, the relatively
low production of poorly dispersal larvae may limit its ability to compete for space against

other fouling benthic organisms.

Predicting P. zorritensis Distribution and Expansion

A finer knowledge of P. zorritensis ecological tolerance would be powerful to predict its
invasive potential worldwide and therefore orientate conservation measures toward
identified target ecosystems (Locke 2009; Nichols, Lambert, and Nydam 2023). Modeling
approaches using ecological niche properties, species distribution, and ecological tolerance
have been used to forecast ascidian invasion in present and future climate scenarios (Locke
2009; Epelbaum et al. 2009; Rocha, Castellano, and Freire 2017; Lins et al. 2018). These
models notably demonstrated that seawater temperature and the distance from the shore
are variables that strongly influence ascidians distribution. The latter is probably a proxy for

other variables that are more difficult to model, such as eutrophication level, coastal
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pollution, or local salinity variations (Epelbaum et al. 2009; Lins et al. 2018). To date, only one
study has included P. zorritensis (Locke 2009), predicting its expansion toward the Canadian
northern Atlantic coast, but to our knowledge, the species has not been recorded there yet.
The documented impact of salinity on sexual and asexual reproduction (Vdzquez and Young
1996), together with previous works demonstrating the effect of salinity and temperature
stress on spherules and zooid survival (Hiebert et al. 2022), may help better prediction of P.
zorritensis expansion in the future. Yet, a lot of work remains to better characterize the
ecological tolerance range of this species. Notably, the effect of temperature on colony

growth is still totally unknown.

In contrast to its Atlantic and Pacific expansion, the current distribution of
Polyandrocarpa zorritensis in the Mediterranean Sea is confined to the Western basin. While
we can speculate that the eastern basin is less suitable to P. zorritensis because of its generally
higher salinity (Coll et al. 2010), we cannot exclude that the species has been overlooked due
to particular substrate preference. The abundance of non-indigenous ascidians in coastal
harbors is known to be favored by the addition of artificial substrates (e.g., concrete or plastic
vertical structures), which are preferred by exotic ascidians over natural surfaces already
colonized by native species (Tyrrell and Byers 2007; Ramalhosa et al. 2021). In addition,
ascidian species with a wider tolerance to diverse types of substrates are more likely to
successfully colonize distant regions (Granot, Shenkar, and Belmaker 2017). Surprisingly
though, at each of our collection sessions in La Spezia marina, we always found P. zorritensis
on the mooring lines but never on the vertical wall of the docks themselves, where many
other species were nevertheless present (e.g., Styela plicata). This might explain why Ferrario
et al. (2017) did not report P. zorritensis from the Assonautica marina, as they collected
fouling species by scratching the dock walls. If this is the case, therefore, this species may
have been overlooked and could be more widespread than expected in the Mediterranean
Sea. Thus, in future NIA inventories, it could prove intriguing to combine ropes alongside
traditional settlement plates and to position such set-up at various distances from freshwater

sources when present.
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2.e) Conclusion

Colonial ascidians are one of the most significant invasive species inhabiting coastal
areas worldwide. Given their ecological impact, it is essential to understand the physiological
limits of colonial ascidians when faced with biotic and abiotic stressors and improve our ability
to forecast their dispersal and establishment in novel habitats. Polyandorcarpa zorritensis, a
non-native species originating from South America, is a widespread invasive species in
marinas along the western Mediterranean. As salinity is a critical environmental factor for
several marine species, we conducted laboratory experiments to determine the correlation
between the reproductive and physiological characteristics of P. zorritensis and varying salt
concentrations. To carry out this study, we collected spherules, which are hibernation
structures from which new zooids can asexually develop under increasing water
temperatures, from a harbor area in western Italy. In some of those spherules, we induced
the development of zooids after artificial hibernation for spherules collected before winter or
immediate incubation in a laboratory tank for spherules collected in spring. Salinities were
chosen so that they represented lower salinities often encountered in harbor areas (29 ppt),
marine salinities typical of the natural habitat of this species in Peru (36 ppt), and higher

salinities, as usually measured in the Mediterranean Sea (40 ppt).

Physiological features such as size, heartbeat, and stolon pulse rates showed no
significant difference between the salinity conditions despite considerable inter-individual
variation, indicating that all tested salinities allowed P. zorritensis to hatch and thrive.
Recording parameters to assess sexual and asexual reproductive efficiency revealed an
interesting contrast. No clear differences were observed in the number of gonads among
zooids hatched from spherules one month ago, however, some individuals reared at higher
salinities released a larger number of embryos compared to those kept at lower salinities.
Conversely, we found a negative correlation between most measures of asexual success,
including the number of stolon bases, where new zooids sprout, the number of stolon tips,
and the number of buds along them. This correlation was either statistically significant or
showed a clear and consistent trend. These results strongly suggest that higher salinities,
although possibly positively affecting sexual reproduction, have a negative impact on asexual
reproductive strategies. This is consistent with the observation that P. zorritensis is usually

confined to marinas and freshwater outlets in the Mediterranean region, which includes our
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collection site. This suggests that the high salt concentration outside these areas may hinder
the efficient dispersion of this species. The ratio between buds and stolons serves as a
measure of the efficiency of the new zooids production. It is most closely correlated with
lower salinities for spherule batches collected in spring. Our findings suggest that spherules
from hibernation in nature are highly vulnerable to this physiological limitation, effectively
hindering further invasion into the Mediterranean. This phenomenon seems not offset by any
increase in sexual offspring under higher salinity conditions, which could be a possible
strategy for further dispersal in suboptimal environments. In summary, our study contributes
to a better understanding of the ascidian invasion dynamics by correlating abiotic factors with

the success of reproductive strategies.
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Chapter 3 - Transcriptomic Comparison Among Non-

Embryonic Development (NED) in Styelids
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Chapter Summary

In this chapter, the tunicate family of Styelidae is used as a proxy for the entire sub-
phylum to compare the transcriptomic profile of independently evolved modes of non-
embryonic development, specifically budding and whole-body regeneration. The chapter is
divided into three sections. The first section includes the generation of stage-specific
transcriptomes covering the ontogenesis of Polyandrocarpa zorritensis vasal budding and the
analyses of the dynamic of gene expression characterizing this type of NED. The second part
compares the transcriptomic dataset of vasal budding with the other two already-described
types of budding in Styelidae. More specifically, it compares the transcriptomes of P.
zorritensis with those of Botryllus schlosseri peribranchial budding and vascular budding
transcriptomes that have already been published. The third section extends the
transcriptome analysis to other species of Styelidae, including Botrylloides leachii and
Polyandrocarpa misakiensis, to gather additional information on the potential conservation

of the gene set involved in the different types of non-embryonic development in ascidians.
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3.a) Introduction

Many tunicate species can propagate both sexually and asexually (see Chapter 1).
Through sexual development, a zygote undergoes embryogenesis and develops either directly
into an adult zooid, like in some Thaliaceans, or indirectly passing through a larval stage
followed by metamorphoses, like in ascidians (Shenkar and Swalla 2011; Deibel and Lowen
2012; Stolfi and Brown 2015). On the other hand, during asexual reproduction, somatic
tissues start a budding process that bypasses fertilization, embryonic development, larval
stage, and metamorphosis but leads to a similar adult individual (Alié et al. 2021). Through
budding, a zooid gives rise to one or several genetically identical individuals, called
blastozooids. In some species, blastozooids remain connected physically and physiologically
to one another through the tunic and may even share a common extracorporeal vascular
system, forming colonies (Alié et al. 2021; Hiebert, Simpson, and Tiozzo 2021; Hiebert et al.
2022). While embryogenesis/metamorphosis and budding initiate from different cells and
unfold through different ontogenesis, the final adult bauplan is conserved between sexual

and asexual reproduction (Alié et al. 2021).

Thaliacea “Phlebobranchia” Aplousobranchia Stolidobranchia

Styelidae

- Tunicates without NED . Tunicates with NED: 1. Pharyngeal budding ™ Pharyngeal epithelium + hemocytes
2. Stolonial budding “A” = Septum mesenchyme
3. Epicardial budding = Epicardium
4. Stolonial budding “B” = Septum mesenchyme
5. Peribranchial budding = Peribranchial epithelium
6. Vascular budding > A) Hemocytes
B) Damage residual cells + hemocytes

7. Vasal budding = Epidermis + hemocytes (?)

Figure 3.1: lllustration of NED convergent evolution in Tunicates phylogeny.

51



Budding (colonial) and non-budding (solitary) species are scattered across the four main
orders of tunicate orders: Thaliacea, Phlebobranchia, Aplousobranchia, and Stolidobranchia.
The phylogenetic distribution of colonial species clearly shows that asexual reproduction
arose convergently multiple times (Alié et al. 2018; 2021). The variety of tissues and
mechanisms involved in bud formation across different species further emphasizes the

convergent acquisition of budding (Alié et al. 2021).

While embryonic development exhibits an extraordinary level of conservation amongst
almost the majority of the main tunicate orders, budding ontogenesis involves a variety of
cells and tissues even within a single order, all displaying different degrees of interaction
between epithelial and mesenchymal cells (Kawamura et al. 2007; Kawamura and Sunanaga
2009; Brown and Swalla 2012; Ricci, Cabrera, et al. 2016; Scelzo et al. 2019; Ricci et al. 2022).
According to Alié et al. (2021), budding in tunicates can be classified into seven distinct types,
which reflect seven possible independent acquisitions, although a recent study suggests that
one of them may comprise two subtypes (Ricci et al. 2022). As described in Chapter 1, almost
all modes of budding converge towards a conserved stage referred to as the triploblastic
stage, is characterized by the formation of a monolayered double vesicle (Alié et al. 2021).
The seven budding types were classified according to the nature of the tissue giving rise to

the inner vesicle, while the epidermis invariably forms the outer-most layer in every budding
type:

1. Pharyngeal budding: like in Thaliacea. Inner tissues derive from the pharynx

invagination and additional mesenchymal cell populations.

2. Stolonial budding (type A): Happening in Polyoctacnemus patagoniensis and three
species of the Perophoridae family (Ecteinascidia turbinata, Perophora viridis, Perophora
japonica), which are species traditionally classified in the paraphyletic "Phlebobranchia”. The

inner vesicle derives from hemoblasts.

3. Epicardial budding: All Aplousobranchia species except for the solitary Rhopalaea

idoneta. The inner vesicle derives from the epicardium.

4, Stolonial budding (type B): Budding type present only in the Clavelinidae clade in

Aplousobranchia. The inner vesicle derives from a mesenchymal septum.
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5. Peribranchial budding: In most colonial Stolidobranchia species. The inner vesicle

derives from the peribranchial epithelium.

6. Vascular budding: A budding type present in the sub-family Botryllinae. The inner

vesicle derives from hemoblasts or from yet unidentified cells, depending on the species.

7. Vasal budding: the budding which was only observed in Polyandrocarpa zorritensis.

The inner vesicle derives from the invagination of the epidermis.

In this manuscript, the focus will be on the NED strategies employed in Styelid ascidians

only.

Styelids as a Model to Study Non-Embryonic Development

Non-embryonic development (NED), i.e., agametic development via budding and injury-
induced whole-body regeneration (Alié et al. 2018), gives an organism the ability to replicate
or restore both form and function, encompassing processes that involve fine control of
cellular proliferation, cell death, cell differentiation, and cell migration. Indeed,
understanding how some metazoan species can rebuild an entire body while others cannot is
one of the big challenges in biology, with obvious important implications for human health
and aging (Alvarado 2000; Adler and Sanchez Alvarado 2015). To better explore the very
diverse forms and contexts in which NED occurs across metazoans, a comparative approach
is clearly required, and the use of more than one suitable model is requisite to understand
how extensive regenerative capacities have been gained and lost. Yet, the most challenging
aspects of comparing phylogenetically distant metazoans models (besides the evident
logistical problem of simultaneously breeding and studying multiple laboratory models)
reside in the definition of homologous characters to compare between those species, as well
as the establishment of cladistics frameworks for evolutionary interpretations (Tiozzo and

Copley 2015; Sinigaglia, Alié, and Tiozzo 2022).

Within the tunicate family of Styelidae, we find solitary species, with regenerative
abilities generally limited to some body structures, and colonial species able to bear different
forms of NED (Alié et al. 2018). Both solitary and colonial species share comparable body plans
and homologous structures (Gordon et al. 2020). The phylogeny of the family has been

thoroughly reconstructed, and it shows that species like Botryllus schlosseri and
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Polyandrocarpa zorritensis acquired NED convergently. At the same time, the absence of NED

in the solitary specie Styela plicata is ancestral (Alié et al. 2018). This evolutionary scenario

provides a special chance to compare different developmental modules, like genes, sections

of GRN, or specific cell or tissue types, that regulate NED. It can help identify potential changes

in gene regulatory networks and find common mechanisms that contribute to the evolution

and diversification of NED. While Botryllus schlosseri has been routinely used in our laboratory

for more than a decade and is already an emerging model for studies on NED mechanisms

(Manni et al. 2019), P. zorritensis” NED just started to be described, yet suggesting the

interplay between epithelial and mesenchymal putative stem cells (Scelzo et al. 2019).
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Figure 3.2: Phylogenetic relationships between Stolidobranchia, with a focus on Styelidae (modified from Alié et al. 2018).
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Other two Styelidae species added to this work are Botrylloides leachii and
Polyandrocarpa misakiensis. B. leachii performs both vascular and peribranchial budding, and
we can count on broad literature (Hyams et al. 2017; 2022; Blanchoud et al. 2017; Blanchoud,
Rinkevich, and Wilson 2018) on them and publicly available transcriptome data for vascular
budding (Zondag et al. 2016). P. misakiensis is also being used as a model in the NED context.
Several papers are available on P. misakiensis NED (Hisata et al. 1998; Kaneko et al. 2010;
Fujiwara and Kawamura 1992), and our collaborators generated a transcriptome on

peribranchial budding in P. misakiensis for this study.

Vasal Budding in Polyandrocarpa zorritensis.

Vasal budding is a form of NED reported in Styelidae. It was recently described only in
Polyandrocarpa zorritensis and consists of buds that emerge along the stolon (Scelzo et al.
2019) (figure 3.3). The stolon is an epithelial vessel that can reach several centimeters long,
formed by an extension of the parental zooid's epidermis and covered by a thin tunic layer.
Budding nests (BN) are the regions of the stolon designated for budding, with abundant
vascular ampullae. They can resist adverse conditions by thickening the tunic and
accumulating reserves, forming dormant spherules that can germinate under favorable

conditions (Scelzo et al. 2019; Hiebert et al. 2022).

Bud development is triggered when the budding nest becomes completely isolated
from the colony due to the abscission of the stolonial epidermis, cutting off hemocyte
circulation between the colony and the nest. In laboratory conditions, budding can be induced
by cutting the stolon with a razor blade. About 24 hours after abscission, the first signs of
budding become visible: the number of ampullae (structures in the nest) decreases, and a
new zooid (individual) begins to grow at the center of the nest. Within 4-5 days after
abscission, all the ampullae have regressed, and two siphons open at the top of the newly

formed zooid (Scelzo et al. 2019).
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abscission

I

Young Mature
budding nest budding nest

Figure 3.3: Asexual cycle of Polyandrocarpa zorritensis in captivity. A) Polyandrocarpa zorritensis colony. Adult zooids can be
found on other animals, such as mussels (yellow asterisk). Pink arrowheads show examples of individual zooids. B) Bottom
side of the same colony as in A, showing the dense network of stolons and spherules. C) Detail of a spherule and the stolon
(red arrow) connecting the spherule to the rest of the colony. D) One spherule one week after being transferred at 24 °C. The
two siphons (white arrows) are open, and the protrusions (red arrows) that will attach to the substrate are recognizable. E)
One completely developed zooid with several stolons (red arrows). E’) Close-up view of one stolon: It is possible to recognize
the main blood vessel (red arrow) and the ramified ampullae connected to it (green arrows), oriented in the same direction
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as the main vessel. The tunic (yellow arrow) covers the whole structure. F) Young budding nest. The ampullae (green arrows)
increased in number along the vessel (red arrow). G) Mature budding nest, composed of more compact ampullae (green
arrows) that form a dome, highly pigmented on the top. H) Detail of a vessel at the abscission site (white arrow). I) Bud (blue
arrow) developing inside the nest after abscission. J) Newly budded zooid with open siphons (white arrows). K) Spherule
obtained by transferring a budding nest from 24 °C to 11 °C. (Scale bars c—e: 1 mm; e’: 100 um; f~k: 1 mm) (modified from
Scelzo et al. 2019).

During the formation of the budding nest, significant histological and cellular changes
occur in the stolonial vessel and its surrounding ampullae. The epidermal cells change their
shape and become roundish, connected to neighbor cells by tight junctions. The cytoplasm
becomes enriched with various electron-dense bodies and granules. As the budding nest
reaches a dome shape of 1-2 mm in diameter, the number and density of ampullae increase,
and the central vessel and ampullae become indistinguishable from each other in histological
sections. Budding nests and dormant spherules have similar histological and cytological
properties. Spherules are another form the nest can transform into if abscission does not
occur. After abscission, the stolonial epidermis and mesenchymal cells within the budding
nest undergo cellular modifications and morphogenetic movements that eventually lead to

the formation of a new individual (figure 3.3) (Scelzo et al. 2019).

The process of vasal budding involves the vascular epidermis and mesenchymal cells,
leading to the formation of a new individual after abscission. The process involves four main
steps: 1) Swelling, where a spherical cavity forms with polarized cells due to stolonial vessel
inflation and the presence of mesenchymal hemocytes; 2) Invagination, during which
epithelial folding creates two invaginations that merge to cover the epithelium; 3) Fusion,
where invaginating edges unite, forming a thin cavity, and a cluster of undifferentiated
hemoblasts appears; 4) Double Vesicle and Initiation of Organogenesis, where fusion results
in a monolayered inner vesicle for organ formation, and the outer vesicle forms the new
individual's external epidermis. Concurrently, the surrounding ampullae regress and
significant ultrastructural changes occur in the ampullar epidermis (figure 3.4) (Scelzo et al.

2019).

Figure 3.4: Early budding stages in Polyandrocarpa zorritensis. A) Schematic summary of vasal budding, depicting the four
main steps: swelling, invagination, fusion, and double vesicle. B) Semi-thin section of a vasal bud at the swelling stage. C)
Detail of the vascular epidermis on the top side (squared in B). D) Detail of the vascular epidermis on the bottom side (squared
in B). E) Semi-thin section of a vasal bud at the invagination step, showing the invaginating epidermis (black arrows), the
movement of the invaginating edges (pink arrows) and the part of the epidermis that goes on to form the floor of the inner
vesicle (orange star). F) Detail of the bottle-shaped cells at the invaginating hinge points (as squared in E). G) Detail of
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wedged-shaped cells at the invaginating edge (as squared in E). H) Semi-thin section of a vasal bud at the fusion step, showing
the inner vesicle floor (orange star), the inner vesicle lumen (green asterisk), and the movement of the fusing borders (pink
arrows). I)Detailed view of the inner vesicle wall. I’) Close-up of the cilia apex of the inner vesicle cells (as squared in 1). J)
Detail of hemocyte aggregate at the fusion area (as squared in H), showing undifferentiated hemoblasts (green arrows) and
granules-containing cells (blue arrows). K) Semi-thin section of a vasal bud at the double vesicle stage. L) Detailed view of
hemocytes located between the inner and the outer vesicle. M) Ampullar wall showing absence of cell membrane and
cytoplasmic continuity between cells (pink asterisks). N-N’) Contact between an ampullar epidermal cell and a morula cell.
The blue arrow shows cytoplasmic continuity, a: ampulla, h: hemocytes, iv: inner vesicle, I: vessel lumen, m: mitochondria, n:
nucleus, ov: outer vesicle, t: tunic (modified from Scelzo et al. 2019).
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Peribranchial Budding

Most colonial Styelidae propagates asexually via peribranchial budding, also known as
atrial, palleal, or pallial budding. Peribranchial budding arises from the peribranchial
epithelium, which folds progressively and forms a hemisphere covered by the parental
epidermis. The young budlet's tip then continues to invaginate, ultimately resulting in a
double vesicle (figure 3.5). The peribranchial epithelium gives rise to the inner vesicle, while
the outer vesicle comes from the epidermis. These two epithelial layers will trap free
hemocytes (mesenchymal cells) from the vascular system. As development progresses, the
epidermis develops from the outer vesicle, while most adult organs, such as the digestive
tube, endostyle, central nervous system, pharynx, and peribranchial chambers, differentiate
from the inner vesicle. In some species, it has been shown that the germline originates from

the hemocytes (Scelzo et al. 2019).

The cell sources and the molecular mechanisms that trigger the onset of the bud still
need to be fully understood. In the species Botryllus schlosseri, hemocytes transplantation
experiments have shown that circulating putative stem cells could contribute to the
development of blastozooids (Laird, De Tomaso, and Weissman 2005). However, it remains
difficult to determine whether the chimerism occurs at the tissue level or is caused by
contamination of donor hemocytes circulating in the complex network of hemocoel sinuses.
In the same species, it has been shown that budding partially co-opts embryonic
developmental genes and pathways, suggesting that peribranchial budding, at least in B.
schlosseri, may be governed by rewiring of gene regulatory networks operating during sexual
development (Tiozzo et al. 2006; Laird, De Tomaso, and Weissman 2005; Ricci, Chaurasia, et
al. 2016; Ricci, Cabrera, et al. 2016; Prinster et al. 2019b; 2019a). For instance, Botryllus
schlosseri co-opts and re-expresses transcription factors that specify the three canonical germ
layers during embryogenesis in distinct and overlapping domains of the inner vesicle,
indicating early cell commitment in different regions of the latter (Ricci, Cabrera, et al. 2016).
Also, the nervous system and muscles co-opt neurogenic and myogenic modules from
embryonic development and arise during the morphogenesis of the blastozooid (Priinster et

al. 20193, 2019b).
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Botrylloides leachii)

/ inner vesicle
outer vesicle

Figure 3.5: Schematic representation of peribranchial budding at three successive stages, from peribranchial invagination to
double vesicle (modified from Alié et al. 2020).

Vascular Budding in Botryllinae

A B

1.Residual cells
from severely

‘Injury border

~ T A =
Hemocytes (hemoblasts) ®@®s§*_' (WS )
In B. leachii & | 2.Migration (re-shaping?)
l

Figure 3.6: A) Schematic representation of vascular budding at three successive stages, from hemocyte clustering to double
vesicle. B) Scheme of vascular budding in Botryllus schlosseri (modified from Alié et al. 2020 and Ricci et al. 2022).

The origin and early ontogenesis of vascular budding are still controversial, and the
nature of the cells that initiate the process is still elusive (Voskoboynik et al. 2007; Brown et
al. 2009; Sunanaga, Inubushi, and Kawamura 2010; Rinkevich et al. 2010; Nourizadeh et al.
2021; Ricci et al. 2022). Upon injury, in species like Botrylloides leachii, a cluster of
undifferentiated hemocytes (figure 3.6.A), the hemoblasts, which express Integrin-alpha6
(IA6+) as well as other genes associated with pluripotency (Piwi and Vasa), resides in

receptacles of the left vasculature, and are essential for the triggering of budding. The

60



beginning of the regenerative process seems to be regulated by Notch and Whnt signals
(Kassmer, Langenbacher, and De Tomaso 2020). However, it is worth noting that the nature
of these cells can vary between different species. In Botrylloides leachii, Piwi2 and Vasa stem
cell markers are expressed (Kassmer, Langenbacher, and De Tomaso 2020), whereas in
Botryllus primigenus, Vasa and Piwil are not expressed in vascular buds (Kawamura and
Sunanaga 2011). Additionally, in Botrylloides violaceus, Piwi proteins are only detected in
certain peripheral cells of vascular buds (Brown et al. 2009). In a closely related species,
Botryllus schlosseri vascular budding seems to be initiated by extravascular tissue fragments
derived from the injured individuals rather than populations of IA6+ blood-borne cells
(Nourizadeh et al. 2021; Ricci et al. 2022). Regardless of the cell/tissue of origin, the cell
cluster forms a hollow vesicle that grows and becomes enclosed by the surrounding
vasculature epithelia (Figure 3.6.B). This results in a double vesicle like the one seen during
peribranchial budding. The inner vesicle will develop into future zooid organs, while the outer
vesicle will become the epidermis (Ricci, Cabrera, et al. 2016). In Botryllus schlosseri, the
expression pattern of markers of embryonic germ layer in the inner vesicle is similar to that
reported in peribranchial budding. These results indicated that during both normal and injury-
induced budding, a similar alternative developmental program operates via early

commitment of epithelial regions (Ricci et al. 2022).

A comparative Bulk RNAseq Approach Across the Family of Styelidae.

The above description of the three budding types found in Styelidae emphasizes their
mechanisms' fundamental differences and similarities. In fact, each budding mode involves
different cells and tissues for the formation of the inner vesicle: the monolayered
peribranchial epithelia in the case of peribranchial budding (Brown and Swalla 2012; Ricci,
Cabrera, et al. 2016), mesenchymal cells or a mix of debris tissues in the case of vascular
budding (Kawamura and Sunanaga 2009; Ricci et al. 2022), and a mix of vascular epidermis

and mesenchymal cells in the case of vasal budding (Scelzo et al. 2019).
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Figure 3.7: Hourglass model for non-embryonic development, where, indifferently of the tissue and cell type source, all the
NED strategies converge to a common double vesicle stage.

Despite the different ontogenetic origins of the inner vesicle, several lines of evidence
suggest that the independent acquisition of these three budding modes may result from the
repeated co-option of homologous characters (Alié et al. 2018; Kassmer, Langenbacher, and
De Tomaso 2019; 2020). Indeed, all three budding modes converge into a common
morphogenetic stage called double vesicle (figure 3.7), the outer vesicle always being derived
from the epidermis. On the molecular aspect, we found that the transcription factor Nk4
(orthologue to the vertebrate homeobox-containing Nkx2.5/6) is similarly expressed in the
forming inner vesicle: during vasal budding (in P. zorritensis) and peribranchial budding (in B.
schlosseri), it is expressed in the early invaginating tissues, while during vascular budding (in
B. schlosseri) it is expressed in the inner tissue aggregate (figure 3.8) (Alié et al. 2018). This
was the first indication that non-homologous tissues implicated in convergently acquired

budding modes may nevertheless share a common molecular identity specific to budding.

62



ant

left =}~ right

post

Figure 3.8: Expression of the NK4 gene in Botryllus schlosseri and Polyandrocarpa zorritensis. A) Phylogenetic analysis of
Nkx2.5/2.6 family members showing the orthology between B. schlosseri and P. zorritensis NK4 genes (NK4 orthology group
was defined as the smallest group including Botryllus NK4, Ciona NK4, and mouse NKx2.5 and 2.6). B-C”’) NK4 expression in
peribranchial bud of B. schlosseri. In B, the zooid bears three buds at three different stages (white arrowhead shows the
youngest one and the pink arrowhead shows the oldest one). C—C”’) Close-up view of NK4 expression in the early peribranchial
bud, inserted in C is highly magnified to show the unlabeled epidermis. C*”’) Diagram of NK4 expression in the peribranchial
bud. D-D”) Close-up view of NK4 expression in a vascular bud at the double vesicle stage. D’”’) Diagram of NK4 expression in
the inner vesicle of a vascular bud. E-I) Expression of NK4 in bud of P. zorritensis. E) Early invagination. F) Closure of
invagination borders. G) Right after closure. H) Late double vesicle stage. 1) Diagram showing NK4 expression in the forming
inner vesicle of P. zorritensis. Asterisks show nonspecific staining in the tunic, amp: ampullae. ep: epidermis, iv: inner vesicle,
ov: outer vesicle, pe: peribranchial epithelium, piv: prospective inner vesicle, tu: tunic, v: vessel (modified from Scelzo et al.
2019).

In this chapter, | first studied the transcriptomic profile of key steps of vasal budding in
P. zorritensis, in light of the cellular and morphological events known from previous work. |
conducted two sets of analysis: a de-novo transcriptome approach was first used, and then
when a genome of P. zorritensis became available, | re-analyzed the data in a genome-guided
fashion. This allowed me to establish a comparison between the two approaches. Secondly, |
compared these transcriptomic profiles with similar datasets for other types of budding in
ascidians in order to identify molecular differences and similarities underpinning the
independent evolution of NED in Styelidae. Finally, in the last section of this chapter, the
analysis was extended to other species of Styelids to obtain more information on how

conserved is the gene set involved in the different types of NED in ascidians.
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3.b) Materials and Methods

Polyandrocarpa zorritensis Animal Husbandry

Animal rearing was performed as in Chapter Two, except for using natural seawater
(NSW) instead of ASW. Dormant spherules harvested in La Spezia (44°06'12.4"N 9°49'33.0"E)
were placed in tanks of approximately 10-12 liters of NSW at 24°C. For the spherule seeding,
five spherules were placed on a glass slide of 5x7cm on the bottom of the water tank, using
six glass slides per tank. New zooids would hatch around seven days after the seeding. The
developing colonies were followed up in the tank until the sprouting of multiple budding nests
(BN) from the growing stolons, upon which the colonies were harvested and processed for

the experiments.

