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Abstract

Cnidaria (i.e., sea anemones, jellyfish, corals) and Bilateria (i.e., vertebrates, sea stars, fruit flies),
are sister groups that diverged around 600 million years ago. Despite the long evolutionary time,
many cellular differentiation mechanisms, cell types, tissues and behaviors are conserved. Such as
neurons, mechanosensory hair cells, feeding behaviors, peristaltic movements, and sleep. Recent
advances in genomics, molecular biology and microscopy have fueled an increased interest in
understanding cnidarian nervous and neuroendocrine systems. Understanding the developmental
mechanisms and the mode of operation of Cnidarian nervous systems helps to reconstruct the
ancestral nervous system of the last common ancestor of Cnidaria and Bilateria. Thus, also
shedding light in fundamental aspects of Bilaterian nervous systems. Here, the ‘starlet sea
anemone’ Nematostella vectensis, a powerful cnidarian model organism was used to address the

gene expression pattern of Pitl, a conserved gene shared between Cnidaria and Bilateria.

In Chapter 1, a method to extract DNA and genotype embryos of Nematostella without sacrificing
the animal was established, with possible application to other non-sea anemone cnidarians. Early
genotyping is fundamental for addressing phenotypes during development, thus opening the door

to study the function of any gene of interest during larval pre-metamorphic stages.

In Chapter 2, the expression pattern of Pitl and detailed cellular morphology of Pitl-positive cells
was characterized for the first time in Nematostella. Complex neuronal networks and diverse
sensory cells were found. Furthermore, the foundation for future functional studies of Pit] was laid

by establishing stable CRISPR-Cas9 knockout and transgenic reporter lines.
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INTRODUCTION

Nervous systems allow animals to quickly gather, process and store information. It allows humans
to comprehend complex concepts, think abstractly, communicate using intricate written and
spoken languages and to perform mental time travel (i.e., to recall the past and prospect the future
across long stretches of time) (DeLong, 1981; Klein, 2013; Ramirez, 2018; Schacter & Addis,
2007; Suddendorf et al., 2018; Suddendorf & Corballis, 1997, 2007; Szpunar et al., 2014;
Tonegawa et al., 2015; Zhu et al., 2022). To better understand the fundamental aspects of our mind
and its diverse modes of operation, it is essential to understand the origins, evolution and
functioning of nervous systems across the animal kingdom (mind evolution: Bolhuis & Wynne,
2009; Buss, 2009; Carter, 1898; Gutfreund, 2018; Popper, 1978; Premack, 2007); (modi operandi:
Borjigin et al., 2013; Eichenlaub et al., 2014; Irwin et al., 2020; Kanaya et al., 2020; Kondziella,
2020; Mutz & Javadi, 2017; Peinkhofer et al., 2019; Raffone et al., 2019; Schwartz & Maquet,

2002; Tang et al., 2009; Vicente et al., 2022; Voss et al., 2009).

In the distant future ... psychology will be based on a new foundation, that of the necessary
acquirement of each mental power and capacity by gradation. Much light will be thrown
on the origin of man and his history

— Charles Darwin (1859, pg. 488)

Cnidaria (i.e., sea anemones, jellyfish, corals) and Bilateria (i.e., primates, octopuses, insects) are
sister groups that diverged around 600 million years ago before the Cambrian explosion (Erwin et
al.,2011; Medina et al., 2001; Narbonne, 2005). Despite the long evolutionary time distance, many
developmental mechanisms, cell types, tissues, and behaviors are conserved, including neuronal
differentiation mechanisms and neuronal cell types (Boero et al., 2007; Galliot, 2000; Gold et al.,
2014; Kanaya et al., 2020; Leclere & Rottinger, 2017; Marlow et al., 2009; Nakanishi et al., 2012,

2015; Ozment et al., 2021; Tarrant, 2005; Tourniére et al., 2020). Thus, I here make the case that



unveiling fundamental aspects of Cnidarian neurobiology will allow for a more profound
understanding of the origins and modes of operation of the putative Cnidarian-Bilaterian mind
(Boly et al., 2013; Bosch et al., 2017 Cabanac et al., 2009; Edelman & Seth, 2009; Feinberg &

Mallatt, 2013; Griffin, 1999; Mashour & Alkire, 2013; Ota et al., 2022; Shevlin, 2021).