P. zorritensis Budding Tissue Live Staining

To be able to visualize the budding process inside the BN of P. zorritensis, | established
a staining protocol in which | injected BSA 488 solution (bovine serum albumin conjugated
with the fluorochrome Alexa-488 (ref. Invitrogen A13100) diluted 1:100 in PBS1X) into the
stolons; this procedure had been adapted from a B. schlosseri protocol (Braden et al. 2014).
The BSA is incorporated by some of the cells in the blood circulation as well as epithelial cells
by endocytosis, and after 12 hours, the tissue morphology can be observed under fluorescent
microscopy. The BSA 488 solution is injected either into the main ampulla at the tip of the
stolon (active and proliferative ampulla, usually with dark cells in the tip — figure 3.1.A-A’) or
directly into the blood vessel (figure 3.1.C-C’). The amount of BSA 488 solution injected is not
precise and varies according to the colony characteristics (blood vessel diameter, length,
blood pressure, blood vessel ramification, and size of BNs). In the experiments performed in
this study, the injected volume could vary between 2 and 6ul of BSA 488 solution. The
injection is interrupted when all the blood circulation is fluorescent. It may be necessary to
inject different stolon tips to stain a whole colony if the blood vessels of different colony
sections are not connected. The pressure in which the BSA 488 solution is injected depends
on the vessel's characteristics and ranges between 12 and 14 psi. Hence, it needs to be
adjusted in order to facilitate dispersion within the blood circulation without leakage. The

injection was performed using needles confectioned with borosilicate glass capillaries (ref.
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EC164-0799, Harvard Apparatus - thin wall, with filament, 1.0mm outer diameter, 0.78 mm
inner diameter, 100mm length) using a Narishige (ref. PN-31) needle puller (program: heat=
70, magnet sub= 55, magnet main= 103). The needles were backfilled with a micropipette
using special tips (Microloader Pipette tip, Eppendorf, ref. 5242 956.003) for filling capillaries.
The injection was performed by positioning the needle at approximately 45° (figure 3.1.B)

using the microinjector Narishige (ref. IM-300).

R R,
S

Figure 3.9: A) Image showing a colony, with the white arrows indicating the healthy stolon tips. A’) Higher magnification of
a stolon tip, it is possible to observe the round tip with dark cells. B) lllustration indicating how to perform the injection directly
in the main blood vessel of a stolon, when injecting in the tip is not possible. C-C’) Image showing the BSA 488 entering and
spreading in the stolon. D) Stained budding nest 12 hours after the injection. E) lllustration of how the stolons are cut and the
budding nests are isolated for stimulating the budding.
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The colonies are observed for 24 hours after the BSA solution injection, and those BNs
successfully retaining the stain will be selected for sampling. To stimulate the budding process
in a BN, it is necessary to interrupt the blood circulation that connects it to the rest of the
colony (figure 3.1.E). To this end, the stolons connected to BN are abscised with a syringe
needle (BD Microlance 3 Needles — ref. 304000). During my first experiments, | recorded a
timelapse in order to estimate the approximate budding developmental time (one photo
every 3 minutes, n= 10), a useful data set for anticipating key developmental events. The
animal observations and image acquisition were performed using a fluorescence stereoscope

Leica (ref. M165, camera ref. MC170HD).

P. zorritensis RN A Extraction

For the RNA extraction, | collected tissues from different developmental stages
containing a pool of 5 tissues per stage in each replicate (7 stages + 5 samples per stage + 3
replicates = 105 BN samples). The whole BN was harvested for the first two stages, whereas
for the other 5 stages, only the budding region was dissected and processed. To dissect the
budding vesicle out of the BN, a square was cut around it, leaving BN tissue equivalent to 1/3
of the vesicle’s diameter around it (razor blades used for dissection: Fine Science Tools — ref.
10050-00). The dissected tissue was placed immediately into a microtube with the help of
forceps (Dumont no4 — ref. 11294-00) and submerged in liquid nitrogen to be stored at -80°C
until the RNA extraction (figure 3.2). At the moment of the RNA extraction, five samples
belonging to the same stage were pooled together. The tissues were macerated in Lysis Buffer
with the help of a plastic microtube pestle, then centrifuged for 5 seconds, after which the
sample was processed according to the instructions provided by the RNA extraction kit’s
manufacturer (RNAqueous - Micro Total RNA Isolation Kit - Invitrogen, ref. AM1931). The
extracted RNA was quantified, and its quality was assessed using the Agilent Bioanalyzer
(nano-kit, ref. 5067-1511). Only the samples with RNA Integrity Number (RIN) higher than 9.8

were kept.

The isolated RNA samples were sent to NovoGene (NovoGene Company Limited — UK)
in dry ice for RNA sequencing (RNAseq). The sequencing was performed on the NovaSeq 6000

platform (lllumina Inc.) using the following strategy: paired-end (PE) sequencing with a read
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length of 150 bases (PE150). The quality control parameters for sequencing were set to

achieve a Q30 score of at least 80% for each base, ensuring high-quality data generation.

4

*  Snap freeze
« -80°C

Figure 3.10: A) Stained budding nest containing a budding vesicle. B) Budding nest in bright field for dissection. C) The
dissected budding vesicle reduces in size after the dissection. D) Once the budding vesicle is dissected, it is immediately
transferred to a sterile microtube and frozen in liquid nitrogen, being later stored at -80°C.

P. zorritensis RN Aseq Quality Control

The raw RNA sequencing data quality was assessed using the program FASTQC (version
0.11.7). FASTQC provides information on sequence quality, GC content, and potential
contaminants or biases in the sequencing reads. Raw sequencing reads were trimmed to
remove adapter sequences, low-quality bases, and any remaining contaminants using
Trimmomatic (version 0.39). Trimmomatic employs a sliding window approach to remove

low-quality bases and utilizes a trimming algorithm to remove adapter sequences.
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Botryllus schlosseri, Botrylloides leachii and Polyandrocarpa misakiensis RNA-

seq Raw Data Retrieval

For the comparative analyses with other Styelidae species, RNA-seq raw data was
retrieved from previously published works from our group, provided by our collaborators, and
produced by another research team. The raw data for Botryllus schlosseri peribranchial
budding (PB) was produced by Ricci et al. (2016), where data was produced for two different
budding stages (A2 and B2) and one control sample (Ref) using a non-budding adjacent tissue
(figure 3.11). The author produced three replicates for the samples but pointed to only two

as suitable for use (AS and AH). Only these two replicates were used.

Figure 3.11: Organization of a Botryllus schlosseri colony and blastogenic tissues. A) Part of a colony of B. schlosseri at stage
B2 showing the emerging budlet (red frame) and neighboring non-budding tissues (green frame). B) Example of microsurgery
performed to harvest the budlet, before (up) and after (bottom) ablation of the budlet. The red square in the bottom left
corner shows the isolated budlet alone. C) Details of the tissues sampled for the RNAseq analyses: phalloidin and dapi staining
(up), and sketches (bottom). From left to right: “Ref” (non-budding) sample, budlet stage A2, and budlet stage B2,
respectively. Sampled tissues include a monolayered peribranchial epithelia (pbe), haemoblasts included in mesenchymal
space (ms), a monolayered epidermis (e), and tunic (t) with embedded cells (modified from Ricci, Chaurasia, et al. 2016).

For B. schlosseri was also included sequences from vascular budding (VB) extracted from
the work of Ricci et al. (2022). This data comprises four regenerative stages, starting from the
moment after provoking the injury (removal of all zooids and buds), in hours post-injury (hpi).
These time points are 0 hpi, 6 hpi, 18 hpi, and 24 hpi. These time points cover the

regeneration's start until the double vesicle stage (figure 3.12).
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Figure 3.12: Dynamic of the migration of extravascular tissues into the vascular network. A-C) Images showing the tissue
left-over getting in close contact to the vasculature from A) 0 h post-injury (hpi) to B) 10 hpi and C) 22 hpi. D—E”’) Microscopic
view of the areas squared in C. D) Transmitted light with DIC filter, the double monolayer vesicle can be seen in the tunic. E)
Hoechst staining. E’) Acetylated tubulin counter-staining. E”’) Merge of E and E’ (modified from Ricci et al. 2022).

A vascular budding raw data from Botrylloides leachi was integrated in this study too.
This data was obtained from the work of Zondag et al. (2016) and comprises one control
sample (where the whole colony was sequenced, stage A) and six regenerative stages (stages
0to 5, figure 3.13), from the moment after injury until the formation of new and active zooid

(0 hpi to 216 hpi). This data does not posse replicates.
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Stage 4 Stage 5
~144hrs ~216hrs

Figure 3.13: Staging scheme used for WBR in B. leachi. A) Stage A: B. leachi colony prior to dissection. Black dashed line
indicates the dissection sites. Stage 0: Marginal ampullae at 0 h, directly after dissection from the zooids. Black dashed line
indicates dissection site. Stage 1: New vascular connections formed between ampullae, creating the beginning of a new
circulatory system. Stage 2: Marginal ampullae starting to condense together, creating a compact network of blood vessels
within the tunic matrix. Stage 3: Further condensing of the blood vessels. Stage 4: Formation of small transparent vesicle
(regeneration niche) in the middle of the condensed blood vessels. The regeneration niche continues to expand in size, gaining
pigmentation and ultimately forming the new adult. Stage 5: A fully developed zooid capable of filter feeding forms ~ 8 days.
B) Higher magnification image of the terminal ampullae at Stage 0. Red line surrounding individual ampullae and double
arrow indicating space between two ampullae. This distance inversely correlates with the time it takes the vascular tissue to
reach Stage 3. C) Same as B, with arrows pointing at blood vessels connecting individual ampullae to one another. D-F) Higher
magnification images of Stage 4. Yellow line surrounding the regeneration niche that grows to form the new adult. G) Adult
zooid capable of filter feeding. Arrows indicating the two siphons present (atrial and peribranchial siphons). Scale bar
represents 0.5 mm (modified from Zondag et al. 2016).

Lastly was incorporated the peribranchial budding data obtained by our collaborators
at the Fujiwara Lab (Kochi University). Asexual strains of Polyandrocarpa misakiensis were
cultured on glass plates in culture boxes settled in the Uranouchi inlet near the Usa Marine
Biological Institute, Kochi University. For RNA extraction, 40 growing buds of 4-6 mm long, 40
developing buds, 20 juvenile zooids, and five adult zooids from glass plates were collected.
We extirpated growing buds from adult zooids using razor blades and allowed them to
develop for two days to obtain developing buds. Pre-budding stage individuals were
considered juvenile zooids, while budding stage individuals with all protruding buds removed
were considered adult zooids. Total RNA was extracted from growing buds (GB), 2-day-
developing buds (DB), juvenile zooids (JZ), and adult zooids (AZ) (figure 3.14), respectively,
using the NucleoSpin RNA kit (Macherey-Nagel, Inc, PA, USA). No replicates were processed
in this sample preparation. The RNA samples’ qualities were assessed as for P. zorritensis and

they were sequenced using the same parameters.
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Figure 3.14: A) Colony of P. misakiensis. Adult zooids (z) bear many buds (b). Developing buds are indicated by asterisks. And
juvenile zooids marked by jz. Bar = 0.5 mm (modified from Ballarin and Kawamura 2009) . B) A ventral view of Polyandrocarpa
misakiensis. The adult animal is about 1 cm-long. The branchial sac (pharynx), stomach and intestine are seen. The growing
bud is an outgrowth of the parental body wall. The bud separates from the parent and starts cell differentiation and
morphogenesis to reconstruct a new individual. B’) Schematic representation of B. Images from Fujiwara’s Lab.

Polyandrocarpa zorritensis, Botryllus schlosseri, Botrylloides leachii and

Polyandrocarpa misakiensis De Novo Transcriptome Assembly

The trimmed reads from each sample were used for de novo transcriptome assembly
using Trinity (version 2.15.1). Trinity combines the reads from multiple samples to generate a
comprehensive transcriptome assembly. It employs a three-step process: Inchworm,
Chrysalis, and Butterfly (Trinotate), to perform the de Bruijn graph-based assembly. The
assembled transcriptome was subjected to open reading frame (ORF) prediction using
Transdecoder (version 5.5.0). Transdecoder identifies potential coding regions within the
assembled transcripts and predicts the corresponding protein sequences. CD-HIT-EST (version
4.8.1) was employed to reduce redundancy and cluster similar transcripts. CD-HIT-EST groups
highly similar sequences into clusters based on a specified sequence identity threshold,
thereby reducing computational complexity. The resulting representative sequences from

each cluster were used for downstream analysis.

Mapping and Differential Gene Expression (DGE) Analysis with De Novo
Assembly

To determine gene expression levels, the quantification of transcript abundances was
carried out using Kallisto (version 0.46.0), a tool known for its efficient pseudo-alignment-

based approach to rapidly estimating transcript levels. By employing pseudo-alignment,
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Kallisto effectively maps the reads to their respective transcripts, facilitating a robust
assessment of gene expression levels. The output from Kallisto is assembled in a matrix where
each row contains the expression values of each stage and every replicate, and the first

column contains the sequence identifier (ID).

The data obtained from Kallisto contains the expression values for transcripts. To
quantify gene expression, all the expression values of transcripts originating from the same
gene were summed up, and the sequence ID kept was the one referring to the gene number.
DESeq2 (version 1.38.3) was employed to investigate differential expression between the
samples, which is a widely used software tool in RNAseq analysis. DESeq?2 leverages a negative
binomial distribution model suitable for count-based data such as RNAseq reads. By fitting
this statistical model to the count data, DESeq2 identifies genes that display significant
differences in expression levels across the samples. The output generated by DESeq2 provides
a detailed list of genes that exhibit differential expression. Alongside these gene identifiers,
the output also provides statistical significance measures, which help ascertain the reliability
of the observed differences in expression. Additionally, DESeq2 supplies fold change values,

which indicate the magnitude of change in gene expression between the compared samples.

Transcriptome Functional Annotation

For the transcriptome's functional annotation, Trinotate (version 2.15.1) was used.
Trinotate is a comprehensive software suite for functional annotation and analysis of
transcriptomic data, particularly de novo transcriptome assemblies. Trinotate employs tools
like TransDecoder to identify potential protein-coding regions within transcript sequences,
forming the basis for subsequent homology searches and functional annotations. During the
homology search, Trinotate compares the predicted proteins against publicly available
protein databases using BLAST (or DIAMOND) algorithms, identifying similarities to known
proteins and transferring functional annotations from well-characterized proteins to the
novel transcript sequences. Additionally, Trinotate enhances functional annotation by
analyzing the predicted proteins to search for conserved protein domains and functional

motifs. This analysis utilizes databases such as Pfam, SMART, or InterProScan, allowing
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researchers to infer potential functions based on the presence of specific domains. The Gene

Ontology (GO) module of Trinotate was not employed.

P. zorritensis Clustering and Gene Ontology Enrichment

For K-Means clustering, iDEP 1.1 was utilized to identify distinct expression patterns
among the genes in our dataset. iDEP (Integrated Differential Expression and Pathway
analysis - http://bioinformatics.sdstate.edu/) is a user-friendly web-based tool for analyzing
high-throughput omics data, such as RNA-seq and microarray. For this analysis, the input data
was the same gene expression matrix as the one used for the DESeq2 analysis, with the gene
IDs being replaced by their respective gene names provided by Trinotate. The data was
preprocessed, filtering out lowly expressed genes, and the Transcripts Per Million (TPM)
values were normalized with log transformation for variance stabilization. The K-Means
algorithm was then applied with appropriate parameters to identify optimal gene clusters.
Interactive visualizations like heatmaps and scatter plots in iDEP 1.1 were used to interpret
the clustering results. For GO term enrichment analysis, iDEP 1.1 was used to determine
overrepresented biological processes, molecular functions, or cellular components among
the gene clusters identified by K-Means. This involved selecting gene sets from the clusters,
statistical testing using hypergeometric or Fisher's exact test, and multiple testing corrections
to control for false discovery rate. Enriched GO terms and associated statistics were visualized
through interactive bar plots or network diagrams in iDEP 1.1. The results from both clustering
and GO term enrichment analyses were further interpreted to gain insights into the biological
functions associated with different gene expression patterns. Normalized expression values

were extracted for the genes per cluster and plotted using gnuplot for better visualization.

P. zorritensis and B. schlosseri Genome Assembly and Annotation

In the process of constructing a genome assembly pipeline, a combination of different
sequencing technologies and assembly methods were employed. This entailed merging reads
from the HiFi (long high-fidelity, PacBio - Pacific Biosciences of California, Inc.) sequencing
platform with reads from both ONT (Oxford Nanopore Technologies, PLC) long-read

sequencing and lllumina short-read sequencing (lllumina, Inc.).
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HiFi is a type of sequencing technology known for producing high-fidelity reads. ONT is a
sequencing technology that offers long-read lengths, which can be particularly helpful in
spanning repetitive regions of genomes. lllumina sequencing produces shorter reads but with

high accuracy.

The initial stage of the assembly involved solely the use of HiFi reads, which were
processed using the Hifiasm assembler (version 0.18.2-r467). Hifiasm is designed to efficiently
assemble genomes using the high-fidelity reads from HiFi sequencing. After this, the

assembly's completeness was gauged using the Kat completeness metric (version 2.4.2).

To refine the assembly, ONT reads were incorporated. After adding the ONT reads, the
haplotypes were purged, a process that removes redundant sequences arising from the
diploid nature of genomes. Two distinct methods were utilized: the first is Purge Dups (v0.0.3)
method, which identifies and removes haplotigs, which are alternative sequences of the same
region in diploid genomes. It also helps in resolving overlapping contigs; The second is Purge
Haplotigs (version 1.1.2), which seeks to identify pairs of contigs that are syntenic, meaning

they have the same or very similar gene order.

For the scaffolding process, which involves arranging contigs in the right order and
orientation, the ntLink program was used (version 1.3.8). This method capitalizes on both HiFi
and ONT reads for lightweight mapping. Furthermore, to improve the quality of the
assembled data, the HyPo program was employed (version 1.03). With this program was used

a combination of HiFi and Illumina reads to polish and refine the genome assembly.

After the genome was assembled, it was annotated using the program Repeat Modeler2
(version 2.0.3), which identifies repeat sequences present in the genome, and after it was
used the program Repeat Masker (open-4.0.6), which identified the repetitive sequences
which were annotated and masked to prevent interference in subsequent analyses. Next, the
program STAR aligner (version 2.7.10b) was used for this purpose. It alighed transcripts using
the output from the HyPo polishing method, and RNAseq reads. The final genome annotation
was carried out using Braker3 (version 3.0.2), an automated tool that predicts genes in

eukaryotic genomes.

Lastly, to ensure quality and completeness at every step of the assembly and annotation

process, BUSCO analysis was undertaken. BUSCO offers a standardized approach to quickly
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assess the quality and completeness of genomic and transcriptomic data. It gives insights into
the proportion of essential genes captured in the assembled or annotated genome, indicating
its accuracy. This procedure was performed to assemble Polyandrocarpa zorritensis and

Botryllus schlosseri genomes.

P. zorritensis and B. schlosseri Genome-Based Transcriptome Mapping

As mentioned above, the genome was first annotated using the Braker3 software. This
program automates the process of genome annotation by combining two other tools:
GeneMark-ET and AUGUSTUS. It particularly uses both ab initio gene prediction and evidence-
based gene prediction to give more reliable results. For the alighment of RNA-Seq reads to
the reference genome, HISAT2 was employed (version 2.0.1). HISAT2 stands for Hierarchical
Indexing for Spliced Alignment of Transcripts and is specifically designed for aligning RNA-Seq
reads. It is efficient and can align reads from spliced transcripts. Post-mapping, the quality of
the alignment was inspected using SAMtools (version 1.17). SAMtools is a suite of programs
for interacting with high-throughput sequencing data in SAM and BAM formats. It was used
here to filter and ensure the quality of aligned reads. In addition, SAMtools was utilized to
sort the BAM files, which arranges records in the BAM file based on the reference position.
Following the alignment and quality check, StringTie (version 2.2.1) was utilized to estimate
transcript abundances. StringTie is a tool that assembles RNA-Seq aligned reads into potential
transcripts and then estimates their abundance. It does this efficiently and can work with even
very low coverage samples. To detect genes that are differentially expressed across different

conditions or treatments, DESeq2 was employed as described above.

Functional Annotation with Blast2GO and eMapper

The gene sequences obtained from the gene annotation were preprocessed by first
performing a BLASTn (nucleotide-nucleotide Basic Local Alignment Search Tool) against the
local database, using an appropriate E-value threshold for significance (standard values from
the program Blast2GO, version 6.0). The BLAST results were imported into the Blast2GO
software, and filtering criteria were applied to retain significant hits based on E-value, percent

identity, and alighnment length. The filtered BLAST hits were mapped to Gene Ontology (GO)
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terms using Blast2GO's GO mapping functionality. Functional annotations were assigned to
the query sequences based on the obtained GO terms, with each functional assignment
annotated with an appropriate evidence code. Annotation validation was conducted using
additional tools like InterProScan, and statistical analyses were performed to assess the
distribution of GO terms and gain insights into the functional profiles of the annotated
sequences (Conesa et al. 2005). Gene Ontology enrichment analysis was carried out to
identify significantly enriched or overrepresented functional categories. Visualization
techniques, such as graphs, charts, and tables, were used to interpret the results obtained
from the functional annotation and analysis. The results of the functional annotation and

analysis were summarized in a clear and concise manner as a “csv” format table.

In parallel, it was performed a functional annotation with eMapper (EggNOG-mapper
v2.0) which starts with the identification of orthologous genes. eMapper leverages
advancements in the eggNOG orthology resource to facilitate quicker and more efficient
annotation of novel sequences using pre-established sequence profiles and orthology
assignments. This tool is optimized for large datasets from genomes and transcriptomes and
employs a multi-step process including sequence mapping, orthology assignment, and
functional annotation, using HMMER or DIAMOND for matching and drawing data from a vast
collection of Orthologous Groups. This ensures annotations are derived from the most
relevant taxonomic sources, and users can even refine their results for increased reliability,
drawing upon a wealth of curated functional descriptors (Cantalapiedra et al. 2021). The two

functional annotations were merged to complement each other’s results in a single table.

In situ Hybridization Chain Reaction (HCR)

The colonies were maintained as described above, and to avoid any unspecific staining
and fluorescence background, no BSA+Alexa488 was injected, the stage sampling was
performed based on the developmental time identified with the timelapse imaging solely and
later confirmed post-dissection. All the parts of the colony that are not desired (i.e., zooids,
stolons without BN, BN without bud) before fixation. The remaining tissue is circulated with
a lipid pen (PAP pen, Sigma Aldrich, ref. Z377821-1EA), and PFA 4% (in PBST1x) is added until

the tissue is completely covered and left for pre-fixing for 30 minutes in a closed chamber.
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After two cuts are made lateral to the vesicle and perpendicularly to the main blood vessel
passing through the BN. And the sample is left fixing for one hour in the closed chamber. After
this step, a cut is made in the same sense as the previous ones, dividing the vesicle into two
halves and left fixing it for more 30 minutes. At the end of this step, the sample is carefully
removed from the slide with the help of a razor blade, collected with forceps, and transferred
to a microtube with PFA4% (in PBST1x) to continue fixation overnight, at 4o, under soft

agitation (forceps and blades Ref).

On the following day, the samples are washed four times with PBST1x (15 minutes each
wash, at RT, soft agitation) and after being transferred gradually to methanol 100% (methanol
25, 50, 75% in PBST1x + one wash with methanol 100%, 15 minutes of incubation each, at RT,
soft agitation) and kept in methanol 100% to be stored at -20C until further use. RNA protect

(1:500 — ref) was added to all the solutions used in this process (PFA, PBST, and methanol).

Prior to hybridizing, the samples were gradually transferred from methanol 100% back
to PBST1x. The probes synthesis and in situ hybridization were performed according to the
standard whole-mount protocol from Molecular Instruments (HCR™ RNA-FISH Protocols -
generic sample in solution), with a few changes: tRNA (0.1 mg/ml—Torula Yeast RNA, Thermo
Scientific Chemicals, ref. J23551.Q5) and Salmon sperm (100 pg/mL — Invitrogen ref.
15632011) were added to the Hyb solution, and all the incubations were performed under
soft agitation. In the last wash to remove the hairpins, was added DAPI (10 ul/ml — Invitrogen,
ref. D3571) and incubated for 15min, followed by three washes of 15 minutes each with
PBST1x. To mount, all the PBST1x was removed and replaced by glycerol 50% in PBS1x, and
the samples were mounted on a microscopy glass slide and covered with a cover slip. Four
layers of eyelet adhesives were used as spacer between the slide and the cover slip to not
smash the sample and to not let the mounting media leak. The gene sequences used to

synthesize the probe and the pool of probes can be found in appendix 7.

Orthologues Assignment with OrthoVenn

OrthoVenn3 is a tool designed for comprehensive comparative genome analysis,
allowing to discern evolutionary relationships and genetic variations across different species

based on protein sequences. Each species protein sequences in Fasta format were uploaded
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in the OrthoVenn3 website (https://orthovenn3.bioinfotoolkits.net/). OrthoVenn3 produces
outputs such as Venn Diagrams for smaller species sets and UpSet tables for larger sets.
Powered by the OrthoFinder2 tool, OrthoVenn3 identifies orthologous clusters, offering
visualization options through UpSet and Venn diagrams. All the parameters were kept as the

program’s standards (Sun et al. 2023).

DEG Comparative Visualization Using Heatmap

In order to compare gene expression profiles across species, transcripts were
normalized using Z-scores. This means, the raw expression values were subtracted from the
average expression value and this difference was then divided by the standard deviation. To
automatize this step, a Fortran code was used. Next, were extracted the candidate genes that
were present in the overlapping result from OrthoVenn and a matrix was built. The samples
with replicates were averaged among them and the final matrix was uploaded in the online
program Heatmapper, using the option of expression heatmap with standard pre-set

parameters (http://www.heatmapper.ca/expression/).

Protein Alignment and Phylogeny

Protein phylogeny examines the evolutionary relationships of species or genes by
comparing amino acid sequences. The protein sequences were retrieved from our
transcriptome assemblies’ pipelines for the Styelidae species of interest, and the sequences
for the other species were extracted from NCBI (the reference codes for these proteins are
present in their phylogeny in appendices 8, 9, 10, 11, and 12). The program of choice for
performing the alignment was Unipro UNIGENE, where the workflow involves using MAFFT
option, a fast and precise Multiple Sequence Alighnment program, to align these sequences,
using the following parameters: Gap opening penalty of 1.53. Once aligned, PhyML, known
for its speed and accuracy, is utilized to construct a phylogenetic tree representing these
relationships. This construction employs the BioNJ algorithm, Blosum62 as substitution
model, empirical equilibrium frequencies, estimated proportion of invariable sites, estimated
gamma shape parameter, and a bootstrap value of 1000 for reliability. After building the tree,

it's visualized using TreeViewer for interpretation.
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3.c) Results and Discussion

In vivo BSA Labeling Allowed Identifying Seven Budding Stages

In vivo BSA labeling allowed the identification of seven budding stages. A previous study
defined four main morphological changes during vasal budding based on histological
analyses: swelling, invagination, fusion, and double vesicle. The same study also reported at
which respective time after the triggering of budding each of those developmental stages was
observed (Scelzo et al. 2019). Yet, inter-individual variations of the timing of the
developmental events during the budding process exist, and, therefore, the different
developmental stages could only be precisely attributed after fixation and subsequent
histological observations of each specimen. Using the BSA-Alexa488 labeling protocol allowed
following in vivo the unfolding of vasal budding and reproducibly selecting seven stages that
start from the moment the budding process is activated until the formation of the inner
vesicle (figure 3.15.B). These seven stages were then chosen for RNA extraction/sequencing:
Control, resting nest (Ctrl): comprising BNs in which budding had not been stimulated yet;
Pre-swelling (PSw): a nest that was harvested three hours after budding stimulation; Swelling
(Sw): when the vesicle formed in the main blood vessel of the BN is conspicuously spherical;
Early Invagination (El): after the swelling stops, the cells in the upper portion of the vesicle
undergo a morphological change and become columnar. The borders of this columnar area
start to invaginate by apicobasal constriction, thus delineating an invagination circle (Scelzo
et al. 2019); Late Invagination (LI): the vesicle continues invaginating and, therefore, the
diameter of the invagination circle decreases. We attributed the late invagination stage to the
budding process from the moment the diameter of the invagination circle went below 50% of
the initial diameter of the invaginated tissue; Fusion (Fus): at the end of invagination the
folding borders meet and fuse; Double Vesicle (DV): the fusion will result in a smaller vesicle
inside the initial vesicle, and then, this inner will swell to subsequently start the organogenesis
process (figure 3.15.A). The DV stage was collected before any mark of organogenesis was

visible. For each stage, 3 replicates consisting of five pooled buds were collected.
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Figure 3.15: A) Seven stages selected for transcriptome synthesis. B) Time-lapse imaging of the vasal budding development
with approximated hours between each stage.

P. zorritensis De Novo Transcriptome Assembly and Mapping

The result’s quality was verified using the program FastQC, and all samples had scores
higher than 20 and had a total number of sequences > 27 x 10”6 (Figure 3.16). Low-quality
reads were removed using the program Trimmomatic, thus reducing the number of reads by

25-30% and increasing the quality score to above 36. Initially, no genome of P. zorritensis was
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available, so these reads were assembled de novo using Trinity, which predicted 283,181
contigs (putative transcripts) corresponding to 178,951 putative genes (GC: 42.23%). The
assembly completeness was assessed with BUSCO, resulting in 96.8% of complete matches,
containing 77.5% doubly mapped contigs and 19.3% singly mapped contigs, suggesting a high
level of redundancy. TransDecoder was employed for predicting open reading frames (ORFs)
within the assembled transcripts. The analysis resulted in 112,755 contigs containing
predicted ORFs. The complete matches were reduced to 95.8%, and the doubly mapped
contigs to 66.4%. Then, | used CD-HIT-EST to collapse redundant sequences in the
transcriptome assembly, which resulted in 30,662 putative genes (non-redundant sequences)
and 48,345 contigs, with GC content of the collapsed transcriptome of 43.83%. This step

reduced the doubly mapped contigs to 5.7%.

The transcript expression levels were quantified using Kallisto, and each sample's TPM
values were pulled together in a single matrix. When reads map to several contigs (e.g.,
several isoforms from the same gene), Kallisto estimates (using an Expected-maximization
procedure), to which contig the reads most likely belong (Deschamps-Francoeur et al. 2020).
Therefore, the TPM expression values of all transcripts belonging to the same gene were
summed to calculate the gene expression instead of its transcripts' expression. In parallel, the
sequences obtained with TransDecoder were used for the transcriptome functional
annotation using the program Trinotate and the output from the BLAST module was used in

the next steps (figure 3.16).

P. zorritensis DEG Based on De Novo Transcriptome Assembling (DNTA)

The differential gene expression was calculated with DESeq2, and it showed through
principal component analysis (PCA) and heat mapping (figure 3.17) that the data cluster in
three main groups: Control (Ctrl) replicates, pre-swelling (PSw) replicates, and another
compact cluster comprising all the other later stages. In this latter cluster, the swelling (Sw)
replicates groups close to one another, and in the heatmap, they form a separate cluster on

their own.
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De novo transcriptome assembly

1. FastQC + Trimmomatic
Example: Ctrl 1

Before Trimmomatic After Trimmomatic

| Measure | Value NN Measure | __ \Value |

Filename Ctrl_1_1.fq.gz Filename Ctrl_1_1_paired.fq
Total Sequences 27627252 Total Sequences 20211621
Sequences flagged as poor quality 0 Sequences flagged as poor quality 0

Sequence lengh 150 Sequence lengh 75-150

%GC 43 %GC 43

uaky o scmes o8 bases (Sasger ] Burina 1 3 ercading

(

1. Total Sequences > 27A10¢ (score higher than 24)
2. Removal of low quality reads — 25-30% (final score higher than 36)

2. Trinity - Transcriptome assembly

“Genes” = 178951 | Transcripts = 283181 | GC: 42.23%
Busco: C:96.8% [5:19.3%, D:77.5%], F:1.5%, M:1.7%, n:954

3. TransDecoder - Transcripts prediction

Contigs = 112755
Busco: C:95.8% [5:29.4%, D:66.4%], F:1.9%, M:2.3%, n:954

4. CD-HIT-EST - Collapses redundancy

“Genes” = 30662 | Contigs = 48345 | GC: 43.83%
Busco: C:95.7% [5:90.0%, D:5.7%], F:1.9%, M:2.4%, n:954

5. Kallisto 3 6. Trinotate 3
Transcripts expression Functional annotation

7. DESeq2 - Differential transcript expression (DTE)

8. iDEP - k-Means clustering and GO term enrichment

Figure 3.16: De novo transcriptome assembly to differential expression analysis pipeline.



The DESeq2 output identified 7812 (of 30662) genes being differentially expressed in at
least one of the seven budding stages. In order to gather more information on the genes and
indirectly on the pathways that are up- or downregulated during P. zorritensis’ vasal budding,
| conducted multiple pairwise comparisons between the seven budding stages. Important
differences in gene expression were observed in all comparisons with respect to the control.
Comparisons to Ctrl yielded 927 upregulated and 557 downregulated DEGs for Sw, 341
upregulated and 449 downregulated DEGs for PSw, 1048 upregulated and 647 downregulated
DEGs for LI, 1051 upregulated and 665 downregulated DEGs for Fus, 1093 upregulated and
661 downregulated DEGs for El, and 1087 upregulated and 713 downregulated DEGs for DV
(Figure 3.18).

The comparison between PSw and other stages also yielded a large number of DEGs.
PSw showed 689 upregulated and 454 downregulated DEGs compared to Sw. When
compared to LI, PSw exhibited 865 upregulated and 606 downregulated DEGs. Similarly, PSw
showed 932 upregulated and 612 downregulated DEGs compared to Fus, and 927
upregulated and 613 downregulated DEGs compared to El. In the comparison between PSw

and DV, 978 DEGs were upregulated, and 683 DEGs were downregulated.

Comparing Sw to stages other than Ctr and PSw did not yield a high number of DEGs.
When compared to LI, Sw exhibited 11 upregulated and 10 downregulated DEGs. Sw showed
52 upregulated and 29 downregulated DEGs compared to Fus and 23 upregulated and 24
downregulated DEGs compared to El. In the comparison between Sw and DV, 81 DEGs were

upregulated, and 27 DEGs were downregulated.

All the later stages resulted in significant numbers of DEGs compared to Ctrl and PSw stages.
There were no DEGs between those later stages, except between DV and El (only 9 DEGs) and

between Fus and El (only 2 DEGs).

This result emphasizes what had been apparent in the PCA and heatmap analyses,
namely a higher difference in DEGs between the initial stages before the initiation of the
budding (Ctrl and PSw) and the later stages when the budding becomes visible (Sw to DV). It
also shows that despite their distance from the remainder of the stages, there are still more
DEGs between Ctrl and PSw than in any comparison among the later stages. To obtain more
information on the composition of the DEGs between the budding stages, | performed a GO

term enrichment for Biological Processes.
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Figure 3.17: A) PCA showing the distribution of the transcriptome data and its clustering by similarity. B) Heatmap showing

the clustering of the samples by their similarity.
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Figure 3.18: Pairwise gene differential expression comparison showing the number of up and downregulated genes.

The GO term enrichment analysis conducted on the DEGs resulting from comparing Ctrl
and Sw revealed several biologically significant terms associated with the genes upregulated
at the swelling stage (figure 3.19). One prominent enriched GO term was "DNA replication,"

indicating that during Sw, increased activity in the machinery responsible for copying and
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duplicating DNA molecules may be triggered. This suggests potential cellular proliferation and
replication processes taking place and is consistent with the previous observation that vasal
budding is accompanied by a burst of cell proliferation starting from the late swelling stage
(4-18 hours post-abscission) in the mesenchymal as well as in the epidermal cells of the
growing vesicle (Scelzo, Lebel et al. in preparation). Another enriched term at the swelling
stage was "cell differentiation”, which highlights the potential for cells to change their
structure and function in response to the budding stimulus. This finding correlates with
histological observations according to which the main vessel is initially made of homogenous
epidermal flat cells before they undergo heterogeneous modifications such as apicobasal
elongation and constriction, ciliogenesis, and likely mesenchymal-epithelial transition, overall

increasing cell type diversity, complexity and functionality (Scelzo et al. 2019).

Additionally, the term "animal organ morphogenesis" was enriched in swelling. These
processes are involved in shaping and forming organs during animal development. This term
suggests that important tissue and cell rearrangements occur in the early stages of Sw, driving
the differentiation and organization of specific organs or tissues. Finally, "embryonic
morphogenesis" also appeared among the GO terms enriched between Ctrl and swelling. This
annotation designates the process that involves the formation of distinct structures and body
patterns during early embryogenesis. Therefore, this suggests an overlap in the pathways
recruited for body patterning during embryogenesis and vasal budding. As we will see below
in more detail, many developmental transcription factors are upregulated as early as the
swelling stage in P. zorritensis. This was somehow unexpected because their orthologues in
B. schlosseri were shown to be expressed later from the double vesicle stage to later
organogenesis (Ricci, Cabrera, et al. 2016; Priinster et al. 2019b; 2019a). This difference could
account for the fact that vasal budding in P. zorritensis is fundamentally different from
peribranchial budding in B. schlosseri. Later, the inner vesicle derives from the peribranchial
epithelium, while the outer vesicle does not play any role in the inner organogenesis. In
contrast, in P. zorritensis, the inner vesicle derives from the outer vesicle by invagination on
one side, and, therefore, the outer vesicle patterning may play a central role in bud

morphogenesis.

Another aspect worth highlighting is the fact that contrary to intuition, the largest shift

in DEGs is revealed to happen before tissue morphogenesis becomes visible on a histological
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level. However, this may simply reflect that morphogenetic processes need to be prepared
and that, therefore, the synthesis of key proteins required for cell and tissue changes

necessarily precedes key developmental processes.

GO enrichment — Biological Process

Ctrl X Sw

Upregulated
Adj.Pval Fold Pathway
0.0006 7.2 Negative regulation of neuron differentiation
0.000617 12.6 DNA unwinding involved in DNA replication
0.00113 4.2 Regulation of neuron differentiation
0.00154 2 Animal organ morphogenesis
0.00154 12.9 Regulation of DNA-templated DNA replication initiation
0.00154 2.5 Negative regulation of cell differentiation
0.00154 2.9 Gland development
0.00275 2.2 Positive regulation of cell differentiation
0.00275 8.9 Neuron fate specification
0.00305 2.4 Embryonic morphogenesis

Figure 3.19: Biological Process Gene Ontology terms enriched between the Ctrl and Sw stages.

In this study, | conducted a comprehensive analysis of gene expression changes across
the seven budding stages. To this end, | listed all genes that, based on the previously described
DESeq?2 analysis results, showed differential up- or down-regulation in any pair of stages. This
pairwise comparison provides information on gene expression dynamics for specific
developmental time windows, ranging from small intervals between neighboring stages to

larger intervals between extreme stages during the budding process.

Clustering by Expression Profile Highlights Six Transcriptional Dynamics

The previous step provided information on pairwise comparison between specific
stages. However, to visualize the whole dynamics of gene expression during these seven
stages, a clustering approach was employed to obtain a more comprehensive view of the
genes' expression profiles throughout the budding process. Specifically, the k-Means

clustering method within the iDEP 1.1 online program was used. This approach organized the
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genes into distinct clusters based on their expression patterns. The program determined the
number of clusters by calculating the k-means elbow plot, a graphical tool used to determine
the optimal number of clusters (k) for the k-means clustering algorithm. The k-means
algorithm is an unsupervised clustering technique used to partition data into k clusters based
on their similarity. The goal of the elbow plot is to find the value of k that strikes a balance
between minimizing the within-cluster variance and avoiding overfitting or underfitting the
data. It assisted in identifying six ideal clusters, labelled from A to F, to categorize the genes

based on their expression profiles. (figure 3.20).

k-Means Elbow Plot

Within Sum of Square
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Figure 3.20: Elbow plot for estimation of k-Means clusters.

By clustering the genes with the k-means clustering algorithm, | could discern distinct
gene expression patterns across the seven budding stages. Each cluster represents a group of
genes with similar expression profiles (figure 3.21). | then crossed this result with the DESeq2
list and retrieved the DEGs present in each cluster. | decided to narrow down the list of genes
to focus my investigation. For each cluster, | focus on genes considered fundamental during
early embryogenesis and identified as DEGs during the budding process in P. zorritensis. This
list contains genes involved in antero-posterior/dorso-ventral axis patterning, segmentation,

gastrulation, and germ layer specification.
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Figure 3.21: Heatmap of genes identified in the de novo assembly that are expressed during different stages of NED in P.
zorritensis, with colors referring to their respective normalized expression values. The genes form six major clusters (as
resulting from the K-Means clustering algorithm), according to their temporal expression profiles.

The rationale behind starting the investigation with these early development candidate
genes is due to the fact that these genes are known to play fundamental roles during the early
stages of embryogenesis, and they have well-documented functions in other organisms
across the metazoan phylogeny (Kimelman and Martin 2012). By examining and utilizing the
existing data on their roles across different organisms, we can gain a deeper understanding
of their potential involvement in NED in P. zorritensis. Since the budding development process
stems from tissues that have already undergone differentiation, a comprehensive study of
these pivotal developmental genes will likely reveal the specific mechanisms used during the
budding phase (Di Maio et al. 2015; Ricci, Cabrera, et al. 2016; Priinster et al. 2019b). The
expectation is that studying the functions of these set of developmental genes will offer a
glimpse into how budding development is orchestrated, potentially recapitulating key
signaling pathways and co-opting gene regulatory networks utilized during embryogenesis.

Each cluster is composed of several genes related to various processes.

It is important to clarify that the genes' names here presented for P. zorritensis are
based on the annotation result. Functional annotation tools like Trinotate, eMapper, and
BLAST2GO are primarily designed to detect functional annotations based on sequence
similarity or domain/motif analysis. While they can provide valuable information about
orthologues, homologues, and isoforms, they might not detect gene duplications and
paralogues. Further analysis, based on the phylogenetic relationship, is required to infer the
precise annotation for each gene. The potential function of some of these genes and their

possible role in NED will be discussed in the next sub-chapter (page 100).

The clusters “A” and “B” contain all genes upregulated during Ctrl and PSw but
downregulated once the bud enters the swelling stage. The cluster “A” displays several GO
terms about biological processes as enriched. The “Adenylate Cyclase-Modulating G Protein-
Coupled Receptor Signaling Pathway” is a fundamental mechanism for cells to respond to
extracellular signals involving GPCRs (G Protein-Coupled Receptors) and influencing processes
like proliferation, differentiation, and migration. “Cellular amino acid metabolic processes”

are vital for the synthesis and breakdown of amino acids, which are crucial for cellular growth
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and development. Similarly, the “alpha-amino acid metabolic process” is directly related to
protein synthesis and energy production. The "response to chemical" and "response to
organic substance" GO terms encompass cellular reactions to chemical stimuli, including cell
signaling responses. “Cell adhesion” involves cells attaching to each other or the extracellular
matrix, also cell migration. The “small molecule metabolic process” is essential for energy
production, signaling, and generating cellular building blocks. “Regulation of multicellular
organismal processes” refers to the coordination of cellular activities at the organismal level,
but is relatively unspecific. Lastly, the “cellular modified amino acid metabolic process”
involves modified amino acid metabolism, which can function in cellular signaling and

regulation, acting as signaling molecules or post-translational modifications of proteins.

Overall, the enriched GO terms appear to be centered around aspects of cell
metabolism, with the exception of cell adhesion, which mediates tissue cohesion (or its
changes). They may reflect normal housekeeping functions as would be expected during the
Ctrl stage, i.e., before the onset of budding is triggered at all. In the successive stages, such
housekeeping functions may, then, be reduced at the expense of developmental functions
(WeiRe et al. 2015). On the other hand, amino acid metabolic processes may be relevant in
the preparation of protein synthesis, as would be expected around the initialization of the

budding process, mainly during the PSw stage.

cluster A

EGF

4t 1 FGF9
FOXN3
FZD3
HXA1
NOTC4
RUNX1
TLL1

w

4 L L 1 1 L

Ctrl PSw Sw El LI Fus DV
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GO enrichment by cluster: Biological Process (de novo transcriptome assembly)

Cluster A

Adj.Pval Fold  Pathway

Adenylate cyclase-modulating G protein-coupled receptor signaling
pathway

9.11E-04 4.1 Cellular amino acid metabolic process

9.11E-04 4.7 Alpha-amino acid metabolic process

1.08E-03 1.6 Response to chemical

1.58E-03 2.1 Cell adhesion

1.58E-03 1.9 Small molecule metabolic process

3.07E-03 1.6 Response to organic substance

5.04E-03 1.7 Regulation of multicellular organismal process
7.02E-03 4.2 Cellular modified amino acid metabolic process
1.04E-02 2.5 G protein-coupled receptor signaling pathway

4.38E-04 4.7

Figure 3.22: Genes expression profile and GO term enrichment for Biological processes for cluster F. DEG candidate genes
that were found in this cluster are listed.

The cluster “B” showed enrichment in the following GO terms: “mRNA metabolic
processes” involve the synthesis, modification, and degradation of messenger RNA (mRNA),
which carries genetic information for translation into proteins. “RNA processing” includes
splicing, capping, and tailing of precursor RNA to generate mature RNA, ensuring correct
functional forms during development. “Transcription initiation from RNA polymerase Il
promoter” tightly regulates gene activation and repression, directing cell fate determination
and tissue differentiation. “Ribonucleoprotein complex assembly” ensures proper RNA
transport and localization, contributing to spatiotemporal gene expression regulation.
Additionally, “ribonucleoprotein complex subunit organization” maintains functional
integrity. “DNA-templated transcription initiation” controls specific gene expression for cell
differentiation and tissue formation. mRNA processing further refines gene regulation by
modifying precursor mRNA to produce mature mRNA. “Protein-containing complex
organization” and “assembly” are crucial for diverse cellular processes in development,
including cell signaling and gene regulation. Finally, “transcription preinitiation complex
assembly”, involving regulatory proteins at gene promoters, precisely activates and silences
genes during different developmental stages. Similar to cluster “A”, this cluster appears to
encompass mainly basic cellular functions, mostly enriched for transcription regulation.
Again, this may reflect a need to increase protein production at the onset of budding or simply

basic housekeeping. On the other hand, some key developmental pathways, such as Wnt, Fgf,
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Bmp, and Notch, appear enriched, potentially suggesting the onset of morphogenetic

processes (Steventon et al. 2009; Stuhlmiller and Garcia-Castro 2012).

-15

Ctrl

cluster B

BMPS8A
FGF13
FGFR3
FOXI1
HXA4
HXB3
HXC10
IGF1
NOTC1
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| sox14
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GO enrichment by cluster: Biological Process (de novo transcriptome assembly)

Cluster B
Adj.Pval Fold  Pathway
1.84E-04 14 MRNA metabolic process
5.62E-04 1.3 RNA processing
1.01E-03 1.9  Transcription initiation from RNA polymerase Il promoter
1.01E-03 1.7  Ribonucleoprotein complex assembly
1.01E-03 1.7 Ribonucleoprotein complex subunit organization
1.07E-03 1.8  DNA-templated transcription initiation
1.07E-03 1.4 MRNA processing
1.07E-03 1.2 Protein-containing complex organization
1.07E-03 1.3 Protein-containing complex assembly
1.19E-03 1.9  Transcription preinitiation complex assembly

Figure 3.23: Genes expression profile and GO term enrichment for Biological processes for cluster F. DEG candidate genes
that were found in this cluster are listed.

In the cluster “C”, the enriched GO terms identified were: “Transport” processes

facilitate the movement of molecules and ions within and between cells, distributing essential

nutrients, signaling molecules, and regulators necessary for cell differentiation, proliferation,
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and tissue formation. “Autophagy”, a regulated process, degrades and recycles cellular
components, sculpting tissues and eliminating defective cells during development. Precise
cellular localization ensures correct spatial organization, essential for tissue morphogenesis
and differentiation (“Establishment of localization”). “Processes utilizing autophagic
mechanisms” selectively remove unwanted cellular components, influencing cell fate and
tissue homeostasis. “Vesicle-mediated transport” delivers proteins, lipids, and signaling
molecules to specific cellular compartments, which are critical for cell polarity, tissue
patterning, and developmental regulation. “Macroautophagy” aids in cellular remodeling and
differentiation by removing unnecessary components and maintaining homeostasis.
“Catabolic processes” provide energy and building blocks for growth, and sodium ion
transport regulates cell volume, membrane potential, and tissue morphogenesis.
“Endocytosis” internalizes molecules and regulates cell signaling and surface receptors,
influencing tissue remodeling. The “regulation of transport” processes is essential for
orchestrating cellular movements, tissue patterning, and cellular polarity during

development.

This cluster appears to be less well-defined than most of the others, featuring
substantial activation only in the Ctrl stage and may, therefore, be less insightful with respect
to the budding process. In line with this, most GO terms are important for cell metabolism
and tissue homeostasis. Nevertheless, a few prominent “classic” developmental genes are
enriched, among them are Bmpl, which in vertebrates regulates extracellular matrix
formation (Vadon-Le Goff, Hulmes, and Moali 2015); Bmp3, playing roles in tissue
development and homeostasis (Sdnchez-Duffhues et al. 2015; Kumar and Nandhini 2018); and
Bmp6, which contributes to neural development and tissue regeneration (Tomizawa et al.
1995; Vukicevic and Grgurevic 2009). DIl4 is essential for cell fate determination, affecting
tissue and organ formation (Pellegrinet et al. 2011), while DIx1 plays a vital role in CNS
development (J. de Melo et al. 2003). Egr2 regulates nervous system functioning and
musculoskeletal development (Nagarajan et al. 2001). Fgfr1 mediates growth factor signaling
during organ development (Brewer et al. 2015). Fzd10 is crucial in Wnt signaling for tissue
patterning (Matos et al. 2020), and HoxA7 regulates the tissue differentiation (Zha, Wang,
and Di 2020). Notch3's cell communication is vital for tissue formation (Hosseini-Alghaderi

and Baron 2020), Smad7 is a key player in Tgf8 signaling for cell growth and differentiation
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(Han et al. 2006; Yan, Liu, and Chen 2009). TlI2's metalloprotease activity is crucial for tissue

remodeling (Swanson et al. 2009).

cluster C
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GO enrichment by cluster: Biological Process (de novo transcriptome assembly)

Cluster C
Adj.Pval Fold  Pathway
3.23E-05 1.4 Transport
1.57E-04 2 Autophagy
1.57E-04 1.3 Establishment of localization
1.57E-04 2 Process utilizing autophagic mechanism
1.60E-04 1.6 Vesicle-mediated transport
2.95E-04 2.3 Macroautophagy
2.12E-03 1.4 Catabolic process
2.47E-03 3.6 Sodium ion transport
2.66E-03 1.9 Endocytosis
2.71E-03 1.5 Regulation of transport

Figure 3.24: Genes expression profile and GO term enrichment for Biological processes for cluster F. DEG candidate genes
that were found in this cluster are listed.

Cluster “D” features the following enriched GO terms are: During development,

“organophosphate metabolic processes” are crucial for synthesizing, breaking down, and

regulating compounds containing phosphate groups, essential for biomolecule formation like

nucleotides and phospholipids, necessary building blocks for DNA, RNA, and cell membranes.
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Phosphorylation, a key aspect, controls cell signaling, influencing developmental processes
like cell differentiation, tissue morphogenesis, and organ formation. Additionally,
“transmembrane transport” is vital, facilitating the movement of substances across cellular
membranes and supporting cell growth and differentiation by facilitating nutrient, ion, and
signaling molecule uptake into developing tissues. “lon transport” is essential for neural and
muscle development, establishing ion gradients and membrane potentials critical for nerve
signal transmission and muscle contraction during embryogenesis. “lon transmembrane
transport”, focuses on ion movement across cellular membranes, playing a crucial role in
nerve impulse transmission, muscle contraction, and other vital cellular activities necessary
for proper development. Another cluster whose enriched GO terms, although their
enrichment is not even very high, point to homeostasis. Among the enriched genes that are
part of the cluster, Bmp and Wnt feature prominently, such as Bmp4 and Bmpb5. In
vertebrates, Bmp4 plays key roles in embryonic development, including mesoderm induction
which forms structures like muscles and bones, establishes the dorsoventral (back-belly) axis,
influences limb outgrowth at the apical ectodermal ridge, aids in the formation of organs like
the eyes, heart, and lungs, and participating in bone formation and osteoblast differentiation.
On the other hand, Bmp5 is vital for skeletal development, especially in bone and cartilage
formation, impacts neural cell differentiation, and collaborates with other Bmp, such as Bmp4
and Bmp?7, in various developmental processes (De Robertis and Kuroda 2004; Mizutani and
Bier 2008); Wnt4 which plays diverse roles, e.g., in kidney, sex determination, and mammary
gland development (Jeays-Ward et al. 2003). Besides a few others that are reported to be
involved in axis development, i.e., FoxH1 and Nodal (Pogoda et al. 2000; Yamamoto et al.
2001; Hirokawa et al. 2006). This may suggest that, while simple homeostatic processes still
predominate, some central mechanisms of early development might become active during

the stage of PSw.
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GO enrichment by cluster: Biological Process (de novo transcriptome assembly)

Cluster D

Adj.Pval Fold  Pathway

1.18E-02 1.7  Organophosphate metabolic process
2.44E-02 1.8 G protein-coupled receptor signaling pathway
2.44E-02 1.6 Transmembrane transport

2.64E-02 1.6 lon transport

2.93E-02 1.2 Transport

2.93E-02 1.7  lon transmembrane transport

Figure 3.25: Genes expression profile and GO term enrichment for Biological processes for cluster F. DEG candidate genes
that were found in this cluster are listed.

In the cluster “E” these GO terms were found enriched: “NcRNA metabolic processes”,
regulating gene expression and cellular functions, while “NcRNA processing”, ensuring proper
folding and functionality of non-coding RNA molecules critical for cell specification and
organogenesis; “ribosome biogenesis”, providing an adequate supply of ribosomes for
protein synthesis during rapid cell growth; “rRNA processing”, enabling the formation of
functional ribosomes for efficient translation of proteins; “rRNA metabolic processes”,
supporting ribosomes with necessary components for optimal protein translation;
“ribonucleoprotein complex biogenesis”, crucial for diverse roles in gene regulation, RNA
transport, and signaling during development; “RNA processing”, influencing RNA diversity and

stability, contributing to cell fate determination and tissue-specific functions; “chromosome
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organization”, arranging and “compacting chromosomal DNA” to impact gene regulation and

cell differentiation; “DNA metabolic processes”, ensuring accurate transmission of genetic

information during replication, repair, and recombination, critical for cell proliferation, tissue

growth, and organ development; and “chromosome segregation”, occurring during cell

division to maintain genomic stability and prevent developmental abnormalities and genetic

disorders. This cluster shows GO term enrichments that point to increases in transcription

and cell division, both relevant for increased morphogenesis. Key morphogenesis genes, such

as members of the Shh family, Wnt, several homeobox transcription factors, and genes

essential for cell differentiation, such as Gata and Smad2 support this notion.
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GO enrichment by cluster: Biological Process (de novo transcriptome assembly)

Cluster E
Adj.Pval Fold  Pathway
1.97E-12 2.3 NcRNA metabolic process
4.40E-12 2.4 NcRNA processing
4.40E-12 2.7 Ribosome biogenesis
1.85E-11 2.8 RRNA processing
1.87E-11 2.8 RRNA metabolic process
2.36E-09 2.2 Ribonucleoprotein complex biogenesis
2.28E-08 1.8 RNA processing
1.42E-07 1.7 Chromosome organization
9.73E-06 1.6 DNA metabolic process
1.56E-05 2.1 Chromosome segregation
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Figure 3.26: Genes expression profile and GO term enrichment for Biological processes for cluster F. DEG candidate genes
that were found in this cluster are listed.

In the cluster “F” the following GO terms are enriched: “System development” involves
the formation and maturation of complex systems like the nervous, cardiovascular,
respiratory, and digestive systems, crucial for coordinating body functions. “Animal organ
development” leads to the creation of distinct organs, such as the heart, liver, kidneys, and
lungs. “Axon guidance” ensures precise connectivity between developing neurons,
establishing functional neural circuits in the nervous system. “Sensory organ development”
forms structures like eyes, ears, nose, and taste buds, enabling organisms to perceive and
respond to the environment. “Neuron projection guidance” focuses on the outgrowth and
navigation of axons and dendrites, creating neural networks for information processing.
“Anatomical structure morphogenesis” shapes organs, tissues, and body parts through cell
proliferation, migration, and differentiation, creating diverse body structures. “Animal organ
morphogenesis” involves cellular and molecular interactions, driving tissue differentiation
and growth to form fully functional organs. “Tissue morphogenesis” structures tissues
through cell differentiation, proliferation, and migration, generating functional tissues with
specific properties. “Tissue development” encompasses the growth and differentiation of
various tissue types, essential for proper organ functioning and overall body homeostasis.
Overall, this cluster contains the highest amount of enriched GO terms that clearly point to
developmental processes on the tissue and organ level, which are expected to occur after the
PSw stage. The fold changes of these enrichments are substantial, too. Among the
upregulated genes, we tend to find many, particularly transcription factors, involved in
organogenesis and later development, such as Fox and Gata6 (Morrisey et al. 1998;
Hanashima et al. 2004), while there are fewer “early developmental” genes than in the
previous cluster (i.e., DIl and Wnt). This seems to fit coarsely with the shape of the expression
of this cluster, once this cluster is mainly composed of genes that will keep upregulated until

later stages.
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GO enrichment by cluster: Biological Process (de novo transcriptome assembly)

Cluster F

Adj.Pval Fold Pathway

1.27E-06 2 System development
2.06E-06 2.1 Animal organ development
6.81E-06 7.4 Axon guidance

6.81E-06 4.4 Sensory organ development
6.81E-06 7.4 Neuron projection guidance

7.28E-06 2.2 Anatomical structure morphogenesis
1.77E-05 3.1 Animal organ morphogenesis
4.62E-05 3 Cell adhesion

4.62E-05 3.7 Tissue morphogenesis
8.38E-05 2.4 Tissue development

Figure 3.27: Genes expression profile and GO term enrichment for Biological processes for cluster F. DEG candidate genes
that were found in this cluster are listed.

Genome-based Transcriptome Mapping (GBTM) and Comparison with
DNTA

When | generated the transcriptome for the seven NED stages in Polyandrocarpa
zorritensis, no reference genome was available. As a result, all analyses were conducted using
de novo transcriptome assembly. While useful, this method has limitations, including
potential challenges in accurately identifying transcript isoforms, alternative splicing, and

lowly expressed genes (Lee, Na, and Park 2021; Oomen et al. 2022). However, more recently,
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a collaboration with the Flot Lab (ULB) has led to the sequencing and partial assembly of a
reference genome for Polyandrocarpa zorritensis. The new reference genome allowed to use
a different approach for the analysis of the collected transcriptomes: mapping the

transcriptome to this new reference genome.

Mapping the transcriptome to the reference genome provided several advantages. For
instance, this approach offers higher accuracy than de novo transcriptome assembly, ensuring
precise alignment of reads to the genome and resolving issues such as fragmented contigs
and isoform redundancies. Reference genome-based mapping enables the discovery of novel
transcripts not present in existing annotations by analyzing unmapped reads or regions with
low coverage. Utilizing the same reference genome ensures consistent and comparable
results across experiments, as they all measure against a common standard. In contrast, de
novo assembly, or assembling a genome from scratch, can produce variable outcomes based
on the chosen settings, the quality and quantity of the RNA sequenced data, and the specific

assembly software or algorithms used (Clarke et al. 2013).