The ‘starlet sea anemone’ Nematostella vectensis is a powerful Cnidarian model organism with a
sequenced genome (Putnam et al., 2007), a translucent body propitious for whole-body staining,
and several established techniques such as CRISPR-Cas9, transgenesis, in-situ hybridization,
RNA-seq, ChIP-seq and live imaging (DuBuc et al., 2016; Ikmi et al., 2014; Renfer et al., 2010;

Steinmetz et al., 2012; Schwaiger et al., 2014).

Pitl (pituitary specific transcription factor) is present across the animal tree of life, and well
described in vertebrates (Gold et al., 2014; Ingraham et al., 1988), where it functions as a main
regulator of development and hormone synthesis of the anterior pituitary gland, essential for
growth, metabolism and reproduction (Cohen et al., 1996; Godfrey, 1993; Ho et al., 2015; Lin,
1993; McNamara et al., 2021; Scully & Rosenfeld, 2002; Shewchuk et al., 2006). Furthermore, it
plays crucial roles in sensory hair cell maturation of the inner ear, essential for hearing (Fang et

al., 2012; Mustapha et al., 2009; Sundaresan et al., 2016).

Considering the lack of knowledge of this gene outside of Bilateria we set to address its expression

pattern, the cellular characteristic of Pitl-positive cells and its function in Nematostella vectensis.

In Chapter 1, a method for genotyping early embryos of Nematostella, without sacrificing the life
of the animal, was developed. Thus, allowing for the characterization of mutant phenotypes during
larval stages. Furthermore, this method can be applied to other cnidarians as long as the embryos

are capable of regeneration after surgery (Silva & Nakanishi, 2019).



In Chapter 2, the gene expression pattern of Pitl was described during the development of
Nematostella at embryonic, larval, metamorphic, and polyp stages. Pitl-positive neurons were
found across the animal’s body, particularly in the endoderm of the body column in vast neuronal
networks, and in the ectoderm of tentacles, in sensory cells with diverse morphologies. Some of
the detected sensory cells have hair cell specific features such as a single cilium surrounded by
stereocilia and actin rootlets in the apex of the cell. The method developed in Chapter 1 was applied
to screen knockout mutants of CRISPR-Cas9 Pitl at early embryonic stages. Furthermore, a
transgenic reporter line with the fluorescent protein Kaede under the control of Pitl promoter, was
created. The established knockout lines and transgenic reporter lines will allow for future

validation of the function of Pitl in Nematostella vectensis.

Our findings indicate that Pitl is present in sensory neurons of Nematostella and, taken together
with comparative studies from the ‘moon jellyfish’ Aurelia which shows expression in sensory
cells (Nakanishi et al., 2010), we can extrapolate that Pitl is present in sensory cells across
Cnidaria. Furthermore, in the lancelet Branchiostma floridae Pitl is expressed in the Hatschek’s

pit which is hypothesized to have chemosensory functions (Candiani et al., 2008).

Taken together this suggests a conserved expression of Pitl in sensory cells across Bilateria and
Cnidaria. Further elucidating the function of Pitl in regulating cellular differentiation in Cnidaria
and the nature of Pitl cells in early chordates and other bilaterians is essential to unravel the
ancestral function of Pit]l between Cnidaria and Bilateria. Doing so will provide a glimpse into the
role of Pitl in the ancestral nervous system of the last common ancestor, which constitutes the

foundation for the emergence of our minds.
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ABSTRACT