The genome assembly pipeline was conceived and run by our collaborator (Flot Lab,
ULB), combining HiFi, and Oxford Nanopore Technologies (ONT) long-reads with lllumina
short-reads (see Material and Methods). The initial assembly using only HiFi reads and Hifiasm
assembler resulted in a genome size of 424,323,369 bp, with an N50 value of 1,657,153 bp,
and a total of 829 contigs. The assembly completeness was evaluated using the Kat
completeness metric, which yielded a score of 59.17%. Additionally, the BUSCO analysis
indicated that 92.6% of the expected genes were found in the assembly, with 84.1% classified
as complete single-copy genes, 8.5% as complete duplicated genes, 3.7% as fragmented

genes, and 3.7% as missing genes.

To improve the assembly further, reads obtained using the ONT were incorporated, and
two different haplotype purging methods were applied. First, the "Purge_dups" step was
performed to remove haplotigs and resolve contig overlaps. This process resulted in a
reduced assembly size of 375,785,810 bp, an N50 value of 1,863,282 bp, and a total of 490
contigs. The Kat completeness score slightly decreased to 51.47%, and the BUSCO analysis
indicated that 92.4% of the expected genes were present, with 90.6% complete single-copy
genes, 1.8% complete duplicated genes, 3.7% fragmented genes, and 3.9% missing genes. The

second haplotype purging step, "Purge_haplotigs," aimed to identify pairs of contigs that are
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syntenic. After this step, the assembly size was further reduced to 364,995,275 bp, with an
N50 value of 1,913,193 bp and a total of 397 contigs. The Kat completeness score was similar
to the previous step, at 50.54%, and the BUSCO analysis showed 92.4% of the expected genes
present, with 90.7% complete single-copy genes, 1.7% complete duplicated genes, 3.7%

fragmented genes, and 3.9% missing genes.

To scaffold the assembly, the ntLink method was employed, using both HiFi and ONT
reads for lightweight mapping. The final scaffolded assembly had a size of 364,798,430 bp, an
N50 value of 14,178,783 bp, and a total of 106 contigs. The Kat completeness score was
50.41%, and the BUSCO analysis yielded 92.4% of the expected genes, with 90.7% complete
single-copy genes, 1.7% complete duplicated genes, 3.7% fragmented genes, and 3.9%
missing genes. Additionally, the assembled data was polished using the HyPo method, which
combined HiFi and Illumina reads. The polished assembly had a size of 364,761,307 bp, an
N50 value of 14,177,737 bp, and a total of 106 contigs. However, the polishing process
resulted in a slightly decreased Kat completeness score of 49.61%. The BUSCO analysis
showed 92.5% of the expected genes present, with 90.8% complete single-copy genes, 1.7%

complete duplicated genes, 3.6% fragmented genes, and 3.9% missing genes.

Following genome assembly, the genome annotation process was conducted through a
series of steps. Repeat identification was performed using Repeat Modeler2 and repeat
annotation/masking was carried out using Repeat Masker. Transcripts alignment was
performed using STAR, incorporating the HyPo output and RNAseq reads. Genome
annotation was achieved using Braker 3, resulting in the identification of 17,126 genes and

21,451 transcripts.
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Reference-based transcriptome assembly
I- Genome assembly

1. HiFi reads - Hifiasm: De novo contig assembly
Size : 424,323,369 bp | N50: 1,657,153 bp | Contigs : 829 | Kat completeness : 59.17%
Busco : C:92.6% D:8.5%

2. Addition of ONT reads - Haplotype Purging

a) Purge_dups - Remove haplotigs and contig overlaps
Size : 375,785,810 bp | N50: 1,863, 282 bp | Contlgs 490 | Kat completeness : 51.47%
Busco : C:92.4% [S %, D:1.8%), F:3.7%, M:3

b) Purge_haplotigs - Identify pairs of contigs that are syntenic

Size : 364,995,275 bp | N50 1,913, 193 bp | Contlgs 397 | Kat completeness : 50.54%
Busco : C:92.4% [S:90.7%, D:1.7%],

3. ntLink: HiFi+ONT - lightweight mapping (scaffolding)
Size : 364,798,430 bp | N50: 14,178,783 bp | Contigs : 106 | Kat completeness : 50.41%
Busco : C:92.4% [S:90.7%, D:1.7%], F:3.7%, M:3.9%

4. HyPo: HiFi+illumina = Polishing
Size : 364,761,307 bp | N50: 14,177,737 bp | Contigs : 106 | Kat completeness : 49.61%
Busco : C:92.5% [S:90.8%, D:1.7%], F:3.6%, M:3.9%

II- Genome annotation

5. Repeat Modeler2 3
Repeat identification

6. Repeat Masker 3 7. STAR - Transcripts alignment
Repeat annotation/masking HyPo output + RNAseq reads

8. Braker 3 > Genome annotation
Genes = 17126 | Transcripts = 21451

lll- Genome mapping

9. HISAT2 -> RNAseq mapping
15698 mapped genes

10. SAMtools - Mapping quality check and BAM sorting

11. StringTie - Transcript expression quantification

IV- Differential gene Expression

12. eMapper and Blast2GO -> Functional annotation
15591 annotated genes

13. DESeq2 -> Differential Genes Expression (DGE)
5698 DEGs

14. iDEP - k-Means clustering and GO term enrichment

Figure 3.28: Genome-based mapping pipeline and scores of each step.
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Figure 3.29: DESeq? initial analysis. A) Principal Component Analysis (PCA) of the differentially expressed genes in the de novo
assembly as revealed by the DESeq2. Only the first two principal components are plotted, with colors attributed according to
the different NED stages. All later stages cluster together, while the first two stages form two isolated clusters that are
separated from the remainder. B) Heatmap of pair-wise comparisons between all conditions (all stages and replicates) based
on the same dataset. Color hues and branch lengths of the juxtaposed dendrograms indicate pair-wise distances.
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The initial steps of DESeq2 analysis performed a PCA and heatmap plotting which were

very similar to the one obtained from the de novo analysis, with a difference in the plot scale

that might be justified by the difference in the matrices’ sizes (the denovo matrix contains

approximately the double of genes). The DESeq2 analysis revealed that 5698 genes showed

differential expression in at least one of the seven budding stages of P. zorritensis, a value not

much lower than the one obtained with the de novo assembly output. To gain a better

understanding of which genes and pathways are up or downregulated during the NED

process, it was performed a DGE pairwise comparison between two budding stages was

performed before. This result showed that the number of genes being up and downregulated

is also very similar to the result obtained from the de novo assembly analysis.
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Figure 3.30: Comparison of the number of up- and downregulated DEG in both analyses: DNTA and GBTM. Bar lengths
correspond to numbers of DEG between the respective pairs of stages.

To verify if the differentially expressed genes composition of the two DESeq2 outputs
(de novo assembly and genome-based mapping) was also similar, the proteins sequences for
the genes present in both outputs were compared against each other using the tool
OrthoFinder (inside the OrthoVenn online program) to identify how much the two outputs
overlap. The result produced 3521 clusters that had at least one protein sequence either from
the de novo analysis or from the genome-based analysis and the overlap in DEGs was
composed of 4812 genes from the de novo analysis and 4660 from the genome-based
analysis. Of the 3521 clusters, 2529 were composed of a single copy gene (protein) from each

analysis.

* Single-copy clusters

DNTA GBTM

P. zorritensis
genome-based mapping

P. zorritensis
de novo assembly

7812 protein sequences 5698 protein sequences

4812 genes 4660 genes

2016 Sigletons 676 Sigletons

Figure 3.31: General overlap of protein sequences referent to DEG in DNTA and GBTM analyses in P. zorritensis.
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The functional annotation was conducted using eMapper and Blast2GO, resulting in a
total of 15,591 genes functionally annotated. This annotation was added to the expression
matrix used as input for DESeq2 analysis and was used for k-Means clustering and GO term
enrichment analysis were conducted using iDEP, the same way as it was performed with the
de novo assembly analysis data. An elbow plot was done, suggesting 6 k-Means clusters,

labelled from 1 to 6. The k-Means clustering resulted in clusters with expression profiles
similar to those from the de novo analysis.
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Figure 3.32: Elbow plot for determining the number of k-means clusters for the GBTM expression.

Figure 3.33: Heatmap of genes identified in the GBTM that are expressed during different stages of NED in P. zorritensis, with

colors referring to their respective normalized expression values. The genes form six major clusters (as resulting from the K-
Means clustering algorithm), according to their temporal expression profiles.
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In cluster 1 genes were found that are upregulated between Ctrl and PSw but
downregulated during budding (Sw to DV). This cluster was only enriched for the Biological
Process GO term “cell adhesion”. This term was also enriched in the cluster “A” of the de novo
assembly analysis, which is a cluster with a very similar expression pattern to this one. In this
cluster were presents the following genes of interest: Fgf9, Runx1, and TIl1, which were also
present in the DNTA, but also the genes Bmp1, Fos, and Titin. Bmp1 was found in cluster “C”,
and Titin was found in cluster “D” in the DNTA. The gene Fos (proto-oncogene - Protein c-Fos)
is involved in cellular events like cell proliferation, differentiation, and survival, and it can also
be involved in the loss of cell polarity and epithelial-mesenchymal transition (Fialka et al.

1996).

cluster 1

' BMP1
FGF9
i 1 FOS
RUNX1
TITIN
TLL1

3 ! Il ! ! !

Ctrl PSw Sw El LI Fus DV

Figure 3.34: Temporal expression profiles of genes comprised in cluster 1.

In cluster 2 are genes that are upregulated between Ctrl and PSw and downregulated
in the following stages. In this cluster, the enriched GO terms are: “response to chemical” and
“response to organic substance,” which were reported in cluster “A” in the DNTA, “G protein-
coupled receptor signaling pathway”, which was also present in the cluster “D” in the DNTA.
"Response to amphetamine" and "Response to amine," respectively, influence neuronal

activity and neurotransmitter release, impacting neural circuit formation, synaptogenesis,
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and plasticity. Additionally, the GO term "Modulation of chemical synaptic transmission"
governs the precise control and adjustment of neurotransmitter release, reception, and
regulation at neuronal synapses, establishing functional neural circuits and shaping neuronal
connection strength. In parallel, "Negative regulation of transport" mechanisms during
development inhibit or attenuate molecular and cellular component distribution, ensuring
accurate delivery to intended destinations at the appropriate times, thereby preventing
aberrant development and maintaining cellular homeostasis. The GO terms "Regulation of
trans-synaptic signaling" and "Trans-synaptic signaling" are vital in coordinating neuronal
activity and forming functional neural circuits, with precise regulation being essential for
proper neural connectivity and supporting learning and memory functions. Furthermore, the
GO term "Regulation of biological quality" is involved in controlling overall biological system
quality, including developmental processes, by ensuring cellular and organismal structures
and functions meet specific criteria for proper development and homeostasis, including
critical quality control processes for proteins, organelles, and cellular structures, ultimately

contributing to normal development and overall health.

In cluster 2 were also found the genes: HoxA4, Notch1, Notch2, Piwl4, and Sox14 were
also present in cluster “B” in the DNTA. HoxA4 is involved in directing anterior-posterior
patterning and neural development in vertebrates (Hubert and Wellik 2023). In the DNTA, the
genes EGF and Notch4 were also present in cluster “A” and FoxP2 was present in cluster “D”.
Cluster 2 also contained the genes: FGFR2, which encodes a receptor crucial for fibroblast
growth factors (FGFs) that play important roles in cell growth, differentiation, and tissue
patterning, particularly essential for bone and central nervous system development (Brewer
et al. 2015). IGF1 codes for insulin-like growth factor 1, promoting cell growth, proliferation,
and differentiation in various tissues, including muscle and bone (Laron 2001). Nfkb1 encodes
a subunit of NF-kB protein complex, regulating immune and inflammatory responses, along
with cell survival and apoptosis during development (Liu et al. 2017). Thx6, a transcription
factor important for the segmentation and differentiation of the axial skeleton, including
vertebrae and ribs (Yasuhiko et al. 2006). Lastly, TgfA codes for transforming growth factor
alpha, a protein from the Egf family, contributing to cell proliferation, tissue differentiation,

and morphogenesis throughout development (Kumar, Bustin, and McKay 1995).
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GO enrichment by cluster: Biological Process (de novo transcriptome assembly)
Cluster 2
Adj.Pval Fold  Pathway

1.59E-02 1.9 G protein-coupled receptor signaling pathway
1.59E-02 1.3 Response to chemical

1.74E-02 5.5 Response to amphetamine

1.74E-02 4.7 Response to amine

1.74E-02 2 Modulation of chemical synaptic transmission
1.74E-02 2 Negative regulation of transport

1.74E-02 2 Regulation of trans-synaptic signaling
1.74E-02 1.8 Trans-synaptic signaling

2.31E-02 13 Response to organic substance

2.31E-02 1.3 Regulation of biological quality

Figure 3.35: Temporal expression profiles of genes comprised in cluster 2 with the main GO terms enriched within this cluster.

In the cluster 3 is mainly composed of genes that are downregulated when the budding
is activated (PSw) and remain downregulated during all the following stages. This cluster is
enriched in the GO terms “animal organ morphogenesis” and “anatomical structure
morphogenesis” which were reported in the cluster “F” in the DNTA. The cluster “C” is also
enriched in the terms: Heart looping involves a complex transformation of the heart tube,
ensuring proper orientation and alignment of heart chambers and blood vessels for efficient
cardiovascular function. Catabolic processes break down complex molecules, providing

essential energy and building blocks for cellular activities during embryogenesis. Tube
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development plays a fundamental role in forming organs like the nervous and respiratory
systems through shaping and elongating cylindrical structures. Epithelial morphogenesis
organizes tissue layers with specific functions as cells rearrange, change shape, and migrate.
Determining heart left/right asymmetry is tightly regulated, positioning heart structures
correctly to prevent congenital heart defects. Embryonic heart tube morphogenesis remodels
the heart tube into distinct cardiac chambers, valves, and blood vessels. Mammary gland
development, starting in embryogenesis and continuing postnatally, involves branching,
alveoli formation, and cell differentiation for lactation and nourishing offspring. Cellular
catabolic processes maintain cellular homeostasis, removing damaged or unnecessary
components through apoptosis, ensuring proper tissue sculpting during embryonic

development and the formation and functioning of organs and systems.

The cluster 3 also contained the genes Fgfrl (Fibroblast Growth Factor Receptor 1)
codes for a crucial receptor protein involved in developmental processes, including cell
proliferation, migration, and differentiation. It is vital for developing tissues and organs like
the brain, limbs, and skeleton, and mutations can lead to disorders like craniosynostosis and
skeletal dysplasia (Brewer et al. 2015). FoxP3 (Forkhead Box P3) encodes a transcription factor
critical for the differentiation and function of regulatory T cells (Tregs), maintaining immune
system balance and preventing autoimmune disorders like IPEX syndrome (Ramsdell and
Ziegler 2014). Fzd7 (Frizzled 7) codes for a receptor protein that mediates Wnt signaling,
crucial for cell fate determination, tissue patterning, and organogenesis during development
(Winklbauer et al. 2001). Wnt1 (Wingless-Type MMTV Integration Site Family, Member 1)
codes for a secreted signaling protein important in various developmental processes,
particularly in early midbrain patterning (Kimelman and Martin 2012). The genes Bmp3 and
DIx1 were also present in cluster “C” in the DNTA, which was a cluster with the same
expression profile as this one. The gene Wnt3 was reported in the cluster “B” in the DNTA,
while Wnt5B was reported as upregulated in the DNTA (cluster “E”). Wnt5B is involved in the
regulation of intracellular signal transduction, including its effects on both the non-canonical
(B-catenin-independent) and canonical Wnt signaling pathways (B-catenin dependent)

(Perkins et al. 2022).
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GO enrichment by cluster: Biological Process (de novo transcriptome assembly)
Cluster 3
Adj.Pval Fold  Pathway

1.21E-02 4.2 Heart looping

1.21E-02 1.5 Catabolic process

1.21E-02 1.8 Animal organ morphogenesis

1.21E-02 1.8 Tube development

2.45E-02 2.1 Morphogenesis of an epithelium

2.45E-02 3.8 Determination of heart left/right asymmetry
2.66E-02 1.4 Anatomical structure morphogenesis
2.90E-02 3.6 Embryonic heart tube morphogenesis
2.90E-02 3.1 Mammary gland development

2.90E-02 1.5 Cellular catabolic process

Figure 3.36: Temporal expression profiles of genes comprised in cluster 3 with the main GO terms enriched within this cluster.

The cluster 4 contains genes with a peak of expression only during the PSw stage, these
genes did not display any specifically enriched GO term. Inside this cluster were present the
genes Fgfr3, which regulates cell growth and differentiation, particularly in skeletal
development (Brewer et al. 2015). Fog?2 is vital for heart development and normal cardiac
structures. FoxH1 acts as a key regulator in early embryonic development and mesoderm
formation. FoxP4 participates in lung and neuronal development, as well as speech and
language development. FoxQ1 is involved in epithelial development and tissue homeostasis,

and also plays a role in cancer progression (Shimeld, Degnan, and Luke 2010). Hnf4A is
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expressed in the liver and regulates hepatic function and metabolism (DeLaForest et al. 2011).
Lbx1 is crucial for limb and neural development (Miller et al. 2002). Sox9 is involved in sex
determination and skeletal development (Marshall and Harley 2000). Tgfil is induced by Tgf-
beta signaling and participates in cell growth, differentiation, and immune response
(Miyazono 2000). Tnf10 is a member of the Tnf superfamily, regulating immune responses,
inflammation, and cell death (Falvo, Tsytsykova, and Goldfeld 2010). VegfC is a critical
regulator of lymphangiogenesis and angiogenesis, forming lymphatic and blood vessels,

respectively (Joukov et al. 1997).

' FGFR3
| FOG2
FOXH1
1 FOXP4
| Foxa1
HNF4A
LBX1
| NKX23
NODAL
2 1 SOX9
| TGFI1
TNF10
4 { VEGFC

5 1 Il ! 1 I

Ctrl PSw Sw El LI Fus DV

Figure 3.37: Temporal expression profiles of genes comprised in cluster 4.

The cluster 5 presented not only a expression curve similar to the one in the cluster “E”
in DNTA, but also the majority of enriched GO terms were the same. Many of the candidate
DEG were also common to the DNTA cluster “E”, except for few ones like Bmp10, Gli2 which
is involved in embryonic cell differentiation and patterning (Pan et al. 2006), HoxA3 triggers
cell migration in both endothelial and epithelial cells, thus enhancing angiogenesis and wound
healing (Mace et al. 2005), Pax5 controls B-cell differentiation and function (Cobaleda et al.
2007), Pbx1 influences limb development (Capellini et al. 2006), Piwl1, Tbx1 is crucial for the

formation of various structures derived from pharyngeal arches (Zhang et al. 2005), TlI2, Vgfr1
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is critical for angiogenesis, tissue repair, and nerve regeneration (Guaiquil et al. 2016) and
Whnté6 is involved in nervous system and limb development through the Wnt signaling pathway

(Schubert et al. 2002).
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GO enrichment by cluster: Biological Process (de novo transcriptome assembly)
Cluster 5
Adj.Pval Fold Pathway

4.63E-22 2 RNA processing

3.44E-20 2.4 Ribonucleoprotein complex biogenesis
6.11E-15 2.3 NCcRNA processing

6.11E-15 2.5 Ribosome biogenesis

6.03E-14 2.6 RRNA processing

5.24E-13 2.5 RRNA metabolic process

8.94E-12 2 NcRNA metabolic process

1.13E-09 1.6 Chromosome organization

1.21E-09 2 MRNA processing

3.03E-07 1.7 MRNA metabolic process

Figure 3.38: Temporal expression profiles of genes comprised in cluster 5 with the main GO terms enriched within this cluster.
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GO enrichment by cluster: Biological Process (de novo transcriptome assembly)
Cluster 6
Adj.Pval Fold  Pathway

2.01E-05 2.3 Chromosome organization

2.40E-05 3.4 Regionalization

2.40E-05 8 DNA replication initiation

2.40E-05 23 Animal organ morphogenesis

6.89E-05 3.4 Urogenital system development

6.89E-05 2.9 Pattern specification process

9.16E-05 2.2 Mitotic cell cycle

9.96E-05 7.6 Regulation of DNA-templated DNA replication
1.25E-04 34 Renal system development

1.54E-04 2.5 Vasculature development

Figure 3.39: Temporal expression profiles of genes comprised in cluster 6 with the main GO terms enriched within this cluster.

The cluster 6 comprises genes that are upregulated when the Sw starts and remain
upregulated during the rest of budding development. This cluster contains genes like: Otx1
specifies the anterior regions of the embryo, critical for brain and sensory organ formation
(Simeone et al. 1993). Pax3 regulates neural crest cells, muscle, and CNS development
(Monsoro-Burg 2015). Pax6 is a master regulator in eye development and (Kamachi et al.
2001). Pitx3 is crucial for dopaminergic neuron differentiation in the midbrain (Smidt, Smits,
and Burbach 2004). Fgfi8 is involved in skeletal development (Haque, Nakada, and Hamdy

2007). Smad1 regulates cell growth and mesoderm development (Furtado et al. 2008). TgfB3
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influences palate, lung, and tissue development (Yang and Kaartinen 2007). Tgif1 modulates

Tgf-6 signaling and CNS development (Powers et al. 2010).

This cluster is also enriched for different GO terms, like: “Chromosome organization”
which involves spatial arrangement and maintenance of chromosomes, playing a role in cell
division and differentiation. “Regionalization” refers to specifying embryonic tissues or
regions, establishing different body segments. “Animal organ morphogenesis” was also
detected in cluster “F” in the DNTA. “Pattern specification” establishes spatial patterns and
structures in tissues and organs. “Vasculature development” creates blood vessels for tissue

perfusion during development.

Clustering Comparisons Between GBTM and DNTA

To compare the equivalence of the clusters’ compositions between both analyses
(DNTA and GBTM) not only in expression profile but also in gene composing them, the list of
genes present in each cluster was compared using a simple Venn Diagram to visualize how
much each analyzed clusters overlap in their composition. In the DNTA, cluster “A” consisted
of 461 unique gene names, while in the cluster “1”, there were 360 genes. There was an
overlap of 140 genes between them two. Cluster “B” had 709 genes in the DNTA and 427 in
the cluster “2” of the GBTM, with 225 genes overlapping. For cluster “C”, there were 1012
genes in the DNTA and 891 in the GBTM cluster “3”, with 312 genes matching. The cluster “D”
had 1223 genes in the DNTA and 672 in the GBTM in the cluster “4”, with an overlap of 256
genes. In the cluster “E”, there were 1590 genes in the DNTA and 1363 in the cluster “5” of
the GBTM, with 633 genes overlapping. Lastly, cluster “F” had 387 genes in the DNTA and 321

in the GBTM cluster “6”, with 174 genes common between both clusters (figure 3.40).
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Clustering comparison between the two different
transcriptome analysis

Cluster A X Cluster 1 Cluster B X Cluster 2
321 140 220 484 225 202

Cluster C X Cluster 3 Cluster D X Cluster 4
700 312 579 967 256 416

Cluster E X Cluster 5 Cluster F X Cluster 6
957 633 730 213 174 147
de novo assembly genome-based mapping

Figure 3.40: Cluster gene composition comparison between DNTA and GBTM analyses.

The DEG included in the same clusters in both GBTM and DNTA, have revealed, among
others, a number of genes that have been reported as involved in different developmental

processes, such as Bmp, Tll, DI, Notch, Irx6, Hh, Nk4, Gata, Wnt, Runx, Piwl and Gsc. For these
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selected candidates, in the following paragraphs, | highlighted some of the most important

features, discussing their distinct roles in animal and ascidian developmental processes:

Bmp/TIl

Bmp (Bone Morphogenetic Proteins) are key members of the transforming growth
factor-B (Tgf-8) superfamily, pivotal for various cellular processes in embryonic development,
such as differentiation, proliferation, and apoptosis, with a marked role in organogenesis,
bone formation, and limb patterning (Cadigan and Nusse 1997; Wodarz and Nusse 1998;
Nusse 2005). While, Tolloid-like proteins (TI/l) are metalloproteinases responsible for
modulating several matrix molecules and signaling proteins, including Bmp. Tll regulates Bmp
signaling by controlling Bmp ligand availability and activity (Vadon-Le-Goff, Hulmes, and Moali
2015). Bmp interacts with extracellular proteins like Chordin and Noggin, which, in turn, act
as Bmp inhibitors, thereby controlling their own activity. These antagonists bind Bmp,
preventing their receptor interaction and thus inhibiting Bmp signaling. Tll counteract this
negative feedback by cleaving chordin, increasing Bmp binding to their receptors, and
consequently activating Bmp signaling, which ensures apt temporal and spatial modulation
during the development (Troilo et al. 2015). This interplay is evident in the dorsal-ventral
patterning of embryos like in Xenopus and zebrafish, where TIl facilitate ventral Bmp signaling
by cleaving dorsally produced Chordin, establishing a dorso-ventral Bmp activity gradient that
is instructive for subsequent development and tissue differentiation (Muraoka et al. 2006).
Furthermore, Bmp reciprocally influences the expression of Tll and its antagonists, setting up
feedback mechanisms that increase the precision of developmental patterning. In essence,
Bmp and Tl have a symbiotic relationship critical for the nuanced regulation of developmental
signaling pathways, orchestrating precise cellular processes and tissue organization (Vadon-

Le-Goff, Hulmes, and Moali 2015).

Bmpl, part of cluster 1, was found to be downregulated at the onset of the budding
process. Bmp3, part of cluster 3, shows a similar dynamic. Conversely, Bmp10, part of cluster
5, increases its activity after the PSw stage. The Bmp inhibitor Noggin, part of cluster 6,

exhibited a similar expression profile.
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The clusters 1, 2, 3 and 4 contain genes that are downregulated either after the Ctrl or
PSw stages and genes that show a peak of expression only at PSw (clusters 1 and 4), i.e., genes
whose activity is restricted to early stages or downregulated at the beginning of the budding
process. The Bmpl orthologue was found in cluster 1. In vertebrates, Bmpl regulates
extracellular matrix formation (Vadon-Le-Goff, Hulmes, and Moali 2015). Bmp1 proteins can
help release Bmp2 and Bmp4 from chordin, generating the Bmp signaling gradients that are
instructive for the development of the dorsal-ventral axis during embryogenesis (Ge and
Greenspan 2006). At the 32-cell stage, Bmp can be found in the majority of vegetal cells in
Ciona intestinalis, Phallusia mammilata, and Halocynthia roretzi (Darras and Nishida 2001;
Fiuza et al. 2020). However, it is limited to the anterior endodermal cells at the 64- and 112-
cell stages. While the inhibition of Bmp signaling following overexpression of Chordin or
Noggin does not affect gastrulation, it does prevent the development of sensory head
pigment cells (Darras and Nishida 2001; Fiuza et al. 2020). In the ascidian Polycarpa mytiligera
Bmp1-expressing cells were detectable in the tunic matrix (which resembles the extracellular
matrix) in the region of an injury prior to regeneration (Hendin et al. 2022). Bmp1 is also
detected in the primary budding in B. schlosseri marking cells committed to the germ line
(Rosner et al. 2013). The Bmp antagonist Noggin is found as DEG, upregulated during later
budding stages (cluster 6). This gene was first discovered in Xenopus and it produces a
polypeptide that can stimulate the development of neural tissues while inhibiting Bmp, which
leads to the formation of dorsal structures. Although the role of Noggin in neural induction in
ascidians is not yet fully understood, its consistent expression in the neural folds and nerve
cord of C. intestinalis suggests that it plays a similar role in neural tube closure (Imai et al.
2004) as in vertebrates. Furthermore, the orthologue of Bmp10 was found upregulated in a
similar manner as Noggin, which in vertebrates is involved in heart development (Choi et al.
2023). In C. intestinalis, it was described as upregulated together with other genes involved
in cardiovascular development, suggesting a conserved role, although its precise function in
tunicates is still unclear (Matsubara et al. 2021). Apart of the three Bmp orthologues cited
above, it was also identified Bmp2/4, Bmp5/6/7/8, Bmp11 and other two Bmp proteins which

the homology was not clear (figure 3.41, full phylogeny in the appendix 8).

Bmp orthologues might be involved in the reorganization of the ECM surrounding the

vesicle to allow the vesicle swelling, patterning the budding vesicle into specific domains,
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delimitating the portion of the vesicle which will suffer the invagination and later activating

downstream TFs (i.e., Gata) to orchestrate different organs formation.
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Figure 3.41: Simplified phylogenetic analysis of BMP genes from species Polyandrocarpa zorritensis and Homo sapiens. The
tree reveals evolutionary relationships among various BMP genes. Bootstrap values, given at the nodes, indicate the
confidence of each branching event (orange).

In the cluster 1, it was also found T/l1 downregulated after the PSw stage. Conversely,
TlI2, part of cluster 5, was upregulated after PSw. The TIl gene encodes Tolloid-like proteins,
TlI1 and TlI2, in vertebrates. These metalloproteinases are vital in embryogenesis, especially
in shaping the dorso-ventral body axis and tissue patterns by modulating the Chordin-Bmp
signaling pathway. They control Bmp activity by cleaving Chordin, which releases Bmp to
signal and determine cell fates. This modulation is also key in influencing neural tissue
development and possibly impacting the heart and cartilage formation (Vadon-Le-Goff,
Hulmes, and Moali 2015). A study found that in Botryllus schlosseri, TlI1 was expressed in
testes and localized to maturing eggs (Rodriguez et al. 2014), suggesting a role in balancing

Bmp during germ cell development and differentiation (Rosner et al. 2013).
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Delta (DLL) and Notch

Dll'is part of cluster 6, meaning it is upregulated from the PSw until DV stages. Notch 1,
2,and 4 are found in cluster 2; they are downregulated after PSw. Delta is a membrane-bound
ligand of the Notch receptor, crucial for various developmental processes in vertebrates
(Parks et al. 2000). Upon binding, Delta triggers the release of the Notch intracellular domain,
which in turn activates or represses downstream gene expression. As both Delta and Notch
are membrane-bound, their signaling can lead to lateral inhibition, ensuring different cell
fates among neighboring cells, for instance, during neurogenesis, where Notch signaling plays
a role in choosing neurons in neurogenic areas of the developing neural plate (Appel, Givan,
and Eisen 2001). By virtue of this juxtacrine mechanism, it is essential for demarcating
boundaries in tissues, guiding angiogenesis by determining roles of endothelial cells at the
onset of vessel formation, and influencing organ development, such as in the heart and the
pancreas (Nijjar et al. 2002). In adult tissues, this signaling remains vital for stem cell
maintenance and tissue homeostasis, impacting T-cell development and bone remodeling
(Pasini et al. 2006; Louvi and Artavanis-Tsakonas 2006; Pellegrinet et al. 2011). In Ciona, the
Delta2/Notch pathway plays a role in determining both the lateral and medial fates within the
neural plate. While a lateral inhibition function of Notch signaling during neurogenesis has
not been studied in the central nervous system of Ciona (Pasini et al. 2006), it actively
participates in selecting epidermal sensory neurons within the dorsal and ventral midline
neurogenic regions of the larval tail epidermis (Hudson, Lotito, and Yasuo 2007). Notch and
Delta were also found as highly expressed in the blastema during siphon regeneration in C.
intestinalis and as upregulated during WBR in Botrylloides leachii (Rinkevich, Rinkevich, and
Reshef 2008; Hamada et al. 2015). It is possible that Delta and Notch are acting during P.
zorritensis budding by initially establishing the domain of the future nervous system and later

also participating in the pre-setting of organogenesis.

Iroquois (Irx6)

The Iroquois homeobox (Irx) genes are part of the evolutionarily conserved family of
homeobox genes, essential for the formation of body plans during embryonic development
in animals. Specifically, in vertebrates, Irx genes play multiple roles (Cavodeassi, Modolell, and

GOmez-Skarmeta 2001). They are crucial for heart development, with different Irx genes
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expressed in distinct heart compartments, determining and maintaining cardiac regions'
identity. They participate in neural development, assisting in the regional specification of the
neural plate that forms the central nervous system and can influence the creation of
particular neural structures. In the eye, Irx genes are instrumental in retinal cell differentiation
and patterning, ensuring proper retinal organization. These genes also have a role in the
segmentation of early vertebrate embryos, helping establish the anterior-posterior axis. They
are involved in skeletal muscle differentiation, influencing muscle fiber patterning during
embryogenesis, and are essential for limb development and patterning, defining specific limb
regions and ensuring the proper formation of structures like fingers and toes. The function of
Irx genes can differ based on the species and developmental context, and they often
collaborate with other genes and signaling pathways in their developmental roles

(Cavodeassi, Modolell, and Gémez-Skarmeta 2001; Gomez-Skarmeta and Modolell 2002).

In B. schlosseri, IrxB expression has been reported from the double vesicle stage. During
that stage, it delineated the place where the future dorsal tube began forming from a
thickening of the inner vesicle’s epithelium. In subsequent stages, IrxB expression appears to
become restricted to a central section of the dorsal tube (Priinster et al. 2019a). These results
seem to suggest a role in differentiating the anterior-posterior axis of the embryo. Based on
the function of Irx6 in vertebrates and in the ascidian B. schlosseri (IrxB), it is possible to
hypothesize about it being involved in the patterning of bud’s dorsal region and later
participates in heart and nervous system development once it keeps upregulated until the DV

stage (cluster 5).

Hedgehog (Hh)

Desert Hedgehog (Dhh), belonging to cluster 5, is found to be upregulated after the PSw
stage. HH, on the other hand, is part of cluster 3, i.e., it is downregulated between Ctrl and
PSw and remains downregulated. Gli2, a TF downstream of Hh is found in cluster 5, which
means it is upregulated after the PSw stage. The Hedgehog pathway in vertebrates is integral
to embryonic development, which primarily comes down to three central proteins: Sonic
hedgehog (Shh), Indian hedgehog (Ihh), and Desert hedgehog (Dhh), with Shh being the most
representative. It plays a crucial role in tissue patterning during early embryogenesis, such as

in the neural tube, limbs, somitogenesis, and organogenesis, being involved in lung, pancreas,
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and liver development (Ingham and Placzek 2006; Choudhry et al. 2014). Furthermore, it
influences cell differentiation and proliferation (Carballo et al. 2018). When Hedgehog ligands
bind to Patchedl (Ptchl) receptors, it activates a pathway that involves the Smoothened
protein and Gli transcription factors in a messenger cascade within the cell. Intricate feedback
mechanisms, mainly via Ptch1, ensure its fine-tuned regulation (Warzecha et al. 2006; Briscoe

and Thérond 2013; Fernandes-Silva, Correia-Pinto, and Moura 2017).

In Ciona intestinalis, Hh1 was found as an evenly distributed maternal transcript in
fertilized eggs and early embryos, while Hh2 was found to be zygotically expressed in the
tailbud stage, with its transcript being restricted to the ventral nerve cord (Takatori, Satou,
and Satoh 2002). At the larval stage, Gli was expressed in the endoderm's central part and
visceral ganglion, while HH2 was expressed in cells adjacent to the Gli expression domain
(Tariqul-Islam et al. 2010). In B.schlosseri, Hh appears expressed in stem cells that show
migration towards developing buds between stages Al and A6 (Kowarsky et al. 2021). As
mentioned above, two genes for hedgehog were found in P. zorritensis (figure 3.38, fully

detailed tree in appendix 9), one being Hh (/hh in cluster 3) and Dhh (present in cluster 5).

During NED, the role of Hh may differ from its function in embryogenesis. Some tissues
may downregulate Shh to prioritize other pathways vital for regeneration. This
downregulation can prevent the re-specification of tissues, especially since Shh defines tissue
types during embryogenesis. Factors like feedback inhibition due to high Hedgehog pathway
activity, cell cycle regulation needs, shifts in the local microenvironment, and potential tissue
damage responses might influence this reduction in Shh expression (that can explain Hh
downregulation in cluster 2) (Torok et al. 1999). Additionally, while its expression may initially
decrease, SHH might become more active in later regeneration stages. Moreover, Shh's
interactions with other pathways, such as Wnt, Fgf, and Bmp, can impact its activity (Kucerova
et al. 2012). Most of these genes are upregulated during P. zorritensis budding. In other hand
there is Dhh being upregulated after PSw, until the DV stage. This might be related with HH
roles in axis patterning, patterning the tissue together with other pathways (i.e., Wnt, Bmp,

Fgf, Gli) to orchestrate organogenesis.
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Figure 3.42: Phylogenetic tree depicting relationships among Hedgehog (HH) gene sequences across diverse organisms,
primarily vertebrates. The tree showcases the evolutionary dynamics of HH genes, including SHH, IHH, and DHH, among
species. Bootstrap values, given at the nodes, indicate the confidence of each branching event (orange).

NK4

Nk4 is the C. intestinalis homologue of Nkx2-5/tinman, a homeobox protein controlling
cardiac development in vertebrates, and has been implicated in regeneration processes
throughout ascidians. This may be mainly due to its important role in promoting the
expression of GataA by antagonizing the action of Thx1 (Wang et al. 2013). Nk4 expression is
displayed across the ventral epidermis as well as the anterior trunk endoderm between the
neurula stage and metamorphosis of the tailbud larva. Like in vertebrates, Nk4 is pivotal for

the specification of the heart precursors (Wang et al. 2013).

During the early stages of B. schlosseri and P. zorritensis regeneration, Nk4 expression
was described in the bud area where the inner vesicle would form. In the case of peribranchial
budding, it was described to be expressed in the thickened, evaginating epithelium. Upon
formation of the inner vesicle, the expression territory of Nk4 would become restricted to the
anterior-right side. The expression territory in B. schlosseri vascular budding would be the

developing inner vesicle. Finally, in the vasal budding process of P. zorritensis, the first
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instances of Nk4 expression would become visible from the time of epithelial invagination,
distinguishing the Nk4+ invaginating part of the epithelium from the non-invaginating part

(Alié et al. 2018).

While the expression of Nk4 (Nkx2.3/2.5/2.6 in vertebrates) in P. zorritensis had been
reported previously, it was utilized as a control due to its significance in this context and the
fact that this in situ technique had not been employed before in P. zorritensis (Alié et al. 2018).
The Sw stage was included during the experiment, which was not studied in the work of Alié
et al. (2018). Notably, during this stage, the Nk4 expression domain has the shape of a
spherical cap in the upper region of the outer vesicle, probably where invagination is set to
occur (Figure 3.43). At a later stage, Nk4 is expressed in the whole invaginating region and
then later in the newly formed inner vesicle, after which it seems to get restricted to a portion

of the older vesicle (Alié et al. 2018), before the organogenesis starts.

Figure 3.43: in situ hybridization for NK4 in Polyandrocarpa zorritensis.

Whts

Whnt proteins in vertebrates use three main signaling pathways: the Canonical (Wnt/8-
catenin) pathway which regulates gene transcription, the Planar Cell Polarity (PCP) pathway
influencing cell orientation and movement, and the Wnt/Ca2+ pathway that affects
intracellular calcium levels and cellular functions (Kiihl et al. 2000). These pathways are
central to various developmental processes in embryogenesis, including axis formation,
gastrulation, neural development, limb development, organogenesis, somitogenesis, and
stem cell maintenance (together with Notch) (Reya and Clevers 2005; Duncan et al. 2005).

Furthermore, Wnt signaling interacts with other pathways and is regulated by external
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inhibitors like sFRPs and DKKs, ensuring proper developmental coordination (Sharma et al.

2015).

In adult organisms, stem cells are responsible for tissue homeostasis and regeneration.
The Wnt pathway is crucial in preserving the undifferentiated status of stem cells and
regulating their ability to self-renew in various tissues, including the skin, intestine, and
hematopoietic system, which is pivotal for repair responses such as tissue regeneration.
Injuries or diseases that cause tissue damage often trigger regenerative responses (Whyte,
Smith, and Helms 2012). The Wnt pathway is activated during these regenerative processes.
In animals like axolotls, which can regenerate lost limbs, Wnt signaling is activated and is
essential for successful regrowth. After partial hepatectomy, the liver can regenerate, and
Whnt signaling has been shown to play a role in this process. The cyclic growth of hair follicles
is regulated by Wnt signaling (Wang, Etheridge, and Wynshaw-Boris 2007). While mammals,
including humans, have limited capacity for neural regeneration, the Wnt pathway has been

implicated in neurogenesis, axonal growth, and neural plasticity (Gao et al. 2021).

The importance of Wnt for regeneration processes may lie in its short signaling distance
which may associate stemness of a cell with its distance respective to the niche where Wnt is
produced via paracrine signaling. This may contribute to controlling the amount of cells
participating in organ regeneration and thus guide morphogenesis in a spatial and
quantitative manner (Millar et al. 1999). However, the decision on the future cell fate may be
made through different pathways, such as Delta/Notch which has been suggested to act in
concert with Wnt (Collu, Hidalgo-Sastre, and Brennan 2014). Conversely, depletion of Wnt
signal in a stem cell niche may trigger local differentiation (Clevers, Loh, and Nusse 2014; Gao

et al. 2021).

Whnt have been described from studies in several ascidian species. First, in Halocynthia
roretzi, Wnt5a is required for specifying muscle cell types during myogenesis. The finding that,
unlike in C. intestinalis, Halocynthia does not require Nodal signaling in addition, provides
evidence of significant diversification of developmental mechanisms among ascidians
(Tokuoka, Kumano, and Nishida 2007). More relevant for the study of NED, Wnt seems to be
pivotal for the early steps in bud morphogenesis in B. schlosseri. It was shown that an ectopic
increase of Wnt activity may result in the formation of additional budlets, and duplication of

the AP axis. Wnt can also induce changes in polarity on the cellular level, for instance within
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the atrial epithelium of the inner vesicle of the primary bud. Consistently, the place within the
peribranchial epithelium that experiences thickening is also the area of particularly strong
Wnt expression. Additional roles for Wnt signaling in this species have been suggested for
angiogenesis, vascular development, and germ cell proliferation and migration. In C.
intestinalis, Wnt signaling has also been associated with gastrulation, germ layer specification,
and metamorphosis, but, like in B. schlosseri, appears to be critical for endoderm formation
and polarization of the embryo body axis (Di Maio et al. 2015). Taken together, Wnt may be
critical for at least two developmental functions consistently between species: First, as a way
to control local stem cell balance, and second, to coordinate polarity both on the cellular and

tissue level.

Runx/runt

Runx is present in cluster 1, being downregulated at the start of the budding process. In
vertebrate embryogenesis, Runx genes play pivotal roles: Runxl is essential for
hematopoiesis, particularly in the formation of hematopoietic stem cells in the AGM (aorta—
gonad—mesonephros) region and T-cell development in the thymus. Runx2 is crucial for
osteogenesis. These genes also influence neurogenesis, with specific roles in the development
of dorsal root ganglion neurons (Kramer et al. 2006). Additionally, they are implicated in
chondrocyte differentiation (cartilage formation), gut development by Runx3, and the
evolution of various sensory neurons. These functions, complex and varied, are part of
intricate regulatory networks and may differ across vertebrates (Mevel et al. 2019; Srivastava
2021). Runt has been shown to have important roles in planarian regeneration (Wenemoser
et al. 2012). Runt expression is also upregulated in sea star larval regeneration (Cary et al.
2019). Furthermore, homologs of these genes have also been implicated in regeneration in
varied contexts in vertebrates. Runx transcription factors are involved in repair and
regeneration processes in many tissues, including upregulation upon myopathic damage

(Srivastava 2021).

While only single Runx proteins are known from the non-vertebrate chordates
(Branchiostoma floridae, B. lanceolatum, and Ciona), there are three human paralogs (Runx
1-3), which cluster together on the tree (figure 3.44, detailed phylogeny in appendix 10). This

is not surprising given that two rounds of whole genome duplication are known to have
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occurred early in vertebrate evolution, prior to the divergence of the ray-finned fishes from
the lobe-finned fishes (Sullivan et al. 2008). In B.schlosseri, Runx expression was documented
within the developing buds, with expression domains becoming increasingly spatially
restricted, starting from a ubiquitous expression in the secondary bud to the junction area
between the primary and secondary bud (Langenbacher et al. 2015). Runx is downregulated
when Sw starts in P. zorritensis NED. The role of Runx in this context might be involved in
maintaining tissue homeostasis, recruiting cells to the swelling region, and activating cell

division and cell proliferation, allowing the tissue to reorganize for budding (Hughes and

Woollard 2017).
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Figure 3.44: Phylogenetic tree representing evolutionary relationships among 'Runx/runt' genes across various species.
Notably, genes from 'Xlae', 'Hsap', and 'Drer' species form distinct, closely related clades for Runx3, Runx2, and Runxl1,
highlighting their recent shared ancestry. Ascidians form another clade, a sister one, contain only one Runx. 'Dmel’ serves as

a more distantly related outgroup. Bootstrap values, given at the nodes, indicate the confidence of each branching event
(orange).

Piwi-Like

Piwl1 (PiwlA) is present in cluster 5, meaning that it is upregulated after the PSw stage.

Piwl4 is present in cluster 2, being downregulated after the PSw stage. Ascidians Piwl is Piwl1
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according to the phylogeny. Both Piwi-like (Piwl) and Argonaute (Ago) proteins play roles in
small RNA-guided gene regulation in vertebrates. PIWL proteins, in partnership with Piwi-
interacting RNAs (piRNAs), are predominantly active in germ cells in order to ensure genomic
stability by silencing transposons, potentially playing roles in genomic imprinting and stem
cell maintenance. On the other hand, AGO proteins, associated with small interfering RNAs
(siRNAs) or microRNAs (miRNAs), are integral to the RNA interference pathway and influence
gene expression during vertebrate embryogenesis, including promoting cell differentiation,
morphogenesis, and maintaining stem cell pluripotency (Hock and Meister 2008; Darricarrére

et al. 2013).

PIWI-like protein 1 (PIWL1), known as HIWI in humans, is part of the PIWI protein family
and plays a crucial role in germline development, stem cell self-renewal, and genome defense.
It operates primarily via the small RNA-mediated gene silencing pathway, preventing genomic
mutations during embryogenesis. Furthermore, Piw/1 maintains germline stem cells and
ensures proper spermatogenesis. This protein family also influences the epigenetic landscape
(particularly by repressing transposable elements) and has emerging roles in early

embryogenesis and protection against DNA damage (Lee et al. 2006; Lim et al. 2013).

Piwi has been documented to be involved in the development and regeneration of
different ascidian species. In Botrylloides leachii, Piwi starts being expressed in cells lining
vascular epithelia that, upon activation, are mobilized for incipient WBR. Those cells were
reported to undergo morphological changes, proliferate and differentiate. Regeneration
arrests upon knockdown of Piwi revealed that this protein is not only a marker of cells

recruited for WBR but is crucially involved in orchestrating this process (Rinkevich et al. 2010).

Another study showed Piwi expression in germline cells, and a cell population in the
hemocoel and tunic vessels in Botryllus primigenus, suggesting a role in somatic stem cell
maintenance. However, hemoblasts that were involved in vascular bud formation did not
exhibit Piwi expression (Sunanaga, Inubushi, and Kawamura 2010). Conversely, in B.
violaceus, small clusters of Piwi+ hemoblasts were described as aggregating and present in
bud development until the early vesicle stages (Kassmer, Langenbacher, and De Tomaso
2020). Piwi+ cells have also been documented as surrounding regenerating tissues, but not
within the differentiating tissues themselves (Brown et al. 2009). Although it has not been

shown now exactly those cells participate in the regeneration process, Piwi expression
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appears to be pivotal for stem cell recruitment and differentiation in the early bud formation.

Apart of Piwl1, | have identified possibly two orthologues of Ago, one that in the phylogeny

clusters together with the vertebrates Ago and one outside this clade (figure 3.45, detailed

tree in appendix 11).
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Figure 3.45: Phylogenetic tree of Argonaute and Piwi-like proteins from various organisms. The tree illustrates the
evolutionary relationships and divergence among the proteins, with branch lengths representing evolutionary distances.
Bootstrap values, given at the nodes, indicate the confidence of each branching event (orange). Notably, Argonaute proteins
and Piwi-like proteins form two distinct clades.

Goosecoid

Goosecoid (Gsc) is part of cluster 5, which means that it becomes upregulated during

budding after the PSw stage. In Xenopus laevis, the Gsc gene plays a crucial role in the

formation of Spemann's Organizer, which prevents Bmp4 from turning the ectoderm into

epidermis in the embryo's future head region. By inhibiting Wnt8 and Bmp4, Spemann's
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Organizer ensures normal anterior development (Yao and Kessler 2001). Gsc is expressed
twice during embryogenesis: first during gastrulation and then during organogenesis. During
gastrulation, high concentrations of Gsc are found in the dorsal mesoderm and endoderm.
Later, Gsc expression is confined to the head region (Yamada et al. 1995). In Xenopus, cells
that express Gsc become the pharyngeal endoderm, the mesoderm of the head, the ventral
skeletal tissue of the head, and the notochord (De Robertis et al. 1992). The gene's role is
evolutionarily conserved across vertebrates. Abnormalities in its function can disrupt
gastrulation and, in some cases, induce secondary body axes (Cho et al. 1991; Ulmer et al.

2017).

In B. schlosseri embryogenesis, Gsc was described as ubiquitously expressed during
early stages until the neurula stage, with expression domains to be localized in the neck and
head domains of the tailbud. In NED, Gsc expression was found in the double vesicle, with
later restriction to the dorsal epithelium. Overall, a similarity to the spatiotemporal
expression dynamics of Gsc in vertebrates has been stated (Imai et al. 2004; Ricci, Cabrera, et
al. 2016). During P. zorritensis, it is possible that Gsc is acting modulating Bmp and Wnt during
the regions patterning of the Sw vesicle and later is involved in the organogenesis,

participating in the nervous system and pharyngeal basket development.

Gata

GataA (Gata4/5/6) and GataB (Gatatl/2/3) are found in cluster 6, meaning they are
upregulated after the PSw stage. The family of Gata transcription factors are crucial in the
development of vertebrates during embryogenesis. Gatal is pivotal for hematopoiesis,
notably in erythropoiesis and megakaryopoiesis, with mutations causing blood disorders like
thalassemia (Yu et al. 2002). Gata2 is vital for hematopoietic stem cells development and
maintenance, with mutations leading to immunodeficiency and leukemia (Katsumura et al.
2018). Gata3 governs T-lymphocyte development and is central in the development of the
inner ear and kidney structures; mutations result in hypoparathyroidism and deafness (Lemos
and Thakker 2020). Gata4 is central to cardiac development and the formation of liver, gut,
and gonads, with mutations causing congenital heart defects (Garg et al. 2003). Gata5,
although less studied, is linked to cardiac development, and mutations are associated with

heart diseases (Haworth et al. 2008). Lastly, Gata6 is crucial for lung and pancreas
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development, with mutations causing pancreatic agenesis and heart defects (Morrisey et al.
1998; Patient and McGhee 2002; Collin, Dickinson, and Bigley 2015; Kang et al. 2018).
Ascidians have two Gata genes: GataA, functionally equivalent to Gatat4/5/6 of vertebrates,
and GataB, equivalent to Gatal/2/3 in vertebrates (Ragkousi et al. 2011) (figure 3.46, see

appendix 12 for complete phylogeny).

The suppression of ectoderm fates in Ciona intestinalis is achieved by antagonizing the
maternal GataA function. This function is necessary for the initial specification of "naive"
ectoderm and also for neural induction at a later stage (Rothbacher et al. 2007). The gene
GataA is present in heart progenitor cells and the adjacent endoderm. Repression of
endodermal GataA's function leads to endoderm morphogenesis disruption (Ragkousi et al.
2011). In Botryllus schlosseri, the Gata4/5/6 gene is active in the ventrolateral region of the
branchial chamber, which is where the heart muscle develops (Ricci, Cabrera, et al. 2016).
GataA expression was also found during peribranchial budding in a group of cells in the
posterior half of the inner vesicle during stage B1l. As the development of the budlet
progressed, the expression was limited to a smaller patch of 10-15 cells. During the transition
to stage C1/C2, the gut rudiment formed and GataA signal was detected as it elongated to
form the digestive tract. GataA expression was then limited to the stomach rudiment and not
present in the intestine and its associated glands. GataA transcripts were also detected in
cells where heart organogenesis occurs and in follicle cells surrounding mature oocytes (Ricci,
Cabrera, et al. 2016). Ricci et al. (2016) also reported GataA expression during vascular

budding in B. schlosseri.
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Figure 3.46: Phylogenetic relationships of GATA transcription factors across multiple species, including chicken (Ggal), human
(Hsap), African clawed frog (Xlae), zebrafish (Drer), the lancet (Bflo, a hemichordate (Skow) and the ascidians Ciona
intestinalis, Styela Clava, Polyandrocarpa zorritensis, Polyandrocarpa misakiensis, Botryllus schlosseri, and Botrylloides
leachii. The tree reveals evolutionary branching patterns of the GATA1 through GATA6 gene families, with bootstrap values,
given at the nodes, indicate the confidence of each branching event (orange).

To be able to compare the spatio-temporal GataA expression dynamics between NED
in Botryllus schlosseri and Polyandrocarpa zorritensis, | performed an in situ hybridization
study across all developmental budding stages. The in situ HCR for GataA showed expression
in the upper portion of the outer vesicles of P. zorritensis. During the El stage, GataA displayed
a strong expression in a ring pattern in the lowest portion of the invagination fold. As
development progressed to the DV stage, GataA was expressed in a small region in the lower
part of the inner vesicle. Subsequently, in the later stages of early organogenesis, GataA
expression was observed in the ventral region of the branchial folds. Upon the formation of
the gut, GataA exhibited expression in both the mouth and gut regions (Figure 3.47). The
dynamic expression changes of GataA in different bud regions and during various stages of
development indicate its involvement in regulating tissue differentiation and morphogenesis.
Overall, the expression pattern of GataA observed in P. zorritensis is reminiscent of the one

previously described in Botryllus schlosseri. In line with my observations in the former species,
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Bsch-GataA is also expressed in the forming inner vesicle and restricted to the posterior
territory before and during the formation of the gut primordium (Ricci, Cabrera, et al. 2016).
This suggests that GataA, similarly to Nk4, might have been convergently co-opted to pattern
the inner vesicle from its formation to the onset of organogenesis. In situ hybridization of
GataA at the swelling stage of P. zorritensis would be necessary to confirm that the expression
of this gene remains undetectable at the swelling stage, as suggested by the transcriptomic

profile of cluster 6.

Figure 3.47: In situ hybridization for GATAa in Polyandrocarpa zorritensis. Red arrows indicate the localized expression during
NED.

In B. schlosseri, GataB was not found expressed in the early stages of vascular budding,
while vascular buds at stage 5 clearly express GataB in the epithelia lining the vascular
endothelium along the sides of the vascular bud. In addition, it was found to be expressed in
the peribranchial epithelia, serving as a marker of ectodermal identity. Furthermore, a peak
of GataB expression was observed precisely in the region where new budlets will originate

(Ricci, Cabrera, et al. 2016).
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Transcriptome Comparisons Among P. zorritiensis Vasal Budding, B.

schlosseri Peribranchial Budding, and Vascular Budding

Among the family of Styelidae, we can identify at least three independently evolved
types of NED (Alié et al. 2018). In order to search for molecular players shared and not shared
among the three NED types, the transcriptomic dataset of P. zorritensis’ vasal budding
presented above has been compared with two published Botryllus schlosseri transcriptome
datasets, one encompassing three early stages of peribranchial budding (Ricci, Chaurasia, et
al. 2016) and one encompassing four stages of vascular budding (Ricci et al. 2022). The
reference genome used for the transcriptome mapping was generated by Tiozzo’s Lab in
collaboration with Flot’s Lab, following the same strategy used for P. zorritensis genome. The
whole pipeline used for mapping and analyzing the transcriptomes is the same also used for

P. zorritensis (appendices 13 and 14).

Transcriptomes comparisons

To extract a list of common differentially expressed genes during NED in the two
species, P. zorritensis and B. schlosseri, | first identified orthologous genes using the program
OrthoFinder inside the online program OrthoVenn. A total of 9700 orthogroups were
identified, of which 6565 were found to be single-copy clusters, i.e., they contain only one
single gene per species (no paralogues). 750 orthogroups contained DEGs present in the
output of both species from DESeqg2 analysis, among which 494 were single-copy orthogroups

(figure 3.48).
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Figure 3.48: Quantitative comparison of genes and DEG between B. schlosseri and P. zorritensis. On the left side, the numbers
of shared and not shared orthogroups are depicted. On the right side, a workflow chart illustrates the analysis steps leading
to the isolation of 494 single-copy clusters among the shared DEG.

To facilitate comparative analysis, the expression values from the three transcriptome
sets (P. zorritensis vasal budding, B. schlosseri peribranchial, and vascular budding) were
normalized to the same scale. The replicates were averaged, and the final expression values
were used to construct an expression matrix. Utilizing this matrix, | generated a heatmap to
identify NED stages with similar expression profiles. The heatmap analysis revealed two main
groups: one encompassing all control stages from the three NED types and another group
comprising the remaining NED stages. Within this latter group, peribranchial and vasal

budding are grouped together, excluding vascular budding (Figure 3.49).
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Figure 3.49: Heatmap of normalized stage-wise expression values of genes that are expressed during different NEDs in two
different species, during P. zorritensis vasal budding (Pzor), B. schlosseri vascular budding (Bsch TO, T6, T18 and T24), and B.
schlosseri peribranchial budding (Bsch Ref, A2, B2). With the help of the dendrogram, groups of similar expression profiles
across species, stages, and budding types are identified.

Although the clusters appear still rather heterogeneous within, they allow a coarse
guantitative comparison between the NED. First, it can be seen that the initial stages of all
these three NED clusters together, irrespective of the species or the specific process, suggest
the involvement of developmental processes that may be general and not process-or species-
specific. One might speculate that this is because mechanisms such as stem cell activation,
proliferation, and early differentiation are needed in any developmental process. This
conclusion is intriguing since in P. zorritensis, the initial stages of budding encompass more
dynamic gene expression changes than later stages. It is also interesting since one might have,
intuitively, expected larger differences between the earlier stages in light of the different
origins of the tissue that the budding starts from. Second, the separation between whole-

body regeneration and asexual reproduction in B. schlosseri suggests that the later stages of
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those two NED may either have diverged early within Styelidae or that substantial co-option
of pathways and developmental mechanisms between B. schlosseri and P. zorritensis asexual
reproduction has taken place. Otherwise, clustering would have been expected to have

followed taxonomic clades.

Among these 494 genes, | focused on the developmental genes that were previously
pre-selected in the P. zorritensis analysis. The genes | retrieved from this filtration process
were: Piwl1, Tshr, FoxAl, FoxG1, FoxH1, Wnt5B, Runx1, Tll1, Tll2, Notch2, Hnf4A, Sox11, and
Gsc. Interestingly, none of the selected genes exhibited a consistent expression profile across
the control stages compared to the other budding stages. These genes showed up or
downregulation in the control stages relative to the other budding stages. Some genes
displayed a partially similar pattern between the two budding types. For instance, the gene
Runx1 was found to be lowly expressed in all peribranchial budding stages of B. schlosseri.
However, in the vascular budding of B. schlosseri and vasal budding of P. zorritensis, it
exhibited an upregulation in the control stage and a downregulation during the subsequent
budding stages. Similarly, the genes Notch2 and Hnf4a shared similar expression profiles in
peribranchial and vasal budding. Notch and Hnf4A were downregulated in the control and
upregulated during the budding stages. On the other hand, the gene FoxH1 displayed a
common expression pattern between the two budding types in B. schlosseri. It showed an
upregulation in the initial budding stages and a downregulation in the later budding stages

(Figure 3.50).