Described here is a PCR-based protocol to genotype the gastrula stage embryo of the anthozoan
cnidarian Nematostella vectensis without sacrificing the life of the animal. Following in vitro
fertilization and de-jellying, zygotes are allowed to develop for 24 h at room temperature to reach
the early- to mid-gastrula stage. The gastrula embryos are then placed on an agarose gel bed in a
Petri dish containing seawater. Under the dissecting microscope, a tungsten needle is used to
surgically separate an aboral tissue fragment from each embryo. Post-surgery embryos are then
allowed to heal and continue development. Genomic DNA is extracted from the isolated tissue
fragment and used as a template for locus-specific PCR. The genotype can be determined based
on the size of PCR products or presence/absence of allele-specific PCR products. Post-surgery
embryos are then sorted according to the genotype. The duration of the entire genotyping process
depends on the number of embryos to be screened, but it minimally requires 45 h. This method
can be used to identify knockout mutants from a genetically heterogeneous population of embryos

and enables analyses of phenotypes during development.

Keywords: genotyping, PCR, CRISPR, Cnidaria, Nematostella, embryo
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INTRODUCTION

Cnidarians represent a diverse group of animals that include jellyfish, corals, and sea anemones.
They are diploblasts, composed of ectoderm and endoderm that are separated by an extracellular
matrix (mesoglea). Cnidaria is a sister group to speciose Bilateria, to which traditional animal
models such as Drosophila and Mus belong (1). Additionally, the Cnidaria-Bilateria divergence is
thought to have occurred in the pre-Cambrian period (2). As such, comparative studies of
cnidarians and bilaterians are essential for gaining insights into the biology of their most recent
common ancestor. Recently, comparative genomics has revealed that cnidarians and bilaterians
share many developmental toolkit genes such as notch and bHLH, implying that their common
ancestor already had these genes (3). However, the role of these developmental toolkit genes in
the last common ancestor of Cnidaria and Bilateria is comparably less well understood. To address
this problem, it is critical to study how these deeply conserved genes function in cnidarians. One
of the emerging cnidarian genetic models is the anthozoan Nematostella vectensis. Its genome has
been sequenced (3), and a variety of genetic tools, including morpholino-mediated gene
knockdown, meganuclease-mediated transgenesis, and CRISPR-Cas9-mediated gene knockins
and knockouts, are now available for use in this animal. In addition, Nematostella development is
relatively well understood. During embryogenesis, gastrulation occurs by invagination (4), and the
embryo develops into a free-swimming planula larva. The planula subsequently transforms into a
sessile polyp with a mouth and circumoral tentacles. The polyp then grows and reaches sexual
maturity. CRISPR-Cas9-mediated targeted mutagenesis is now routinely used to study gene
function in Nematostella vectensis (5,6,7,8,9). To generate knockout mutants in Nematostella, a
cocktail containing locus-specific single-guide RNAs and the endonuclease Cas9 protein is first

injected into unfertilized or fertilized eggs to produce FO founder animals that typically show
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mosaicism. FO animals are subsequently raised to sexual maturity and crossed with each other to
produce an F1 population, a subset of which may be knockout mutants (6). Alternatively, sexually
mature FO animals can be crossed with wild-type animals to generate F1 heterozygous animals,
and F1 heterozygotes that carry a knockout allele in the locus of interest can then be crossed with
each other to produce F2 offspring, one-quarter of which are expected to be knockout mutants (5).
Both approaches require a method to identify knockout mutants from a genetically heterogeneous
population. Polyp tentacles can be used to extract genomic DNA for genotyping (6,7). However,
in cases where the developmental function of the gene of interest is being investigated and mutant
embryos do not reach the polyp stage (i.e., due to larval lethality associated with the mutation),
knockout mutants need to be identified early in ontogeny. Described here is a PCR-based protocol
to genotype individual animals at the gastrula stage without sacrificing the animal, which enables
identification of knockout mutants from a genetically heterogeneous population of embryos. The
duration of the entire genotyping process depends on the number of embryos to be screened, but
it minimally requires 4-5 h.

PROTOCOL

1. Induction of spawning, in vitro fertilization, and de-jellying

1. Maintain Nematostella vectensis in seawater with a salinity of 12 parts per thousand (ppt)
in darkness at 16 °C, feeding Artemia daily.