Despite these few instances of similarity, for most of the genes in the list, no conserved
or clear expression pattern emerged. This observation could be attributed to factors such as
the quality and coverage of transcriptomes for the stages and intermediate stages or the
possibility that these specific genes may not be responsible for the comparability among the

different budding types.
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Figure 3.50: Coarse comparison of temporal gene expression profiles of selected developmental genes between different
species and budding types (PB: peribranchial budding, VB: vascular budding). Colors represent relative gene expression
between no expression and maximum expression. Overall similarity was assigned on a qualitative base (left column: B.sch
PB, central column: B.sch VB, right column: P.zor).

NED Transcriptome Comparison: Within Other Styelidae Species

The comparison of genes expressed during NED was expanded to the other Styelidae
Botrylloides leachii and Polyandrocarpa misakiensis. The data incorporated for B. leachii was
previously published by Zondag et al. (2016), and the transcriptome data for P. misakiensis
was processed following the same protocol used for P. zorritensis, and the de novo assembly

scores can be found in the appendix section (appendix 17).

To identify the genes in B. leachii and P. misakiensis whose expression during budding were
shared with P. zorritensis and B. schlosseri DEGs, a processing pipeline was performed
similarly to the previous sub-chapter. In the first step, the proteins sequences obtained from

the de novo assembly of P. misakiensis and B. leachii, together with the proteins’ sequences

140



obtained in the P. zorritensis and B. schlosseri genomes, were clustered in orthogroups. The
output provided 7388 orthogroups with at least one protein sequence of each species (figure
3.51). In the second step, only the single-copy clusters which included the DEG in P. zorritensis
and B. schlosseri were filtered, resulting in 253 clusters. In these clusters the following
candidate genes were found: Fgfrl, Fos, FoxG1, FoxH1, Gsc, Hnf4, Hox4, Nk4, Runx, TlI2, and
Tshr.
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Figure 3.51: Quantitative comparison of gene clusters and single-copy DEG shared between four different species.

The OrthoFinder also outputted single-copy clusters covering only two or three species.
However, this result only points to the fact that these 253 genes are commonly expressed
among the four species. When trying to compare the expression profiles across species, the
result was similar to the one observed by comparing only P. zorritensis and B. schlosseri,
meaning there is no clear conserved expression profile among the different types of budding
for the genes | selected (figure 3.52). For some of them, focusing on the interval between NED
start until double vesicle (see Materials and Methods for staging information), it is possible
to establish a correlation, for example, Hox4 in P. zorritensis, B. schlosseri VB, and PB and B.
leachii being downregulated; Runx is downregulated during budding development in the five
NED examples studied; Hnf4 is upregulated during budding in all the examples, with exception

of B. schlosseri PB; Nk4 is upregulated during the budding development in all the examples;
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Gsc is upregulated during budding P. zorritensis, P. misakiensis, and B. leachii but
downregulated in B. schlosseri VVB; Fgfr1 is upregulated in B. schlosseri VB, P. misakiensis and

in B. leachii, however, it is downregulated in P. zorritensis.

To better compare the expression of these genes across different NED strategies and
species, a spatial expression pattern characterization using in situ hybridization can provide
further insights, potentially unraveling more nuanced regulatory mechanisms and
interactions during the various budding stages. Another consideration is that this result
provided a good approximation but has the limitation that two of the NED data do not have
replicates (B. leachii and P. misakiensis), meaning that the expression dynamics of some of
the genes may be either even more similar or more different than NED in P. zorritensis and B.

schlosseri.
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Figure 3.52: Expression profiles of candidate genes filtered from the orthogroups single-copy clusters across different species.
In the Y axis are the expression values, normalized (0-1), and in the X axis are the NED developmental stages.
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3.d) Conclusion

Development is the process that reconstructs functional organisms (or organs) from
simpler starting conditions. These starting conditions can be the fusion of gametes, usually
referred to as sexual reproduction leading to a stereotypical form of embryonic development.
On the other hand, development can start asexually from diploid, adult structures, which can
be called non-embryonic development (NED) because it does not go through typical
embryonic stages. This latter mode of development is common in ascidians, particularly in the
family Styelidae, where previous studies have found that NEDs have undergone plastic and
partly independent evolution. Different tissues can give rise to NED, and this is highly species-
dependent. Therefore, elucidating the developmental mechanisms underlying different types

of NEDs in ascidians may help to understand their extant diversity as well as their evolution.

Here, | chose a comparative approach based on transcriptomic and some histological
data, which allows us to find quantitative patterns of developmental genes, pathways, and
GRNs that are dynamically involved in different stages of NEDs. First, | used the vasal budding
process in Polyandrocarpa zorritensis in which | characterized seven developmental stages:
Control, Pre-Swelling, Swelling, Early Invagination, Late Invagination, and Double Vesicle. The
last stage, in which a completely closed inner vesicle forms, seems to be common to different
NEDs. For analysis, | extracted RNA from P. zorritensis buds at each of those stages. While a
suitable genome to guide the assembly of the transcriptome became available in the later
stages of this project, | first had to identify differentially expressed genes (DEG) between the
stages using de novo assembly and DeSeq2. This yielded over 7800 DEGs representing more
than 25% of all expressed bona fide genes. Using principal component analyses, | found that
the transcriptomes of the seven NED stages fell into two main clusters: a cluster the first two
stages (Control and Pre-Swelling), which encompass developmental events before
histological changes become apparent in the tissues, and the remainder of stages. While there
was still a significant number of DEGs between the control and pre-swelling stage, there were
only very few DEGs between the later stages. Within the DEGs, | found several GO terms
enriched, including DNA replication, neuronal differentiation, cell differentiation, and
morphogenesis, suggesting the onset of developmental dynamics. | also clustered genes by
expression profile and identified several classic developmental gene families and pathways

whose expression was upregulated after the onset of NED. These included members of Whnt,
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Bmp, the Hh family, Notch, Gsc, Fgf, Pax, Fox, and several markers of cell differentiation such
as Gata and Piwi. Consistent with this, early stages were enriched for GO terms specifying cell
metabolism, RNA processing, and chromosomal organization as enriched, whereas genes
upregulated at later stages were enriched for GO terms such as development, tissue, and
organ morphogenesis. These results suggest that most developmental pathways are active
before morphological changes become manifest. The genome-guided transcriptome

assembly gave very similar results from around 5700 genes.

As a control, | tested the spatial expression dynamics of Nk4 and GataA throughout the
vasal budding process using in situ hybridization. This experiment confirmed a very similar
expression pattern to Botryllus schlosseri, suggesting that very similar genetic mechanisms

have been convergently co-opted in the two clades.

To compare different NEDs in different species from a transcriptomic perspective, | used
transcriptome data from P. misakiensis, Botryllus schlosseri, which has two different modes
of NED (vascular and peribranchial), and Botrylloides leachii. A comparison between P.
zorritensis and the two budding modes of B. schlosseri revealed a separate clustering of the
two NEDs of B. schlosseri and no clustering by species. A gene-wise comparison identified
common developmental genes such as Wnt5B, Piwl1, Gsc, Hnf4A, Notch2, Nk4, Runx1, Sox11,
and several Fox members but failed to find consistent expression profiles between the NEDs,
suggesting complex developmental dynamics. In other words, either the actual expression
profiles of those genes are too dynamic to yield comparable stage-wise profiles, or the
topology of specific gene regulation happens to have evolved fast even between related
species. A broader comparison between all species mentioned above showed that a much
larger proportion of the expressed genes are common to all species. Overall, this study
demonstrated, from a quantitative perspective, the dynamic nature of the mechanisms
underlying NEDs and that there are commonalities even between independently acquired
budding strategies. However, a closer comparison between temporal and spatial changes in
gene expression and tissue changes will be necessary for a mechanistic understanding of

these complex processes.

Given the large number of differentially expressed genes that are known from other

developmental processes, it is tempting to compare their expression in NED with their
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functions in embryonic development. This is not a straightforward task as many of these

developmental genes are involved in many different functions.

Gastrulation is a key event during early embryogenesis in nearly all animals, during
which the initial monolayer of multipotent blastula cells becomes a multilayered embryo.
These layers then, correspond to the different germ layers that will give rise to the subsequent
cell lineages that will eventually form the organs. Thus, a tight control of this process is crucial
for successful development. A number of studies in Phallusia and Ciona have identified
several Fgf, FoxD, Bmp, Nodal, Tolloid, all of which were also found on the list of differentially
expressed genes during NED, as key morphogens involved in the invagination of the
prospective endoderm during ascidian gastrulation (Imai et al. 2004; Hudson and Yasuo 2005;
Hudson, Lotito, and Yasuo 2007; Fiuza et al. 2020). Suggesting a high degree of conservation,
most of these signaling pathways, Nodal, Fgf, Bmp, and also Wnt, are known from vertebrate
gastrulation (Ciruna and Rossant 2001; Von Der Hardt et al. 2007; Heisenberg and Solnica-
Krezel 2008; Luxardi et al. 2010; Fiuza et al. 2020). Since the problem of germ layer separation
also arises in the context of NED, it is not surprising that some of the key gastrulation
pathways are also active. Furthermore, gastrulation involves cell rearrangement mechanisms
(such as apical constriction and baso-lateral shortening leading to invagination, intercalation
etc.) that may also be central to other developmental mechanisms. For instance, Nodal has
been shown to be critical in the transition between apical constriction and apico-basal
shortening (Fiuza et al. 2020). Thus, some of these “gastrulation genes” might be considered
more as markers of basic cell behaviors and tissue-level changes and are therefore likely to

be recruited during a variety of developmental processes, both embryonic and in NED.

Another gene that is central to the orchestration of early vertebrate development is
Goosecoid. It has been shown, first in Xenopus, that ectopic expression of this homeobox
factor is sufficient to induce the establishment of the body axis if ectopically expressed, thus
mimicking the proposed activity of a Spemann organizer. Cell populations expressing Gsc are
then specified to differentiate into pharyngeal endoderm, head mesoderm, and notochord
tissues. Gsc expression is in turn controlled by dorsal (Wnt) and ventral (FGFs) factors (Eddy
M. De Robertis et al. 1992). Since Gsc, along with Wnt and Fgf, is expressed during P.
zorritensis NED, it can be speculated that it may represent a hallmark of active axis

specification and tissue differentiation.
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In general, several of the pathways found to be differentially expressed in NED are
known to be involved in basic tissue and lineage specification. For instance, Noggin, Nodal,
Bmp and Fgf, which are downstream of b-Catenin in pre-gastrulation and early gastrulation
stages, are critical for mesenchymal induction (Bertrand et al. 2003; Imai et al. 2004). It has
also been shown that mesenchymal specification by different Fgf are essential for prospective
notochord formation in Ciona (Hudson, Lotito, and Yasuo 2007). Since NED can originate from
different tissue contexts, it is necessary to recruit developmental mechanisms that can form
ontologically distant tissues de novo. Thus, reactivating pathways that were central to the
specification of their major germ layers and their derived cell types during embryonic

development may be an evolutionarily simple strategy to address this problem.

The formation of the neural plate is one of the first steps in the development of the
central nervous system (CNS). In ascidians, it involves a stereotypical geometric patterning of
cells that serve as precursors for different neural cell lineages, requiring very precise
developmental control at the level of each cell. These includes the Nodal, Delta/Notch
pathway, which are critical for establishing lateral inhibition and single-cell boundaries, and
the FGF signaling pathway, which ensure a transversal antero-posterior gradient (Hudson,
Lotito, and Yasuo 2007). The same signaling pathways have been reported to be upregulated
during NED. It is very likely that a similar mechanism is recruited during NED in a functional
CNS, and therefore a precise patterning process is indispensable for any whole-body
formation process. The involvement of Fgf (in concert with Wnt) in the establishment of a
posterior identity in prospective neural tissue in the late vertebrate gastrula suggests a high
degree of conservation of the processes involved in early chordate neurogenesis (Gamse and

Sive 2000).

Although this exercise is inevitably speculative, it can generate hypotheses that may
provide a starting point for future follow-up experiments. In general, such a comparison is
also hampered by the fact that there appears to be no substantial difference in gene
expression profiles between the Swelling and Double Vesicle stages. This can be interpreted

in two ways.

First, most of the changes in gene expression, which are indicative of changes in cell and
tissue behaviors, occur at the very beginning of NED, with later stages contributing only to

growth and minor changes. If this view is correct, then a more refined staging between the
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Control and Swelling stages is needed to be able to discern a temporal sequence of expression
of developmental genes. Conversely, studies quantifying transcriptome dynamics during limb
regeneration in axolotl and amphipods do not suggest a significant decrease in gene
expression changes over time (Li et al. 2021; Sinigaglia et al. 2022). However, limb
regeneration and NED in ascidians may not be comparable at all, and thus propagating gene

expression dynamics in the former may not be informative for understanding NED.

Alternatively, gene expression may continue to undergo dynamic changes but be
restricted to specific cell populations. Hence, dilution from the rest of the tissue with no or
constant gene expression may render any signal of local expression change negligible or
indistinguishable from background noise. Thus, a single-cell or tissue-specific approach may
be required to detect such signals. Again, this view, seems plausible given the increasing
compartmentalization and lineage specification during the later stages of NED. It would be
analogous to the later stages of development when regionalized and organ-specific
patterning follows early embryogenesis with embryo-wide expression patterns. Yet, a strong

regionalization of embryogenesis at the end of the Swelling stage seems to be quite early.

Overall, this comparison shows striking similarities between NED and early
development. | think is not surprising, since the main task, the reconstruction of a
stereotypical adult, is ultimately the same. Despite the obvious differences at the onset of
both types of development (embryonic and non-embryonic), it makes sense that the
pathways and mechanisms involved in development would be redeployed. The recruitment
of developmental modules that are normally active during embryonic development also
follows an evolutionary logic, since recycling of developmental modules is a fast way to
generate functional NEDs. If such a scenario is evolutionarily easy to achieve, it could explain
the plastic evolution of NEDs in Styelidae as well as the multitude of different strategies. Thus,
a more detailed analyses of the similarities and differences between embryonic and different
non-embryonic developmental strategies in ascidians may be a promising strategy to
decipher how development evolves, and why this evolution seems to allow different

reproductive strategies to emerge more easily in some clades but not in others.
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Chapter 4 - Conclusion
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Conclusion

In order to predict how species can thrive in different habitats, it is highly informative
to assess the interaction between environmental conditions and their reproduction. This is
why, in this thesis, | first examined how salinity levels affect the reproductive strategies of a
known invasive ascidian species, P. zorritensis. The results provide valuable insights into the
impact of a key environmental factor on the production of asexual and sexual offspring. They
reveal the complexity of the relationship between external factors and internal life-history
decisions and suggest that there is an optimal range of salinities where asexual reproduction
takes place most efficiently. Although sexual reproduction is a central life-history process and
as such not strictly dependent on the water salinity, it may not be sufficient to compensate

for the negative effects of extreme salinities on the efficiency of asexual reproduction.

Many colonial ascidians are interesting models for understanding the evolutionary
history of ascidians and their success in colonizing new environments, due to their ability to
perform different reproductive strategies, including sexual reproduction, different modes of
asexual reproduction (budding) and hibernation stages (Jenner and Wills 2007; Sommer
2009). Understanding the underlying mechanisms that govern the decisions to initiate these
different phenomena requires further investigation. This study also complements the
previous work on P. zorritensis (Hiebert et al. 2022), which highlights the importance of
overwintering spherules in replenishing populations and considers the possibility that the
survival of dormant forms could be a bottleneck for annual population growth. Considering
the fact that colonial ascidians are sessile organisms that will lose the ability of locomotion
upon larval settlement, adapting to changing environmental conditions can take place in
three different ways. First, asexual reproduction will clonally expand the size of an existing
colony, which is an efficient way of taking advantage of locally favorable environmental
conditions. Second, sexual reproduction allows dispersal owing to larval motility. While this
mode of the reproduction will contribute to the success of a residual population
independently of the environmental conditions, it offers a way to stray away from local
conditions that do not favor colony growth. Third, transient unfavorable conditions, such as

seasonal shifts in environmental factors, can be circumvented by forming dormant stages that
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retain the ability to regenerate a functional individual once the conditions start improving
(Hiebert et al. 2022). Overall, my study supports this interpretation of a linkage between
environmental conditions and a selective reproductive response, but future studies are

needed to elucidate how these decisions are made on a developmental-metabolic level.

Predicting the success of invasive species as a function of environmental parameters is
central to understanding how ecosystems evolve in light of a changing climate and direct or
indirect anthropogenic interchange of species. The chapter 2 of this thesis stresses the
significance of recognizing the environmental and developmental boundaries of the species
under investigation, such as a range of salinities. Although such preferences may change
during evolution, there appear to be, even for relatively tolerant or generalist species, salinity

thresholds under which their efficiency of reproduction will diminish.

The research also brings attention to how anthropically modified coastal regions can
locally lead to increased invasiveness, selectively boosting the success of asexual
reproduction. Conversely, such insight may allow predictions about where an invasive
population is most likely to start thriving and suggests strategies to selectively curb invasion
success. Specifically, it helps understand how specific human activity types will affect coastal
ecosystems. Therefore, it is crucial to adopt a holistic conservation approach that takes into
account both natural and human-influenced factors impacting the reproductive strategies of

marine invertebrates.

Development is a complex process that, among others, requires precise regulation of
gene expression in time and space to create distinct tissues and organs, which is true for both
sexual and asexual modes of reproduction. Since both modes result in the same, conserved,
adult bauplan, elucidating how different NED strategies converge into a common stage,
namely the double-vesicle stage, is all the more fascinating. However, the complexity of
development stems from the fact that genes interact in networks which, together and
dynamically, will change the expression of specific effector proteins locally, making a causal
association of specific genes with functions a challenging enterprise. Recent advances in
transcriptomics have enabled researchers to investigate differences in gene expression
patterns across various organisms in a sufficiently fine-tuned manner. My research has,
specifically, explored ascidian non-embryonal development (NED) and how gene expression

dynamics contribute to this intricate process.
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In the second part of my thesis, | aimed to improve our understanding of how NED
developed in colonial Styelidae. To this end, | explored the process of vasal budding in P.
zorritensis with respect to the molecular regulation of morphogenesis, differentiating key
developmental stages which | analyzed further using transcriptomics and spatio-temporal
expression patterns of key morphogens. This effort resulted in a comprehensive, high-quality
transcriptome, serving as a molecular guide to decipher the complex genetic dynamics that

regulate vasal budding.

During the subsequential analysis, | found that most of the changes in gene expression
occur at the early stages of vasal budding, even before the visual onset of histological changes.
This came, prima facie, as a surprise, and prevented a direct association between visual
changes in the tissue and the transcriptomic level. However, as the genetic processes
underlying vasal budding are finely orchestrated and involve synchronized communication
between various molecular players to ensure its successful initiation and progression, it can
be expected that most of the gene expression changes are performed before major tissue
rearrangements take place. In other words, it is likely that gene regulatory dynamics unfold
to initialize subsequent developmental steps and be maintained in a stable state during the
tissue changes that are observed. The alternative scenario, concomitant gene expression and
morphological changes might be overall less robust and prone to environmental influences
(Salazar-Ciudad and Jernvall 2004). Besides, the maintained expression of key effector genes
will continue to promote cell differentiation and tissue morphogenesis, even if this is not
reflected in expression changes per se that would be recorded by transcriptome analysis.
Another possible explanation of the conspicuous lack of differential gene expression past the
PSw and Sw stages might be that important changes of gene expression become increasingly
restricted to specific cell populations (which may be a common trend in animal development,
cf. Salvador-Martinez and Salazar-Ciudad 2015), which would lead to an overall dilution of the
signal the differential gene expression analysis is capable of detecting. Taken together, my
analysis shows a high concentration of gene expression dynamics at the very onset of
development, which might be a more general feature and could be interpreted in terms of
developmental robustness, but comparative studies would be needed to corroborate such a

hypothesis.
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Transcriptomic technologies allow the detection of the molecular players of the
networks that control developmental processes which ultimately drive the cellular events
during vasal budding. Interestingly, my analysis revealed that many genes and regulatory
gene cascades (pathways) with well-defined roles in embryogenesis are also involved in vasal
budding during NED, suggesting repurposing for budding processes that are part of ascidian
life cycles. Many of those genes are part of conserved genetic toolkits whose functions have
been well described throughout ascidian development, and, in some cases, metazoan. For
instance, Nk4 in C. intestinalis is equivalent to Nkx2-5/tinman, a vital protein in vertebrate
cardiac development and ascidian regeneration. It indirectly promotes GataA expression, vital
for heart precursor specification . Nk4 is expressed in the ventral epidermis and anterior trunk
endoderm (Wang et al. 2013). In B. schlosseri and P. zorritensis regeneration, Nk4 is expressed
in bud areas, inner vesicles, and invaginating epithelia. In P. zorritensis, Nk4 expression during
the Sw stage suggests a role in epithelial invagination (Alié et al. 2018). Iroquois (/rx6) genes
are essential for body plan formation throughout vertebrates, and in B. schlosseri, IrxB
expression is linked to dorsal tube development, indicating involvement in anterior-posterior
axis differentiation (Cavodeassi, Modolell, and Gomez-Skarmeta 2001; Gomez-Skarmeta and
Modolell 2002; Priinster et al. 2019a). Runx genes, crucial in vertebrate hematopoiesis, are
downregulated at budding onset. In B. schlosseri, Runx is expressed in developing buds,
potentially contributing to tissue reorganization (Langenbacher et al. 2015). Goosecoid (Gsc),
upregulated during budding, plays roles in vertebrate head development (De Robertis et al.
1992). In B. schlosseri, Gsc expression mirrors vertebrate patterns, suggesting involvement in
nervous system and pharyngeal basket development (Imai et al. 2004; Ricci, Cabrera, et al.
2016). GataA/B, crucial in vertebrate development, are upregulated post-PSw stage. GataA's
roles in ascidians include heart development, endodermal morphogenesis, and digestive tract
formation (Rothbacher et al. 2007; Ragkousi et al. 2011). In B. schlosseri, GataA is expressed
in ventrolateral regions, during peribranchial and vascular budding, and in cells associated
with heart organogenesis (Ricci, Cabrera, et al. 2016). It has to be cautioned that, despite
these and other examples, a functional account of key pathways during NED is crucial for any
more specific hypotheses, yet my observations and speculations may provide a starting point

for future evo-devo research.
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Amongst those molecular toolkits, | identified homologues of several pathways that are
involved in developmental processes and well-defined roles in early tissue morphogenesis,
such as cell differentiation, tissue patterning, gastrulation, neurulation (in vertebrates) and
specific organogenesis, although it still needs to be tested to which extent their function has
been retained. The diversity in gene expression patterns highlights the complexity of these
processes and suggests the various ways in which NEDs in different species navigate the
intricate landscape of embryonic development. My analysis highlights the conservation of
fundamental developmental processes and deepens our understanding of the organization
and evolution of regeneration processes, across diverse biological contexts. Furthermore, it
underscores the evolutionary continuity in the orchestration of developmental events,
providing insight into the general principles of evo-devo such as homology on several levels,

developmental drift, developmental modularity and innovations.

The identification of key developmental pathways among the set of differentially
expressed genes during NED suggests that developmental processes tend to be based on the
modular recruitment and adoption of elementary morphogenetic mechanisms into a network
orchestrating whole-body morphogenesis, which would provide a way for evolution to

assemble and re-assemble developmental processes, including ascidian NEDs.

The research included in my thesis provides a comprehensive transcriptome of P.
zorritensis vasal budding, shedding light on the temporal dynamics, and evolutionary
relationships. These insights enhance our understanding of developmental biology and pave

the way for future studies on the molecular processes acting in ascidian life cycles.

NED is widespread among colonial ascidians, with different types of NED (characterized
by the specific tissue that gives rise to a new individual via budding), suggesting a dynamical
evolution of budding modes. This fact allows us to compare the development of NED both
between different species and between different budding modes, to understand key evo-
devo questions: how did these complexes, yet heterogeneous, modes of asexual reproduction
emerge multiple times in evolution? What are the commonalities and differences in
developmental mechanisms that orchestrate NEDs? Is this pattern of dynamic evolution in

line with homology or convergence hypotheses of the origination of NEDs?

To contribute to answering these relevant questions, | conducted a comparative

analysis of gene expression dynamics between two ascidian species, P. zorritensis and B.
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schlosseri, taking advantage of transcriptomic data. Despite different staging systems and
significant differences in overall gene expression patterns, | found that a significant number

of differentially expressed genes were shared between the two species.

The discovery of shared gene expression patterns between two distantly related
ascidian species, despite significant differences in gene expression dynamics, raises important
guestions about the functional significance of these shared genetic signatures. One possibility
is that these shared genes may play a key role in conserved developmental pathways,
suggesting deep homology. Alternatively, they may reflect the specific developmental roles
of mechanisms central to NEDs, suggesting convergent evolution or convergent recruitment
of developmental pathways with specific functions. Investigating these questions is critical for
unravelling the mysteries of ascidian evolution and the adaptive significance of shared genetic

elements in the context of the evo-devo of diverse budding processes.

Since B. schlosseri uses two different modes of NED, and P. zorritensis uses a third one,
| was able to examine differences in gene expression between those. Intriguingly, gene
expression patterns in vasal and peribranchial budding were found to be more similar across
different ascidian species than between the two distinct budding types within B. schlosseri,
according to the different tissues that were involved. This is even more surprising, as both
NEDs are believed to have emerged independently in the two species, respectively. This
interesting finding suggests that developmental mechanisms may tend to be recruited in a
specific manner depending on the particular anatomical contexts of each type of budding,

indicating a tissue-specific, rather than a species-specific, co-option of genetic programs.

This study revealed that the interplay of genes and pathways with important roles
during embryogenesis in the context of ascidian budding is not limited to a single species but
also extends to tissue-specific intricacies within a species. This finding highlights the
complexity of ascidian developmental biology and offers opportunities for more targeted
investigations into the molecular mechanisms behind tissue-specific gene expression and the

specific ways evolutionary forces dynamically shape these intricate genetic networks.

These observations of gene and pathway recruitment in NED reveal an interesting
insight: developmental pathways may be, generally, adapted in a tissue-specific manner. This
means that specific tissues have the property, or ability, to adjust their gene expression

programs to best suit their particular functions. This type of flexibility in gene program
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recruitment demonstrates a high level of modularly structured biological regulation within

the broader context of embryonic development.

The concept of modularity plays a crucial role in the understanding of developmental
mechanisms. A system is considered modular when it can be separated into multiple sets of
parts that interact strongly with each other but are relatively independent. Modules can
either refer to various parts of the individual that interact with each other, such as induction
and morphogenesis, or sets of molecules that independently pattern multiple tissues
(Wagner, Pavlicev, and Cheverud 2007; Melo et al. 2016). This modularity allows for flexibility
and adaptability in developmental pathways at the tissue level, and it also facilitates the
evolution of reproductive and regenerative strategies. By taking advantage of modularity,
organisms can explore new developmental paths by reconfiguring or repurposing existing
modules, facilitating the pace of evolution by which a function can be co-opted (Bolker 2000;
Zelditch and Goswami 2021). Such a strategy results in a diverse range of reproductive and

regenerative strategies that are unique to each species (Sood et al. 2022).

My transcriptomic comparisons between different NEDs and different species illustrate
the complex interplay of genes and pathways that regulate developmental processes. The
precision in the recruitment of genes specific to certain developmental mechanisms during
embryogenesis, the co-option of pathways specific to certain tissues, and the modularity of
developmental mechanisms collectively do not only contribute to the variety of reproductive
and regenerative strategies observed but may also explain the high flexibility by which NEDs
appear to emerge in evolution within colonial ascidians. Given the important role asexual
reproduction modes play in the response of ascidians to dynamic environmental conditions,
this research provides new insights into the basic principles underlying embryonic
development and emphasizes the potential for dynamic evolution in response to

environmental stressors.

This project has focused on Styelidae, as they provide a high diversity of different modes
of NED, rendering them a model clade for questions regarding the evo-devo of reproductive
strategies. One important question is whether the developmental mechanisms of Styelidae
are unique, or if there are shared principles across diverse ascidian groups and beyond. Thus,
future research on NEDs can help reveal the broader patterns and commonalities that

underlie developmental mechanisms and provide important insights into the evolutionary
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processes at play. Do dynamically evolving features share a propensity to modular and tissue-
dependent co-option of gene networks central to embryogenesis or is this a specific feature

of ascidians?

As we delve into the realm of evolutionary processes, it is fascinating to explore the
parallels between Non-Embryonic Developmental processes (NEDs) and embryonic
development. This exploration prompts us to inquire into the specific components of the
underlying mechanisms that have been co-opted over time. It is important to understand
what triggers the activation of these intricate pathways and what pivotal factors contribute
to their divergence or convergence. Answering this question may also help explain why
certain clades exhibit a diversity of different modes of asexual reproduction, while others lack
this ability altogether. In addition, given the different responses of sexual and asexual
reproduction strategies to environmental factors such as salinities, it is still unknown how, in
the context of developmental regulation, the decision between sexual and asexual

reproduction is elicited, and how environmental cues are integrated into this process.

As we continue our scientific exploration of NEDs, we are faced with another intriguing
question: how do NEDs from different tissues converge towards a common stage of
development? Is it possible that some specific attractors or chreodes (canalized
developmental pathway, Waddington 2014; Levine and Davidson 2005; Ferrell 2012) guide
this process with accuracy? Intriguingly, my results have shown that, in P. zorritensis, key
changes in gene expression take place during the inception of budding. Does this imply that
convergence is already reflected in the characteristic transcriptomic changes early on, or will
the more subtle subsequent developmental dynamics guide the process into a common adult

stage?

Considering the similarities in developmental processes across different organisms, |
wonder at which level of organization the question of identifying homologies would be most
informative. While many studies tend to focus on the level of genes, it is likely that modules
integrating genes into pathways and networks, in concert with biomechanical mechanisms
elicited by changes in structural proteins, cell shapes, and tissues, may represent that central
and modular unit that can be most meaningfully compared between species and between
different developmental processes (Newman and Bhat 2009). This might be exemplified in

NEDs where tissue-specific genetic signatures are shared between diverse organisms in a
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modular manner. In addition, finding homologue genes in different processes may be less
meaningful, unless they are integrated in the same regulatory or tissue context. Thus, my
studies in NEDs suggests that it would be meaningful to analyze when the concept of deep
homology extends from the level of single genes to encompass the broader pathways that
guide specific developmental processes and to the intricate level of network modules, where
interconnected molecular players collaborate to shape the development of different

organisms.

During the journey of my research, | have explored the complex interplay between
environmental cues, evolutionary processes, and molecular players that drive the
development of life. By focusing on NEDs in Styelidae ascidians and the homology of
developmental mechanisms, | have encountered interesting questions at the crossroads of
evolution, development and ecology that may instigate promising, and profound, insights into
the intricate mechanisms of life that generate, reproduce, and adapt the complex shapes of

organisms.

158



Appendices

159



Appendix 1

Number of bases of stolons, stolon tips, and buds (budding nests and zooids) per individual,

per condition.

Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn

Autumn
Autumn
Autumn
Autumn
Autumn

Experiment | Salinity value | Slide | Individual Stolons | Nests ar.rd Sto.lons

bases | newzooids tips
40 3 1 6 6 7
40 3 2 6 1 6
40 3 3 2 1 3
40 3 4 1 3 5
40 3 5 4 2 6
40 3 6 10 2 13
40 3 7 3 1 3
40 3 8 3 6 12
40 3 9 2 1 2
40 3 10 5 3 12
40 2 1 5 4 6
40 2 2 2 4 3
40 2 3 3 1 3
40 2 4 1 0 1
40 2 5 11 5 15
40 2 6 2 5 5
40 2 7 2 0 3
40 2 8 5 3 9
40 2 9 1 0 1
40 2 10 4 2 5
40 2 11 5 4 9
40 1 1 6 5 6
40 1 2 7 4 8
40 1 3 6 2 7
40 1 4 6 4 7
40 1 5 3 6 5
40 1 6 6 0 6
40 1 7 14 10 23
40 1 8 12 S 21
40 1 9 4 0 4
40 1 10 4 4 8
40 1 11 4 2 5
40 1 12 0 0 0
36 3 1 5 6 11
36 3 2 4 2 4
36 3 3 11 6 16
36 3 4 9 7 12
36 3 5 9 4 9
36 3 6 15 5 6
36 3 7 12 20 19
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Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn

36 3 8 4 2 4
36 3 9 6 3 11
36 2 1 5 6 7
36 2 2 6 10 9
36 2 3 9 7 11
36 2 4 14 10 25
36 2 5 22 14 37
36 2 6 16 15 23
36 2 7 7 4 7
36 2 8 4 0 5
36 2 9 2 1 3
36 2 10 10 7 11
36 2 11 11 11 18
36 2 12 13 8 23
36 1 1 14 15 23
36 1 2 12 8 14
36 1 3 11 6 18
36 1 4 9 14 13
36 1 5 5 10 9
36 1 6 5 4 5
36 1 7 10 9 12
36 1 8 7 9 12
36 1 9 8 6 12
29 3 1 13 6 19
29 3 2 8 0 10
29 3 3 12 7 15
29 3 4 6 5 8
29 3 5 2 9 11
29 3 6 12 9 19
29 3 7 5 6 12
29 3 8 3 5 7
29 3 9 9 9 12
29 3 10 3 0 3
29 2 1 12 7 19
29 2 2 8 10 15
29 2 3 5 0 5
29 2 4 13 9 24
29 2 5 6 7 9
29 2 6 12 18 25
29 2 7 10 10 14
29 2 8 10 9 13
29 1 1 13 9 27
29 1 2 9 8 11
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Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn

29 1 3 8 10 23
29 1 4 3 1 4
29 1 5 3 3 6
29 1 6 4 3 4
29 1 7 9 25 22
29 1 8 16 12 23
29 1 9 2 1 2
29 1 10 5 2 5
29 4 1 4 14 8
29 4 2 8 20 16
29 4 3 9 18 20
29 4 4 4 11 6
29 5 1 1 1 1
29 5 2 10 11 13
29 5 3 2 0 3
29 5 4 2 4 2
29 5 5 22 33 41
29 5 6 13 23 23
29 5 7 13 23 22
29 6 1 12 17 18
29 6 2 10 25 20
29 6 3 4 28 19
29 6 4 10 20 14
29 6 5 8 23 18
29 7 1 15 20 19
29 7 2 5 5 6
29 7 3 10 22 29
29 7 4 14 23 24
36 4 1 9 24 17
36 4 2 4 24 13
36 4 3 8 25 28
36 4 4 7 36 26
36 4 5 8 17 8
36 4 6 10 18 15
36 5 1 15 21 21
36 5 2 16 25 18
36 5 3 13 25 23
36 5 4 11 16 13
36 5 5 16 20 21
36 6 1 8 21 31
36 6 2 5 22 14
36 6 3 7 10 13
36 6 4 6 20 11
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Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter

36 6 5 5 12 12
36 6 6 12 12 5
36 7 1 4 23 24
36 7 2 10 18 26
36 7 3 15 22 17
36 7 4 10 23 35
36 7 5 12 11 16
40 4 1 12 11 14
40 4 2 12 7 15
40 4 3 4 16 16
40 4 4 6 2 8
40 5 1 17 24 21
40 5 2 15 14 24
40 5 3 12 11 18
40 5 4 12 21 20
40 5 5 9 10 12
40 6 1 13 24 29
40 6 2 13 2 13
40 6 3 13 15 14
40 6 4 14 16 23
40 6 5 9 19 19
40 7 1 13 16 20
40 7 2 9 17 13
40 7 3 11 12 19
40 7 4 10 21 25
40 7 5 15 9 17
29 2 1 5 7 11
29 2 2 13 18 21
29 2 3 11 14 19
29 2 4 12 15 20
29 2 5 9 9 15
29 4 1 6 9 11
29 4 2 4 16 19
29 4 3 4 7 5
29 4 4 6 33 23
29 4 5 17 22 25
36 2 1 14 16 21
36 2 2 9 13 12
36 2 3 4 8 6
36 2 4 9 5 11
36 2 5 3 8 4
36 4 1 11 18 27
36 4 2 9 18 11
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Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Spring
Spring
Spring
Spring

36 4 3 5 21 9
36 4 4 7 15 13
36 4 5 4 3 6
40 2 1 7 8 9
40 2 2 10 13 16
40 2 3 5 1 5
40 2 4 8 14 16
40 4 1 7 6 9
40 4 2 4 7 8
40 4 3 10 16 20
40 4 4 5 5 6
29 2 1 2 7 4
29 2 2 11 19 18
29 2 3 5 6 6
29 2 4 9 15 17
29 2 5 9 20 20
29 4 1 6 18 18
29 4 2 6 5 7
29 4 3 8 13 13
29 4 4 7 13 13
36 2 1 15 24 23
36 2 2 9 7 18
36 2 3 5 8 6
36 2 4 13 6 17
36 2 5 3 3 7
36 4 1 7 18 24
36 4 2 7 16 11
36 4 3 13 8 22
36 4 4 6 10 6
36 4 5 6 11 14
40 2 1 7 14 15
40 2 2 10 2 13
40 2 3 4 2 5
40 2 4 15 11 20
40 4 1 8 7 11
40 4 2 7 10 9
40 4 3 4 3 11
40 4 4 9 11 15
40 4 5 12 10 15
29 1 1 9 34 33
29 1 2 4 11 14
29 1 3 2 7 5
29 3 1 4 20 15
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Appendix 2

Individuals on the Slide. A) First day of stolon shooting. B) Intermediate stage seven days after

the stolons start to grow. C) Last day of image acquisition for counting the number of stolons
bases, tips, and buds.
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Appendix 3

Number of gonads and brooded embryos per individual, per condition.

Number of | Number of

E i t| Salinit Slide Individual
Al e gonads embryos

Autumn 29 1 1 6 0
Autumn 29 1 2 6 2
Autumn 29 1 3 10 1
Autumn 29 1 4 7 0
Autumn 29 2 1 11 2
Autumn 29 2 2 8 0
Autumn 29 2 3 9 0
Autumn 29 2 4 8 0
Autumn 29 2 5 9 0
Autumn 29 2 6 7 0
Autumn 29 2 7 9 0
Autumn 29 3 1 13 2
Autumn 29 3 2 8 2
Autumn 29 3 3 0 0
Autumn 29 3 4 5 0
Autumn 29 3 5 9 1
Autumn 29 4 1 4 0
Autumn 29 4 2 2 0
Autumn 29 4 3 0 0
Autumn 29 4 4 4 0
Autumn 36 1 1 8 3
Autumn 36 1 2 11 2
Autumn 36 1 3 7 0
Autumn 36 1 4 8 0
Autumn 36 1 5 6 9
Autumn 36 1 6 7 5
Autumn 36 2 1 7 0
Autumn 36 2 2 5 4
Autumn 36 2 3 9 6
Autumn 36 2 4 3 3
Autumn 36 2 5 4 2
Autumn 36 3 1 8 1
Autumn 36 3 2 9 0
Autumn 36 3 3 6 0
Autumn 36 3 4 10 8
Autumn 36 3 5 11 0
Autumn 36 3 6 9 0
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Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn

Autumn
Autumn
Autumn

Autumn
Autumn
Autumn
Autumn
Autumn

36 4 1 7 0
36 4 2 5 0
36 4 3 7 2
36 4 4 6 0
36 4 5 4 0
40 1 1 6 6
40 1 2 6 10
40 1 3 6 0
40 1 4 5 0
40 2 1 9 12
40 2 2 5 0
40 2 3 5 16
40 2 4 11 0
40 2 5 7 0
40 3 1 9 0
40 3 2 10 19
40 3 3 6 6
40 3 4 9 15
40 3 5 6 0
40 4 1 7 0
40 4 2 8 0
40 4 3 7 0
40 4 4 7 0
40 4 5 5 0
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Appendix 4

Number of released larvae by day.

Experiment

F1111114Y Day

Total of larvae
released by day

Autumn 40 1 0
Autumn 40 2 0
Autumn 40 3 0
Autumn 40 4 0
Autumn 40 5 0
Autumn 40 6 1
Autumn 40 7 1
Autumn 40 8 15
Autumn 40 9 3
Autumn 36 1 0
Autumn 36 2 0
Autumn 36 3 1
Autumn 36 4 6
Autumn 36 5 20
Autumn 36 6 15
Autumn 36 7 9
Autumn 36 8 7
Autumn 36 9 11
Autumn 29 1 0
Autumn 29 2 0
Autumn 29 3 0
Autumn 29 4 0
Autumn 29 5 0
Autumn 29 6 0
Autumn 29 7 0
Autumn 29 8 1
Autumn 29 9 0
larvae release
dayl day2 day3 day4 day5 day6 day7 day8 day9
=29 =36 =40
salinity
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Appendix 5

Measuring parameters. A) A zooid is measured by summing the distance from the oral siphon
(OS) opening to its base plus the distance from the base of the zooid to the middle of the two
siphons. B) For gonads and brooded embryos counting, the zooids are dissected in the sense
illustrated in this image. B’) Indication of gonads location. AS: atrial siphon.

A Size= measures 1+2
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Zooid size measures:

Experiment

Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn

Slide Salinity | Individual |Zooid size (cm)
40 1 1 1,005
40 1 2 0,867
40 1 3 1,542
40 1 4 1,041
40 2 1 1,319
40 2 2 1,499
40 2 3 1,009
40 2 4 1,214
40 2 5 1,044
40 3 1 1,467
40 3 2 1,619
40 3 3 0,885
40 3 4 1,535
40 3 5 1,657
40 4 1 1,471
40 4 2 1,667
40 4 3 1,519
40 4 4 1,534
40 4 5 1,074
36 1 1 1,467
36 1 2 1,421
36 1 3 1,348
36 1 4 1,134
36 1 5 1,103
36 1 6 0,967
36 2 1 0,908
36 2 2 0,92
36 2 3 1,216
36 2 4 1,009
36 2 5 0,976
36 3 1 1,124
36 3 2 1,291
36 3 3 1,193
36 3 4 1,434
36 3 5 1,472
36 3 6 1,817
36 4 1 1,305
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Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn

Autumn
Autumn

Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn

36 4 2 1,721
36 4 3 1,163
36 4 4 1,26
36 4 5 1,2

29 1 1 1,249
29 1 2 1,201
29 1 3 1,311
29 1 4 1,2

29 2 1 1,61
29 2 2 1,29
29 2 3 1,019
29 2 4 0,901
29 2 5 1,201
29 2 6 1,074
29 2 7 1,182
29 3 1 1,173
29 3 2 1,03
29 3 3 0,845
29 3 4 0,979
29 3 5 1,04
29 4 1 1,113
29 4 2 1,441
29 4 3 0,943
29 4 4 1,004
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Appendix 6

Health measure parameters: Stolon pulsation and heart beating (number of beats per
minute).

Stolon Pulsation

Experiment Slide Salinity | Individual D
Autumn 4 29 1 115
Autumn 4 29 2 115
Autumn 4 29 3 115
Autumn 4 29 4 115
Autumn 4 29 5 110
Autumn 4 29 6 105
Autumn 3 29 1 115
Autumn 3 29 2 110
Autumn 3 29 3 105
Autumn 3 29 4 105
Autumn 3 29 5 105
Autumn 2 36 1 110
Autumn 2 36 2 125
Autumn pi 36 3 120
Autumn 2 36 4 105
Autumn 2 36 5 100
Autumn 2 36 6 105
Autumn 2 36 7 105
Autumn 1 36 1 115
Autumn 1 36 2 120
Autumn 1 36 3 120
Autumn 1 40 1 115
Autumn 1 40 2 100
Autumn 1 40 3 105
Autumn 1 40 4 110
Autumn 1 40 5 115
Autumn 1 40 6 105
Autumn 2 40 1 110
Autumn 2 40 p 110
Autumn 2 40 3 100
Autumn 2 40 4 95
Autumn 2 40 5 100
Autumn 2 40 6 125
Autumn 2 40 7 105
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The videos can be found at this address:

Experiment

Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn

Salinity | Individual

Heart Beating

(beats per min.)

ONIrPlWINIFRPIORRWINIPIOOBRIWIN|E

https://drive.google.com/drive/folders/1Z2522byRFvnHer677YMKoQZMvjaDs6fKX?usp=shari

sh
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Appendix 7

The DNA sequences used for confectioning the in situ HCR probes for Nk4 and GataA, together
with the probes set of each can be found at this link:

https://drive.google.com/file/d/1xbo-DeFimoHIXzIQK7NnKOgRQgdo6H6d/view?usp=sharing

The sequences for the other species protein sequences can be retrieved at NCBI using the
reference code present in the complete phylogenies in the appendices 8, 9, 10, 11, and 12.
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Appendix 8

1- Simplified phylogenetic relationships among BMP (Bone Morphogenetic Protein) genes
from Homo sapiens ('Hsap') and Polyandrocarpa zorritensis ('Pzor'). The tree reveals
evolutionary groupings and divergence patterns, with branch lengths representing
evolutionary change (blue) and numbers at nodes indicating support values for the respective

branching (red).

35 6 o0 Pzor_BMP3_g9648.t1
: 20 Hsap_BMP3_P12645
22 Pzor_BMP5/6/7/8_g6824.t1
2 4o 9 Hsap_BMP8_Q7Z5Y6
34 50 L do AEIWL Hsap_BMP7_P18075
909} o 13 1_(;% Hsap_BMP5_P22003
Hsap_BMP6_P22004
Pzor BMP2/4_g14413.t1
b.79 L0 Hsap_BMP4_P12644
0 22 Hsap BMP2_P12643
31 0 20 Pzor_BMP10_g3693.t1
: =0 Hsap_BMP10_095393
% Hsap_BMP15_095972
aa Pzor BMP_g8804.t1
16 o EZ Pzor BMP11_g16450.t1
b Hsap_BMP11_AAC72852.1
e Pzor BMP_g1223.t1
190 Pzor_BMP1_g7981.t1
150 Hsap_BMP1_P13497

2 - Phylogenetic relationships among BMP (Bone Morphogenetic Protein) genes from Spur:
Strongylocentrotus purpuratus, Drer: Danio rerio, Xtro: Xenopus tropicalis, Hsap: Homo
sapiens, Dmel: Drosophila melanogaster, Skow: Saccoglossus kowalevskii, Cint: Ciona
intestinalis, Scla: Styela clava, Pmis: Polyandrocarpa misakiensis, Blea: Botrylloides leachii,
Pzor: Polyandrocarpa zorritensis, Bsch: Botryllus schlosseri. The tree illustrates the
evolutionary relationships and divergence among the proteins, with branch lengths
representing evolutionary distances (blue). Bootstrap values, given at the nodes, indicate the

confidence of each branching event (red).
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Appendix 9

Phylogenetic tree depicting relationships among Hedgehog (HH) gene sequences across
diverse organisms, primarily vertebrates. Branch lengths indicate evolutionary distances. The
tree showcases the evolutionary dynamics of HH genes, including SHH, IHH, and DHH, among
species. Spur: Strongylocentrotus purpuratus, Drer: Danio rerio, Xtro: Xenopus tropicalis,
Hsap: Homo sapiens, Dmel: Drosophila melanogaster, Skow: Saccoglossus kowalevskii, Cint:
Ciona intestinalis, Scla: Styela clava, Pmis: Polyandrocarpa misakiensis, Blea: Botrylloides
leachii, Pzor: Polyandrocarpa zorritensis, Bsch: Botryllus schlosseri. The tree illustrates the
evolutionary relationships and divergence among the proteins, with branch lengths
representing evolutionary distances (blue). Bootstrap values, given at the nodes, indicate the

confidence of each branching event (red).
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Appendix 10

Phylogenetic tree representing evolutionary relationships among 'Runx/runt' genes across
various species. Notably, genes from 'Xlae', 'Hsap', and 'Drer' species form distinct, closely
related clades for Runx3, Runx2, and Runxl, highlighting their recent shared ancestry.
Ascidians form another clade, a sister one, contain only one Runx. 'Dmel' serves as a more
distantly related outgroup. Spur: Strongylocentrotus purpuratus, Drer: Danio rerio, Xlae:
Xenopus laevis, Hsap: Homo sapiens, Dmel: Drosophila melanogaster, Skow: Saccoglossus
kowalevskii, Cint: Ciona intestinalis, Scla: Styela clava, Pmis: Polyandrocarpa misakiensis, Blea:
Botrylloides leachii, Pzor: Polyandrocarpa zorritensis, Bsch: Botryllus schlosseri. The tree
illustrates the evolutionary relationships and divergence among the proteins, with branch
lengths representing evolutionary distances (blue). Bootstrap values, given at the nodes,

indicate the confidence of each branching event (red).
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Appendix 11

Phylogenetic tree of Argonaute (AGO) and Piwi-like (PIWL) proteins from various organisms.
The tree illustrates the evolutionary relationships and divergence among the proteins, with
branch lengths representing evolutionary distances (blue). Bootstrap values, given at the
nodes, indicate the confidence of each branching event (red). Notably, Argonaute proteins
and Piwi-like proteins form two distinct clades. Branch lengths represent evolutionary
distances (blue), with closely related sequences clustered together. Bflo: Branchiostoma
floridanus, Spur: Strongylocentrotus purpuratus, Drer: Danio rerio, Xlae: Xenopus laevis, Hsap:
Homo sapiens, Dmel: Drosophila melanogaster, Skow: Saccoglossus kowalevskii, Cint: Ciona
intestinalis, Scla: Styela clava, Pmis: Polyandrocarpa misakiensis, Blea: Botrylloides leachii,

Pzor: Polyandrocarpa zorritensis, Bsch: Botryllus schlosseri.

182



T6 T2 0/STNG aimid aipg
TY089STH gimid 1ozd
2067097 859rYNa gimid™ slud

T'LT9E99TIO dX ¢oby Inds HM..@H|1|
1°GE56280€0 dX T0BY Inds -

16709 €8ETNG 0By alpg &

_ 00

T¥'186v0 00y yosg

: 6 0By loz4 &

188996 0y 1024 B3

6709 ¥68SNd 0BV SiWch a1 .
T'9¥8EGZ6E0 dX ¢0BY BjoS
NIOID GGMA94 0By 1uID
T'/92STSTIO dX ¢oby desH
T°886980T00 dN ¢0By ™ de|X
0QMVEWSYOY 0By 19id
T'725680T00 dN vOBY 9e|X &
2'660090 dN™ 0By~ destios
— _ 66 00p'T
THVYIPY 0By 181g0#0
N.mﬁmﬁo\n_zwmo?\%w&.w
SMLVENSYOY £0By 181 &
T'2S0¥0ET00 dN™ Toby ™ desH
ZAYEZINBYOY ToBY 18id
T'2L96G9S€0 dX 20Bv oug

0L

09°0 ¢

6'0

T'T6E6TBI00 dX 0BY MOMS HH|T
1'8665619V T06Y olg

T'ZE9TITIO0 dN IMid MOMS
1'50£80QvYV IMd™ W@
T'9v68TVOV dny dwqd

T'7629208V €oby™ jswq
2'967800T00 dN™ €lMId desH

0T

0T

2'7v9689 dN viMid desH

T'TISOVYTY0 dX viMid oelX
2'SG/700 dN” TIMid desH
0XAN8D TIMd J1a1a

16709 /86/NA” VIMId 8ipg
1128860 IMid"yosg

TV 2£67106 VIMd 1ozd

6700 096ENd VIMId™ Siwd
T'GG9€226€0 dX TIMid eIs
1'9/9269920 dX TIMid JUID

V0 $-

1'G9/666 dN Imeas unds
16709 20TZTING OIMid aipg
1609 G/6ETNG OIMId Siud

2'LLSOETZ00 dX 2imid D
T'€6T6ZTT00 dN 2iMid desH
T'Ly62hyTr0 dX ciMid oelxX

91302V zimid Ja1a

64

160

0T

0T

T°,99.0TT00 dN™![e8sinds

H.mmmomommo\axwﬂ_;_a\o_hmo..ﬂ
T'166S619V ZIMd opd &4

183



Appendix 12

Phylogenetic relationships of GATA transcription factors across multiple species, including
Ggal: Gallus gallus, Bflo: Branchiostoma floridanus, Spur: Strongylocentrotus purpuratus,
Drer: Danio rerio, Xlae: Xenopus laevis, Hsap: Homo sapiens, Dmel: Drosophila melanogaster,
Skow: Saccoglossus kowalevskii, Cint: Ciona intestinalis, Scla: Styela clava, Pmis:
Polyandrocarpa misakiensis, Blea: Botrylloides leachii, Pzor: Polyandrocarpa zorritensis, Bsch:
Botryllus schlosseri. The tree reveals evolutionary branching patterns of the GATA1 through
GATAG gene families, with bootstrap values given at the nodes, indicating the confidence of

each branching event (red) and branch lengths representing evolutionary distances (blue).
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Appendix 13

Botryllus schlosseri genome assembly.

The genome assembly process was conducted by our collaborator, using a combination of
HiFi reads and the Hifiasm algorithm. The initial assembly resulted in a genome size of
424,323,369 bp, with an N50 value of 1,657,153 bp, and a total of 829 contigs. The assembly
completeness was evaluated using the Kat completeness metric, which yielded a score of
59.17%. Additionally, the BUSCO analysis indicated that 92.6% of the expected genes were
found in the assembly, with 84.1% classified as complete single-copy genes, 8.5% as complete

duplicated genes, 3.7% as fragmented genes, and 3.7% as missing genes.

To improve the assembly further, reads obtained using the Oxford Nanopore Technologies
(ONT) were incorporated, and two different haplotype purging methods were applied. First,
the "Purge_dups" step was performed to remove haplotigs and resolve contig overlaps. This
process resulted in a reduced assembly size of 375,785,810 bp, an N50 value of 1,863,282 bp,
and a total of 490 contigs. The Kat completeness score slightly decreased to 51.47%, and the
BUSCO analysis indicated that 92.4% of the expected genes were present, with 90.6%
complete single-copy genes, 1.8% complete duplicated genes, 3.7% fragmented genes, and
3.9% missing genes. The second haplotype purging step, "Purge_haplotigs," aimed to identify
pairs of contigs that are syntenic. After this step, the assembly size was further reduced to
364,995,275 bp, with an N50 value of 1,913,193 bp and a total of 397 contigs. The Kat
completeness score was similar to the previous step, at 50.54%, and the BUSCO analysis
showed 92.4% of the expected genes present, with 90.7% complete single-copy genes, 1.7%

complete duplicated genes, 3.7% fragmented genes, and 3.9% missing genes.

To scaffold the assembly, the ntLink method was employed, using both HiFi and ONT reads
for lightweight mapping. The final scaffolded assembly had a size of 364,798,430 bp, an N50
value of 14,178,783 bp, and a total of 106 contigs. The Kat completeness score was 50.41%,
and the BUSCO analysis yielded 92.4% of the expected genes, with 90.7% complete single-
copy genes, 1.7% complete duplicated genes, 3.7% fragmented genes, and 3.9% missing
genes. The assembled data was also polished using the HyPo method, which combined HiFi
and lllumina reads. The polished assembly had a size of 364,761,307 bp, an N50 value of

14,177,737 bp, and a total of 106 contigs. However, the polishing process resulted in a slightly
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decreased Kat completeness score of 49.61%. The BUSCO analysis showed 92.5% of the
expected genes present, with 90.8% complete single-copy genes, 1.7% complete duplicated

genes, 3.6% fragmented genes, and 3.9% missing genes.