2. On the day before spawning induction, place animals in a temperature- and light-controlled
incubator. Program the incubator so that the animals are exposed to 8 h of light at 25 °C.
Optional: Feed a small piece (<1 mm3) of oyster to individual animals before placing them
into the incubator to enhance spawning.

3. Leave the animals in the incubator for 1 h at 16 °C.
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Remove the animals from the incubator and leave them on a benchtop with light at room
temperature (RT) to allow spawning. Spawning usually occurs within the next 1.5-2 h.

If males and females are in separate containers, place egg packages from the female
container into a sperm-containing male container by using a transfer pipette whose tip is
cut to enlarge the opening so that the eggs are not damaged by mechanical stress during
transfer. Allow eggs to be fertilized by leaving them in the male container for at least 15
min.

De-jelly the egg packages in seawater containing 3% cysteine (pH 7.4) on a Petri dish or
in a 15 mL tube. Gently agitate on a shaker for 12 min.

Use a plastic pipette to break up clumps and continue to agitate for another 2-3 min until
completely de-jellied.

Remove cysteine by replacing the media with fresh seawater for at least 5x.

Keep the fertilized eggs on a glass Petri dish at 16 °C or RT.

2. Surgical removal of an aboral tissue from a gastrula embryo

1.

Prepare a DNA extraction buffer consisting of 10 mM Tris-HCI (pH 8), 50 mM KCI, 1 mM
EDTA, 0.3% Tween20, 0.3% NP40, and 1 mg/mL proteinase K. Use 20 mL of the
extraction buffer per embryo. Mix well by vortexing and aliquot the buffer into PCR tubes.
Dissolve 1% agarose in seawater and pour it into a Petri dish to cover the bottom. Cool on
a benchtop to make a gel bed. Pour fresh seawater to cover the gel bed in the Petri dish.
Transfer 24 h post-fertilization (hpf) embryos (early- to mid-gastrula stage) into the Petri
dish containing an agarose gel bed.

Insert a tungsten needle into a needle holder and sterilize by dipping the needle tip in

alcohol (70% or higher) and placing it in flame to burn off the alcohol.
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10.

. Under a dissecting microscope (at 20x to 40x magnification), use the tungsten needle to

make a depression on the agarose bed by removing a piece of surface agarose about the
size of an embryo to be manipulated, and place the embryo onto the depression with its
lateral side facing down in order to restrict the movement of the embryo for microsurgery.
Use the tungsten needle to surgically excise a piece of aboral tissue located opposite to the
oral blastoporal opening. An aboral one-third to one-quarter of the embryonic tissue along
the oral-aboral axis is usually sufficient.

Use a P20 pipette to transfer the isolated aboral tissue (in <2 mL) to a PCR tube containing

20 mL of DNA extraction buffer.

. Transfer the post-surgery embryo into a well containing at least 500 mL of fresh seawater

in a 24- or 96-well plate.
Repeat steps 2.4-2.8 for the number of embryos as needed.
Place the well plate containing post-surgery embryos in an incubator at 16 °C or RT until

genotyping is completed.

3. Genomic DNA extraction and genotyping PCR

1.

Briefly spin down the PCR tubes containing the DNA extraction buffer and isolated
embryonic tissues using a mini-centrifuge (e.g. at 2,680 x g for 10 s).

To extract genomic DNA from single embryos, incubate the PCR tubes at 55 °C for 3 h.
Vortex for 30 s every 30 min to ensure breakup of cell clumps and enhance cell lysis.
Incubate the PCR tubes at 95 °C for 5 min to inactivate proteinase K.

Keep gDNA extracts at 4 °C or on ice, and immediately proceed to PCR. NOTE: The

protocol can be paused here by placing gDNA extracts in a -20 °C freezer.
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5. Set up a PCR reaction using extracted gDNA as a template to amplify the genomic locus
of interest.

1. If different alleles at the locus of interest differ in size so that the size difference can
be detected by agarose gel electrophoresis, design a single set of primers to amplify
the entire locus.

2. Alternatively, use allele-specific primers that generate PCR products only in the
presence of the specific allele; for instance, by designing the primer that binds to a
region containing insertion/deletion mutations.

3. Use a typical 20 mL PCR reaction mix as follows: 5 mL of gDNA extracts, 8 mL of

nuclease-free water, 4 mL of PCR buffer, 0.2 mL of 10mM dNTPs, 0.6 mL of DMSO,
I mL of 10 mM forward primer, 1 mL of 10 mM reverse primer, and 0.2 mL of DNA
polymerase (see Table of Materials).
NOTE: Multiple primers can be used in a PCR reaction. For instance, one universal
forward primer and two allele-specific reverse primers can be combined, as long as
the two reverse primers are designed to generate PCR products of distinct sizes so
that the presence/absence of the two alleles can be unambiguously determined by gel
electrophoresis (see representative results section).

6. Run agarose gel electrophoresis to determine the size and presence/absence of PCR
products. Adjust the condition of agarose gel electrophoresis (e.g., agarose gel percentage,
V/cm, and duration) depending on the expected size of PCR products.

7. Use the results from PCR regarding the size and presence/absence of PCR products to
assign a genotype to each post-surgery embryo. For instance, if different alleles are

expected to generate PCR products of different sizes, use the size information to assign the
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genotype for each embryo. If allele-specific primers are used, the data on the
presence/absence of PCR products should be used to assign a genotype to each embryo.

8. Sort embryos according to genotype.

REPRESENTATIVE RESULTS

The Nematostella genome has a single locus that encodes a precursor protein for the neuropeptide
GLWamide. Three knockout mutant alleles at this locus (glw?, glw™®, and glw™®) have been
previously reported (5). Four heterozygous males carrying a wild-type allele (+) and knockout
allele glw™ at the GLWamide locus (genotype: +/glw™) were crossed with a heterozygous female
carrying a wild-type allele and different knockout allele glw™ at the same locus (genotype: +/glw
%) to generate a progeny. There are four possible genotypes in the progeny: glw™®/glw™, +/glw™,
glw?®/+, and +/+. Out of all the progeny, eight embryos were randomly selected for this
representative genotyping assay. For genotyping PCR, one universal forward primer and two
allele-specific reverse primers were designed (5). The reverse primer specific to glw™ binds to a
region containing insertion mutations, and the expected size of the PCR product is 151 bp. The
reverse primer specific to glw™ binds to a region containing both insertion and deletion mutations,
and the expected size of the PCR product is 389 bp. Neither reverse primer can bind to the wild-
type sequence, and thus no PCR products will be generated from wild-type embryos. Figure 1
shows a representative result of the PCR assay. Embryos 1 and 2 show a single PCR band
consistent with the expected size of glw™®. Embryos 3 and 6 show two PCR bands that correspond
to the expected sizes for alleles glw™ and glw™. Embryos 4, 7, and 8 show a single PCR band
consistent with the expected size of glw™. Embryo 5 shows no bands, suggesting the lack of primer
binding. To rule out the possibility of gDNA extraction failure, another PCR was run using a

reverse primer that can bind to the wild-type sequence, which showed a PCR product of an
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expected size (1290 bp; Figure 2). It should be noted that in Figure 2, one of the samples (indicated
by *) showed no PCR products, suggesting a failure in gDNA extraction. Based on the above
results, the genotype of each embryo is interpreted to be as follows: embryo 1: +/glw™, embryo 2:
+/glw?, embryo 3: glw¥glw™, embryo 4: +/glw™, embryo 5: +/+, embryo 6: glw¥glw™, embryo

7: +/glw, and embryo 8: +/glw™.