The genome annotation process was conducted through a series of steps following genome
assembly. Repeat identification was performed using Repeat Modeler2 and repeat
annotation/masking was carried out using Repeat Masker. Transcripts alignment was
performed using STAR, incorporating the HyPo output and RNAseq reads. Genome
annotation was achieved using Braker 3, resulting in the identification of 17,126 genes and

21,451 transcripts.
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Appendix 14

Botryllus schlosseri genome assembly pipeline and scores

Reference-based transcriptome assembly
I- Genome assembly

1. HiFi reads - Hifiasm: De novo contig assembly

Size : 763,191,184 bp | N50 : 389,626 bp | Contigs : 3906 | Kat completeness : 80.29%
Busco : C:91.7% D:43.1%

2. Addition of ONT reads - Haplotype Purging

a) Purge_dups - Remove haplotigs and contig overlaps
Size : 572,959,948 bp | N50 : 502,739 bp | Contigs : 2310 | Kat completeness : 58.96%
Busco : C:90.5% [S:83.5%, D:7.0%], F:4.0%, M:5.5%

b) Purge_haplotigs - Identify pairs of contigs that are syntenic

Size : 498,505,970 bp | N50 : 573,483 bp | Contigs : 1605 | Kat completeness : 51.28%
Busco : C:89.1.4% [S:85.3%, D:3.8%), F:4.4%, M:6.5%

3. ntLink: HiFi+ONT - lightweight mapping (scaffolding)
Size : 498,948,410 bp | N50: 1,637,760 bp | Contigs : 692 | Kat completeness : 50.77%
Busco : C:88.8% [S:85.6%, D:3.2%], F:4.0%, M:7.2%

4. HyPo: HiFi+illumina - Polishing
Size : 494,862,891 bp | N50 : 1,637,516 bp | Contigs : 692 | Kat completeness : 50.51%
Busco : C:88.9% [S:85.7%, D:3.2%], F:4.0%, M:7.1%

II- Genome annotation

5. Repeat Modeler2 3
Repeat identification

6. Repeat Masker 3 7. STAR - Transcripts alignment
Repeat annotation/masking HyPo output + RNAseq reads

8. Braker 3 - Genome annotation
Genes = 16386 | Transcripts = 19372

Ill- Genome mapping

9. HISAT2 -> RNAseq mapping
15056 mapped genes

10. SAMtools - Mapping quality check and BAM sorting

11. StringTie - Transcript expression quantification

IV- Differential gene Expression

12. RBH - Functional annotation
16240 annotated genes

13. DESeq2 -> Differential Genes Expression (DGE)
1419 DEGs
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FIGURE 1.1: SIMPLIFIED PHYLOGENY TO ILLUSTRATE THE DISTRIBUTION OF ASEXUAL REPRODUCTION (AGAMETIC REPRODUCTION) IN
IVIETAZOANS. e ceeee ettt et e e e e ettt e e e e e et ettt e e e e e e e ab e b et e e e e e s e uabb e et e e e e e e s anbebeeeeeeesaannsbeaeeeeeaaannsabeeeeeeeeaannnnreaeens 12
FIGURE 1.2: REPRESENTATIVE ORGANISMS AND THEIR COMPARATIVE REGENERATIVE CAPABILITIES (MODIFIED FROM GILBERT AND
BARRESI 2016). «uveiiiuiieeeeiiieeeeteeeeeitteeeeeitteeeeetbeeeesbaeeaeaateeeeessaaeeeasbasaaassaseeasssaeesassesaeanssaseeassaeaeansseseeanseeeessnes 13
FIGURE 1.3: REGENERATION AT DIFFERENT LEVELS OF BIOLOGICAL ORGANIZATION. IT REMAINS UNCLEAR WHICH ASPECTS OF
REGENERATION ARE HOMOLOGOUS ACROSS SUCCESSIVE LEVELS. COLONY-LEVEL ‘REGENERATION’, AS SEEN IN COLONIAL
ANIMALS SUCH AS CORALS AND ASCIDIANS, OCCURS THROUGH ASEXUAL REPRODUCTION RATHER THAN THROUGH THE
REGENERATION OF INDIVIDUALS AND THUS IS NOT INCLUDED HERE. DASHED RED LINES INDICATE AMPUTATION PLANES; SOLID
RED LINES INDICATE WOUND SURFACES; BLUE FILL INDICATES REGENERATED BODY PARTS (MODIFIED FROM BELY AND NYBERG,
0110 ) PSPPI 14
FIGURE 1.4: TWO EXAMPLES OF EPIMORPHIC AND MORPHALLACTIC REGENERATION. A) LIMB REGENERATION IN AMPHIBIANS IS A
REPRESENTATIVE EXAMPLE OF EPIMORPHOSIS. IN THIS TYPE OF REGENERATION, A MASS OF UNDIFFERENTIATED CELLS REFERRED
TO AS THE ‘BLASTEMA” IS INITIALLY FORMED AFTER WOUND HEALING AND THEN BLASTEMA CELLS ACTIVELY PROLIFERATE TO
RESTORE THE LOST PART OF THE AMPUTATED ORGAN; B) HYDRA REGENERATION IS CATEGORIZED AS MORPHALLAXIS. A
BLASTEMA IS NOT FORMED. DIRECT REARRANGEMENT OF PRE-EXISTING CELLS IN THE STUMP CONTRIBUTES TO REGENERATION
(MODIFIED FROM AGATA, SAITO, AND NAKAJIIMA 2007). c.eeeeuriieeeiiieeeeiieeeeeiteeeeetteeeeeteeeeetreeeeeasaeaseareeseenseeseenneas 15
FIGURE 1.5: PHYLOGENETIC DISTRIBUTION OF REGENERATION ACROSS (A) THE METAZOA AND (B) THE CHORDATA. ‘PRESENCE OF
REGENERATION’ INDICATES THAT AT LEAST ONE WELL-SUBSTANTIATED REPORT EXISTS FOR REGENERATION IN THAT TAXON AND
DOES NOT IMPLY THAT ALL SPECIES IN THAT TAXON CAN REGENERATE. ‘ABSENCE OF REGENERATION’ INDICATES AT LEAST ONE
WELL-SUBSTANTIATED REPORT FOR THE LACK OF REGENERATION IN THAT TAXON (AND NONE INDICATING THE PRESENCE OF
REGENERATION). WE DEFINE ‘WHOLE-BODY REGENERATION’ AS THE POTENTIAL TO REGENERATE EVERY PART OF THE BODY
(ALTHOUGH NOT NECESSARILY SIMULTANEOUSLY OR FROM A TINY FRAGMENT). THE ABILITY TO REGENERATE THE PRIMARY
BODY AXIS IS SCORED INDEPENDENTLY FOR EACH TAXON AND DOES NOT ASSUME THE HOMOLOGY OF BODY AXES ACROSS OR
WITHIN PHYLA (MODIFIED FROM BELY AND NYBERG 2010). ...eeeiiuiiiieeeiiiieeiiieeeciteeeeeteeeeeeireeeesteeeeeesreeeeesasseeesaseeaeas 18
FIGURE 1.6: EXEMPLIFICATION OF TUNICATES BIODIVERSITY. A) BOTRYLLOIDES LEACHII, PHOTO BY JOHN TURNBULL (FLICKR). B)
POLYCARPA AURATA, PHOTO BY Nick HOBGOOD (WIKIPEDIA). C) CLAVELINA LEPADIFORMIS, PHOTO BY ROBERTO STRAFELLA
(WIKIPEDIA). D) SALPA FUSIFORMIS, PHOTO BY ALEXANDER SEMENOV (FLICKR). E) MEGALODICOPIA HIANS, PHOTO BY
AQUAMARINE FUKUSHIMA. F) OIKOPLEURA DIOICA, PHOTO BY CRISTIAN CANESTRO (HOLLAND 2007).....ceevveerereeereennne 19
FIGURE 1.7: A) SCHEMATIC REPRESENTATION OF BOTH WAYS OF REPRODUCTION IN TUNICATES. B) TUNICATE LARVAE SETTLEMENT
AND METAMORPHOSIS IN SESSILE ANIMALS. C) GENERAL EXAMPLE OF A TUNICATE ADULT BAUPLAN (MODIFIED FROM
KARDONG 20719). .. itieeeetiieeeetee e ettt e e ettt e e e ette e e e e baeeeeeabeeeeesaaseeeasbaeeeassaeeeassaseessbasaeansseeeeassaaaeanssesaeassseeennsnees 22
FIGURE 1.8: PHYLOGENETIC RELATIONSHIPS BETWEEN BUDDING AND NONBUDDING TUNICATES. BUDDING SPECIES ARE REPRESENTED
IN RED, NONBUDDING SPECIES IN BLACK. FOR EACH BRANCH, LETTERS REFER TO THE STUDIES IN WHICH THIS CLADE WAS
RETRIEVED, INCLUDING ALL THE REPRESENTED SPECIES. LETTERS BETWEEN PARENTHESES REFER TO STUDIES THAT SUPPORT THE

CORRESPONDING CLADE, THAT IS WITH SOME OF THE REPRESENTED SPECIES AND WHEN NO CONTRADICTING GROUP WERE
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FOUND. SPECIES WITH DOTTED LINES ARE POSITIONED NOT BASED ON PHYLOGENETIC STUDIES BUT ON CLASSIFICATION. WHEN
A NEW BUDDING MODE AROSE IN BUDDING TAXA, IT'S PRECEDED BY “+” (ALIE ET AL. 2021). c.eevveeiiiiieeeeiiee e 25
FIGURE 2.1: A) LOCATIONS IN THE MEDITERRANEAN SEA WHERE THE PRESENCE OF POLYANDROCARPA ZORRITENSIS WAS REPORTED
(1: TURON-PERERRA 1988; 2: HTTPS://DORIS.FFESSM.FR/ESPECES/POLYANDROCARPA-ZORRITENSIS-POLYANDROCARPE-DE-
ZORRITOS-5004; 3: BRUNETTI 1978; 4: TEMPESTI ET AL. 2019; 5: VIRGILLI ET AL. 2022; 6: MASTROTOTARO ET AL. 2008;
7: STABILI ET AL. 2015). THE YELLOW STAR MARKS LA SPEZIA, WHERE THE SAMPLES FOR THIS STUDY WERE COLLECTED; B)
SATELLITE VIEW OF THE ASSONAUTICA MARINA IN LA SPEZIA. ...oieieieee ettt e e ee e ee e e e e e e e e eeeeeees 30
FIGURE 2.2: POLYANDROCARPA ZORRITENSIS PRESENCE AND SALINITY VALUES OBSERVED BY OUR GROUP IN 2016, 2021, 2022, AND
2023. THE BLUE ARROW INDICATES A FRESHWATER INFLUX SPOT IN THE MARINA. THE WHITE CIRCLES CONTAIN THE SALINITY
VALUE (IN PPT) OBSERVED IN THE DIFFERENT REGIONS OF THE PONTOON. THE ORANGE STARS INDICATE THE SPOTS WHERE P.
ZORRITENSIS WAS FOUND. 1.vuvttututututunuuannsssananenannsasasssssasesasssssssssssssssssssssssssssssssssssssssssasssssssesesesssesesesesssesssssesssnenn 36
FIGURE 2.3: PARAMETERS MEASURED FOR THE RATE OF ASEXUAL REPRODUCTION. IMAGE SHOWING A ZOOID ORIGINATED FROM A
DORMANT SPHERULE, INDICATING THE BASE OF A STOLON, TIPS OF STOLONS, A BUD (OR BUDDING NEST), AND A NEW ZOOID
FORMED FROM A BUD. 1eiiteieiiiiiiiiieiteeeeeeeeeeeeeeteeaeeeeeeeeeeteseseseaasasasesasseasesssassssssse s e s e sesesesesesesesesesesssssssssesssssasnnsnnnnnn 37
FIGURE 2.4: ASEXUAL REPRODUCTION IN THE THREE DIFFERENT SALINITIES: 29, 36, AND 40 PPT, MEASURED BY THE PRODUCTION OF
STOLONS (BASES), STOLONS RAMIFICATION (TIPS), AND BUDS. A-A”) AUTUMN BATCH. B-B”) WINTER BATCH. C-C”) SPRING
EXPERIMENT. D-D”) BUDDING INDEX, I.E., THE RATIO OF BUDS PER STOLON BASE......uvvreeeiurereeerreeeesreeeeesreeeeesseeesnnnnns 39
FIGURE 2.5: A-C) COLONY HEALTH PARAMETERS. A) ZOOID SIZE IN CM. B) HEART BEATING RATE (PULSATION.MIN-1). C) STOLON
PULSATION PERIOD (TIME BETWEEN TWO CONSECUTIVE PULSATIONS, IN SECONDS). D-E) INFLUENCE OF SALINITY ON SEXUAL
REPRODUCTION. D) NUMBER OF BROODED EMBRYOS PER 1 MONTH-0OLD ZOOIDS. E) NUMBER OF GONADS PER 1 MONTH-OLD
{00 | o PSSRt 40
FIGURE 3.1: ILLUSTRATION OF NED CONVERGENT EVOLUTION IN TUNICATES PHYLOGENY. 1iiiiiiiiiiiiiieieieieieeeeeeeeeeeeeeeeeeeeeeeeseeeens 51
FIGURE 3.2: PHYLOGENETIC RELATIONSHIPS BETWEEN STOLIDOBRANCHIA, WITH A FOCUS ON STYELIDAE (MODIFIED FROM ALIE ET AL.
2018). eeeieiiie et e e et e e e e e——ee e ettt e eea——eeeaa—eaeeatetaeeabaeeeaaaataeeataraeaaataaeeataeeaaatteeaeaasbaeeearaeeaaatreeaaanns 54
FIGURE 3.3: ASEXUAL CYCLE OF POLYANDROCARPA ZORRITENSIS IN CAPTIVITY. A) POLYANDROCARPA ZORRITENSIS COLONY. ADULT
Z0OO0IDS CAN BE FOUND ON OTHER ANIMALS, SUCH AS MUSSELS (YELLOW ASTERISK). PINK ARROWHEADS SHOW EXAMPLES OF
INDIVIDUAL ZOOIDS. B) BOTTOM SIDE OF THE SAME COLONY AS IN A, SHOWING THE DENSE NETWORK OF STOLONS AND
SPHERULES. C) DETAIL OF A SPHERULE AND THE STOLON (RED ARROW) CONNECTING THE SPHERULE TO THE REST OF THE
COLONY. D) ONE SPHERULE ONE WEEK AFTER BEING TRANSFERRED AT 24 °C. THE TWO SIPHONS (WHITE ARROWS) ARE OPEN,
AND THE PROTRUSIONS (RED ARROWS) THAT WILL ATTACH TO THE SUBSTRATE ARE RECOGNIZABLE. E) ONE COMPLETELY
DEVELOPED ZOOID WITH SEVERAL STOLONS (RED ARROWS). E”) CLOSE-UP VIEW OF ONE STOLON: IT IS POSSIBLE TO RECOGNIZE
THE MAIN BLOOD VESSEL (RED ARROW) AND THE RAMIFIED AMPULLAE CONNECTED TO IT (GREEN ARROWS), ORIENTED IN THE
SAME DIRECTION AS THE MAIN VESSEL. THE TUNIC (YELLOW ARROW) COVERS THE WHOLE STRUCTURE. F) YOUNG BUDDING
NEST. THE AMPULLAE (GREEN ARROWS) INCREASED IN NUMBER ALONG THE VESSEL (RED ARROW). G) MATURE BUDDING NEST,
COMPOSED OF MORE COMPACT AMPULLAE (GREEN ARROWS) THAT FORM A DOME, HIGHLY PIGMENTED ON THE TOP. H)
DETAIL OF A VESSEL AT THE ABSCISSION SITE (WHITE ARROW). 1) BUD (BLUE ARROW) DEVELOPING INSIDE THE NEST AFTER

ABSCISSION. .l) NEWLY BUDDED ZOOID WITH OPEN SIPHONS (WHITE ARROWS). K) SPHERULE OBTAINED BY TRANSFERRING A
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BUDDING NEST FROM 24 °CT0 11 °C. (ScALE BARS C—E: 1 MM; E’: 100 MM; F—K: 1 MM) (MODIFIED FROM SCELZO ET AL.
01 ) TSR PRUPR 56
FIGURE 3.4: EARLY BUDDING STAGES IN POLYANDROCARPA ZORRITENSIS. A) SCHEMATIC SUMMARY OF VASAL BUDDING, DEPICTING
THE FOUR MAIN STEPS: SWELLING, INVAGINATION, FUSION, AND DOUBLE VESICLE. B) SEMI-THIN SECTION OF A VASAL BUD AT
THE SWELLING STAGE. C) DETAIL OF THE VASCULAR EPIDERMIS ON THE TOP SIDE (SQUARED IN B). D) DETAIL OF THE VASCULAR
EPIDERMIS ON THE BOTTOM SIDE (SQUARED IN B). E) SEMI-THIN SECTION OF A VASAL BUD AT THE INVAGINATION STEP,
SHOWING THE INVAGINATING EPIDERMIS (BLACK ARROWS), THE MOVEMENT OF THE INVAGINATING EDGES (PINK ARROWS) AND
THE PART OF THE EPIDERMIS THAT GOES ON TO FORM THE FLOOR OF THE INNER VESICLE (ORANGE STAR). F) DETAIL OF THE
BOTTLE-SHAPED CELLS AT THE INVAGINATING HINGE POINTS (AS SQUARED IN E). G) DETAIL OF WEDGED-SHAPED CELLS AT THE
INVAGINATING EDGE (AS SQUARED IN E). H) SEMI-THIN SECTION OF A VASAL BUD AT THE FUSION STEP, SHOWING THE INNER
VESICLE FLOOR (ORANGE STAR), THE INNER VESICLE LUMEN (GREEN ASTERISK), AND THE MOVEMENT OF THE FUSING BORDERS
(PINK ARROWS). I)DETAILED VIEW OF THE INNER VESICLE WALL. I’) CLOSE-UP OF THE CILIA APEX OF THE INNER VESICLE CELLS
(As SQUARED IN 1). J) DETAIL OF HEMOCYTE AGGREGATE AT THE FUSION AREA (AS SQUARED IN H), SHOWING
UNDIFFERENTIATED HEMOBLASTS (GREEN ARROWS) AND GRANULES-CONTAINING CELLS (BLUE ARROWS). K) SEMI-THIN
SECTION OF A VASAL BUD AT THE DOUBLE VESICLE STAGE. L) DETAILED VIEW OF HEMOCYTES LOCATED BETWEEN THE INNER AND
THE OUTER VESICLE. M) AMPULLAR WALL SHOWING ABSENCE OF CELL MEMBRANE AND CYTOPLASMIC CONTINUITY BETWEEN
CELLS (PINK ASTERISKS). N-N") CONTACT BETWEEN AN AMPULLAR EPIDERMAL CELL AND A MORULA CELL. THE BLUE ARROW
SHOWS CYTOPLASMIC CONTINUITY, A: AMPULLA, H: HEMOCYTES, IV: INNER VESICLE, L: VESSEL LUMEN, M: MITOCHONDRIA, N:
NUCLEUS, OV: OUTER VESICLE, T: TUNIC (MODIFIED FROM SCELZO ET AL. 2019)...ciiiiiieieieeeeeee et e 57
FIGURE 3.5: SCHEMATIC REPRESENTATION OF PERIBRANCHIAL BUDDING AT THREE SUCCESSIVE STAGES, FROM PERIBRANCHIAL
INVAGINATION TO DOUBLE VESICLE (MODIFIED FROM ALIE ET AL. 2020). ..viieeeiiieeeeiieeeeeireeeeeite e e eeveeeeeireeeeeteeeeenneas 60
FIGURE 3.6: A) SCHEMATIC REPRESENTATION OF VASCULAR BUDDING AT THREE SUCCESSIVE STAGES, FROM HEMOCYTE CLUSTERING
TO DOUBLE VESICLE. B) SCHEME OF VASCULAR BUDDING IN BOTRYLLUS SCHLOSSERI (MODIFIED FROM ALIE ET AL. 2020 AND
RICCIET AL 2022). ..ttt ettt ettt e ettt e e et e e e e ta e e e e e ateeeeeaaaeeeaabaseeessaeeeaassaaesssssaaansssseeassaaasansseseeasssseeansnees 60
FIGURE 3.7: HOURGLASS MODEL FOR NON-EMBRYONIC DEVELOPMENT, WHERE, INDIFFERENTLY OF THE TISSUE AND CELL TYPE
SOURCE, ALL THE NED STRATEGIES CONVERGE TO A COMMON DOUBLE VESICLE STAGE. ....utttteeeeeeaaaiiireeeeeessenanneeeeeeaeaanns 62
FIGURE 3.8: EXPRESSION OF THE NK4 GENE IN BOTRYLLUS SCHLOSSERI AND POLYANDROCARPA ZORRITENSIS. A) PHYLOGENETIC
ANALYSIS OF NKX2.5/2.6 FAMILY MEMBERS SHOWING THE ORTHOLOGY BETWEEN B. SCHLOSSERI AND P. ZORRITENSIS NK4
GENES (NK4 ORTHOLOGY GROUP WAS DEFINED AS THE SMALLEST GROUP INCLUDING BOTRYLLUS NK4, CioNA NK4, AND
MOUSE NKx2.5 AND 2.6). B-C’’) NK4 EXPRESSION IN PERIBRANCHIAL BUD OF B. SCHLOSSERI. IN B, THE ZOOID BEARS THREE
BUDS AT THREE DIFFERENT STAGES (WHITE ARROWHEAD SHOWS THE YOUNGEST ONE AND THE PINK ARROWHEAD SHOWS THE
OLDEST ONE). C—C"’) CLOSE-UP VIEW OF NK4 EXPRESSION IN THE EARLY PERIBRANCHIAL BUD, INSERTED IN C IS HIGHLY
MAGNIFIED TO SHOW THE UNLABELED EPIDERMIS. C””’) DIAGRAM OF NK4 EXPRESSION IN THE PERIBRANCHIAL BUD. D—D"’)
CLOSE-UP VIEW OF NK4 EXPRESSION IN A VASCULAR BUD AT THE DOUBLE VESICLE STAGE. D"”’) DIAGRAM OF NK4 EXPRESSION
IN THE INNER VESICLE OF A VASCULAR BUD. E—1) EXPRESSION OF NK4 IN BUD OF P. ZORRITENSIS. E) EARLY INVAGINATION. F)
CLOSURE OF INVAGINATION BORDERS. G) RIGHT AFTER CLOSURE. H) LATE DOUBLE VESICLE STAGE. 1) DIAGRAM SHOWING

NK4 EXPRESSION IN THE FORMING INNER VESICLE OF P. ZORRITENSIS. ASTERISKS SHOW NONSPECIFIC STAINING IN THE TUNIC,
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AMP: AMPULLAE. EP: EPIDERMIS, IV: INNER VESICLE, OV: OUTER VESICLE, PE: PERIBRANCHIAL EPITHELIUM, PIV: PROSPECTIVE
INNER VESICLE, TU: TUNIC, V: VESSEL (MODIFIED FROM SCELZO ET AL. 2019)....cuiiiiiiiie ettt e 63
FIGURE 3.9: A) IMAGE SHOWING A COLONY, WITH THE WHITE ARROWS INDICATING THE HEALTHY STOLON TIPS. A’) HIGHER
MAGNIFICATION OF A STOLON TIP, IT IS POSSIBLE TO OBSERVE THE ROUND TIP WITH DARK CELLS. B) ILLUSTRATION INDICATING
HOW TO PERFORM THE INJECTION DIRECTLY IN THE MAIN BLOOD VESSEL OF A STOLON, WHEN INJECTING IN THE TIP IS NOT
POSSIBLE. C-C’) IMAGE SHOWING THE BSA 488 ENTERING AND SPREADING IN THE STOLON. D) STAINED BUDDING NEST 12
HOURS AFTER THE INJECTION. E) ILLUSTRATION OF HOW THE STOLONS ARE CUT AND THE BUDDING NESTS ARE ISOLATED FOR
STIMULATING THE BUDDING. +vvuvuuuuutuuuuuuunununnnannnanensnsssasasasssssssssssssesssssssssssssssssssssssasasasssssssesesesssssesesesssesessssssssenn 65
FIGURE 3.10: A) STAINED BUDDING NEST CONTAINING A BUDDING VESICLE. B) BUDDING NEST IN BRIGHT FIELD FOR DISSECTION. C)
THE DISSECTED BUDDING VESICLE REDUCES IN SIZE AFTER THE DISSECTION. D) ONCE THE BUDDING VESICLE IS DISSECTED, IT IS
IMMEDIATELY TRANSFERRED TO A STERILE MICROTUBE AND FROZEN IN LIQUID NITROGEN, BEING LATER STORED AT -80°C. ...67
FIGURE 3.11: ORGANIZATION OF A BOTRYLLUS SCHLOSSERI COLONY AND BLASTOGENIC TISSUES. A) PART OF A COLONY OF B.
SCHLOSSERI AT STAGE B2 SHOWING THE EMERGING BUDLET (RED FRAME) AND NEIGHBORING NON-BUDDING TISSUES (GREEN
FRAME). B) EXAMPLE OF MICROSURGERY PERFORMED TO HARVEST THE BUDLET, BEFORE (UP) AND AFTER (BOTTOM) ABLATION
OF THE BUDLET. THE RED SQUARE IN THE BOTTOM LEFT CORNER SHOWS THE ISOLATED BUDLET ALONE. C) DETAILS OF THE
TISSUES SAMPLED FOR THE RNASEQ ANALYSES: PHALLOIDIN AND DAPI STAINING (UP), AND SKETCHES (BOTTOM). FROM LEFT
TO RIGHT: “REF” (NON-BUDDING) SAMPLE, BUDLET STAGE A2, AND BUDLET STAGE B2, RESPECTIVELY. SAMPLED TISSUES
INCLUDE A MONOLAYERED PERIBRANCHIAL EPITHELIA (PBE), HAEMOBLASTS INCLUDED IN MESENCHYMAL SPACE (MS), A
MONOLAYERED EPIDERMIS (E), AND TUNIC (T) WITH EMBEDDED CELLS (MODIFIED FROM RicCl, CHAURASIA, ET AL. 2016). ..68
FIGURE 3.12: DYNAMIC OF THE MIGRATION OF EXTRAVASCULAR TISSUES INTO THE VASCULAR NETWORK. A—C) IMAGES SHOWING
THE TISSUE LEFT-OVER GETTING IN CLOSE CONTACT TO THE VASCULATURE FROM A) O H POST-INJURY (HPI) TO B) 10 HPI AND
C) 22 Hpi. D—E’’) MICROSCOPIC VIEW OF THE AREAS SQUARED IN C. D) TRANSMITTED LIGHT WITH DIC FILTER, THE DOUBLE
MONOLAYER VESICLE CAN BE SEEN IN THE TUNIC. E) HOECHST STAINING. E’) ACETYLATED TUBULIN COUNTER-STAINING. E”’)
MERGE OF E AND E’ (MODIFIED FROM RICCI ET AL, 2022).c..uuutiiieeiiieeeetieeeeeiteeeeetteeeeeiveeeeetreeeeeaaaeaeeareeaeenssesesnneas 69
FIGURE 3.13: STAGING SCHEME USED FOR WBR IN B. LEACHI. A) STAGE A: B. LEACHI COLONY PRIOR TO DISSECTION. BLACK DASHED
LINE INDICATES THE DISSECTION SITES. STAGE O: MARGINAL AMPULLAE AT O H, DIRECTLY AFTER DISSECTION FROM THE ZOOIDS.
BLACK DASHED LINE INDICATES DISSECTION SITE. STAGE 1: NEW VASCULAR CONNECTIONS FORMED BETWEEN AMPULLAE,
CREATING THE BEGINNING OF A NEW CIRCULATORY SYSTEM. STAGE 2: MARGINAL AMPULLAE STARTING TO CONDENSE
TOGETHER, CREATING A COMPACT NETWORK OF BLOOD VESSELS WITHIN THE TUNIC MATRIX. STAGE 3: FURTHER CONDENSING
OF THE BLOOD VESSELS. STAGE 4: FORMATION OF SMALL TRANSPARENT VESICLE (REGENERATION NICHE) IN THE MIDDLE OF THE
CONDENSED BLOOD VESSELS. THE REGENERATION NICHE CONTINUES TO EXPAND IN SIZE, GAINING PIGMENTATION AND
ULTIMATELY FORMING THE NEW ADULT. STAGE 5: A FULLY DEVELOPED ZOOID CAPABLE OF FILTER FEEDING FORMS ~ 8 DAYS. B)
HIGHER MAGNIFICATION IMAGE OF THE TERMINAL AMPULLAE AT STAGE 0. RED LINE SURROUNDING INDIVIDUAL AMPULLAE
AND DOUBLE ARROW INDICATING SPACE BETWEEN TWO AMPULLAE. THIS DISTANCE INVERSELY CORRELATES WITH THE TIME IT
TAKES THE VASCULAR TISSUE TO REACH STAGE 3. C) SAME AS B, WITH ARROWS POINTING AT BLOOD VESSELS CONNECTING
INDIVIDUAL AMPULLAE TO ONE ANOTHER. D-F) HIGHER MAGNIFICATION IMAGES OF STAGE 4. YELLOW LINE SURROUNDING

THE REGENERATION NICHE THAT GROWS TO FORM THE NEW ADULT. G) ADULT ZOOID CAPABLE OF FILTER FEEDING. ARROWS
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INDICATING THE TWO SIPHONS PRESENT (ATRIAL AND PERIBRANCHIAL SIPHONS). SCALE BAR REPRESENTS 0.5 MM (MODIFIED
FROM ZONDAG ET AL. 2006). o.nnetieieiiiieeeeiieeeeete e e e ettt e e ettt e eetteeeeetbeeeeeabeeeeaasaaeeesseaaeansseseeassaeaeanssesaeassseeesnsnes 70
FIGURE 3.14: A) COLONY OF P. MISAKIENSIS. ADULT ZOOIDS (z) BEAR MANY BUDS (B). DEVELOPING BUDS ARE INDICATED BY
ASTERISKS. AND JUVENILE ZOOIDS MARKED BY JZ. BAR = 0.5 MM (MODIFIED FROM BALLARIN AND KAWAMURA 2009) . B) A
VENTRAL VIEW OF POLYANDROCARPA MISAKIENSIS. THE ADULT ANIMAL IS ABOUT 1 CM-LONG. THE BRANCHIAL SAC
(PHARYNX), STOMACH AND INTESTINE ARE SEEN. THE GROWING BUD IS AN OUTGROWTH OF THE PARENTAL BODY WALL. THE
BUD SEPARATES FROM THE PARENT AND STARTS CELL DIFFERENTIATION AND MORPHOGENESIS TO RECONSTRUCT A NEW
INDIVIDUAL. B’) SCHEMATIC REPRESENTATION OF B. IMAGES FROM FUJIWARA’S LAB.....ccocvviieeeiiieeciiee et e 71
FIGURE 3.15: A) SEVEN STAGES SELECTED FOR TRANSCRIPTOME SYNTHESIS. B) TIME-LAPSE IMAGING OF THE VASAL BUDDING
DEVELOPMENT WITH APPROXIMATED HOURS BETWEEN EACH STAGE. ..veeetuuvteeesireeesnurreeesiureeessssseeesssneessssseessssssessssnsees 80
FIGURE 3.16: DE NOVO TRANSCRIPTOME ASSEMBLY TO DIFFERENTIAL EXPRESSION ANALYSIS PIPELINE. .eceverieaiuirerereeeeasaainneeeenns 82
FIGURE 3.17: A) PCA SHOWING THE DISTRIBUTION OF THE TRANSCRIPTOME DATA AND ITS CLUSTERING BY SIMILARITY. B) HEATMAP
SHOWING THE CLUSTERING OF THE SAMPLES BY THEIR SIMILARITY. ..eeetertreeereuueeeenreeeessseeeesssaeessseeesssseeesssseseessssseesns 84

FIGURE 3.18: PAIRWISE GENE DIFFERENTIAL EXPRESSION COMPARISON SHOWING THE NUMBER OF UP AND DOWNREGULATED GENES.

.................................................................................................................................................................... 85
FIGURE 3.19: BIOLOGICAL PROCESS GENE ONTOLOGY TERMS ENRICHED BETWEEN THE CTRL AND SW STAGES. ....cevvvveeeeeerrrerennnn. 87
FIGURE 3.20: ELBOW PLOT FOR ESTIMATION OF K-IMIEANS CLUSTERS. .uueeevvtrruueeeeerersrnneeeeessesssneeeesssssssnseesesssssssnnseesssssssnnnns 88

FIGURE 3.21: HEATMAP OF GENES IDENTIFIED IN THE DE NOVO ASSEMBLY THAT ARE EXPRESSED DURING DIFFERENT STAGES OF NED
IN P. ZORRITENSIS, WITH COLORS REFERRING TO THEIR RESPECTIVE NORMALIZED EXPRESSION VALUES. THE GENES FORM SIX
MAJOR CLUSTERS (AS RESULTING FROM THE K-MEANS CLUSTERING ALGORITHM), ACCORDING TO THEIR TEMPORAL EXPRESSION
PROFILES. tteteteteteteseseseseteteteteseseeeeeeaaeeaaaaeeaeeeeeeeeseeesesesesesesesssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsnnnnnnnnn 90
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