Figure 1: Representative results of a genotyping PCR assay. 1-8 represent genotyping PCR
results from randomly sampled embryos among the progeny of an F1 heterozygous mutant cross
between one +/glw™?® female and +/glw™ males. gDNA was extracted from an embryonic tissue
fragment and used as a PCR template. The GLWamide locus was targeted for PCR amplification,
and one universal forward primer and two allele-specific reverse primers were used (Table of
Materials). The reverse primer specific to glw™® generates a 151 bp PCR band (1, 2, 3, 6), while
the reverse primer specific to glw™ generates a 389 bp PCR band (3, 4, 6, 7, 8). Neither reverse
primer can bind to the wild-type sequence, and thus no PCR products will be generated from wild-
type embryos (5). The 1.5% agarose gel was run at 128 V for 25 min. A 100 bp DNA ladder was
used. Please click here to view a larger version of this figure.

18


https://cloudfront.jove.com/files/ftp_upload/59541/59541fig1large.jpg

Figure 2: Representative results of locus-specific PCR to confirm the presence of gDNA. Ten
gDNA extracts that failed to generate PCR products in glw mutant allele-specific PCR
experiments, including embryo 5 from Figure 1 (‘5°), were used as PCR templates for the PCR
experiment shown. A universal forward and reverse GLWamide-locus-specific primers were used
to generate a 1290 bp PCR product from a wild-type allele. Nine out of ten DNA extracts (except
for the one indicated*) showed a PCR band of expected size, including embryo 5 from Figure 1
(°5). This suggests that the failure to generate PCR products from the embryo 5 was not due to
the lack of a sufficient gDNA template. The 1.5% agarose gel was run at 128 V for 25 min. 1 kb
DNA ladder was used. Please click here to view a larger version of this figure.

DISCUSSION

Described here a PCR-based protocol to genotype a single sea anemone embryo without sacrificing
the animal. Following spawning and de-jellying, the fertilized eggs are allowed to develop into
gastrulae. The aboral region of each gastrula embryo is surgically removed, and the isolated aboral
tissue is used for subsequent genomic DNA extraction, while the remaining post-surgery embryos
heal and continue development. The gDNA extracts are then used for a PCR assay to determine
the genotype of each embryo. This method takes advantage of the ability of the oral halves of the
sea anemone embryo to regulate and develop (10,11), and the majority of the embryos (>90%)
typically survive the surgery and develop normally under appropriate culture conditions. The tissue

amount required for this genotyping assay is less than one-half of an entire gastrula embryo, and
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negative results due to gDNA extraction failure are rare (<5%). Given that only a small amount of
tissue is necessary, it is likely possible to use pre-gastrula stage embryos for this genotyping assay;
although, this has yet to be tested. This method can be performed efficiently as long as the animal
has not reached a stage of active swimming (i.e., before the free-swimming planula stage). This
genotyping method is particularly advantageous in cases requiring the performance of phenotype
analyses during development. One limitation of this protocol is that the number of embryos able
to screened may be limited. In particular, surgical removal of an aboral tissue can take one to two
minutes per embryo, especially for the uninitiated. An experienced researcher should be able to
complete the entire genotyping assay for at least 80 embryos per day, but studies involving
hundreds or thousands of embryos are likely too time-consuming to complete in one day.
Researchers also need to be mindful that the phenotype observed in post-surgery mutants may be
different from that in intact mutants, for instance, due to the effect of gene knockout on healing
and/or embryonic regulation in gastrulae. This possibility should be tested by examining whether
the phenotype found in post-surgery mutants is indeed observable in intact mutants. There are
several alternative approaches to the described method of genotyping. First, immunostaining with
an antibody against a protein whose expression is lost in knockout mutants can be performed to
identify knockout mutant individuals from a genetically heterogeneous population of developing
animals. Second, in situ hybridization can be used for this purpose, if the riboprobe can be designed
so that it does not hybridize to mutant mRNAs. For instance, if the mutant alleles of a knockout
animal carry large deletion mutations in the same region of the gene, the riboprobe can be designed
to hybridize to the region of the gene deleted in the knockout mutants. In both cases, knockout
mutants are expected to show no labeling, while heterozygous and wild-type individuals should

show labeling. However, the animals will need to be sacrificed due to tissue fixation required for
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the staining. Finally, knockout mutants may be raised to sexual maturity and crossed with each
other to generate a progeny, all of which should be knockout mutants, and analyses of
developmental phenotype can be performed using this progeny (6). This method requires that the
knockout animals are viable and capable of reproduction and is thus limited in its application to
nonessential genes. Although the described genotyping protocol is designed for sea anemone
embryos, it is possible to use this method with other cnidarians in which both genomic information
and embryos are accessible (e.g., corals (12) and jellyfish (13)), as long as the embryos are capable
of healing and regulation upon surgical removal. Successful CRISPR-mediated gene modification
experiments have been already reported in corals (14) as well as hydrozoan jellyfish (15,16).
Future applications of this genotyping protocol to non-sea anemone cnidarians will be important
for studies of the genetic basis of their development. This, in turn, will be key to gaining
mechanistic insights into the evolution of remarkably diverse cnidarian development.
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ABSTRACT

Here 1 describe the expression pattern of POU-I/Pitl in Nematostella vectensis and lay the
foundations for further functional studies of NvPitl with CRISPR-Cas9 knockout mutants and
transgenic reporter lines. NvPitl was found to be expressed in diverse sensory cells in the
tentacular ectoderm of polyps, as well as constituting a complex network of endodermal NvPitl
neurons in larval stages and polyps. The function of POU-I/Pitl has so far only been described in
vertebrates where it acts as a terminal selector in the development of the anterior pituitary gland,
as well as a direct regulator of hormone synthesis. Understanding the function of POU-I/Pitl in
Cnidaria is vital to unveil the ancestral function of this transcription factor in the last common
ancestor of Bilateria and Cnidaria, and thus gain a better understanding on the origins and evolution

of the animal neuroendocrine system.

Keywords: evolution, POU-I, cell differentiation, pituitary, sensory, Nematostella, Cnidaria,
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1) INTRODUCTION

Cnidaria (e.g., jellyfish, corals, sea anemones) occupy a key phylogenetic position to understand
the early history of animals and the evolution of nervous and endocrine systems (Boero et al.,
2007; Tarrant, 2005). Cnidaria and Bilateria (e.g., chordates, arthropods, annelids) are sister groups
that diverged around 600 million-years ago before the Cambrian explosion, and share several
developmental mechanisms, cell types, tissues, and behaviors (Boero et al., 2007; Galliot, 2000;
Gold et al., 2014; Kanaya et al., 2020; Leclére & Réttinger, 2017), including neuronal cell types
and neuronal differentiation mechanisms (Marlow et al., 2009; Nakanishi et al., 2012; Ozment et

al.,2021; Tourniere et al., 2020).

In neural organisms, the neuro-endocrine system is the main mediator between the external and
internal world, modulating development, sensation, memory, metabolism, and behavior (Ahissar
& Assa, 2016; De Marco et al., 2016; Jennings & de Lecea, 2020; Nakanishi & Martindale, 2018a;
Seehausen et al., 2008; Soares et al., 2010). To generate a functional neuroendocrine system,
several cell types must be differentiated and maintained. Different cell types are generated by the
complex activity of specific gene regulatory networks (GRNs), that mediate cell behavior,
proliferation, differentiation, and maintenance of cell-specific traits (e.g., neurites) (Fakhry, 2013;
Fischer & Smith, 2012; Huang et al., 2020; Okawa et al., 2016; Scully & Rosenfeld, 2002).
Terminal selectors are the final transcription factors of GRNSs that directly regulate effector genes,
thus terminally differentiating and maintaining cell state (e.g., endocrine cell remains endocrine)

(Allan & Thor, 2015; Hobert, 2008; Leyva-Diaz et al., 2020; Leyva-Diaz & Hobert, 2019).

The ‘pituitary specific transcription factor 1’ (Pitl), a class I POU-homeodomain transcription
factor (Gold et al., 2014; Ingraham et al., 1988), acts as a terminal selector in the anterior pituitary

gland of vertebrates maintaining cellular identity of lactotropes, somatotropes and thyrotropes and
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directly regulating the transcription of prolactin (PRL), somatotropin (GH) and thyrotropin (TSH)

(Cohen et al., 1996; Godfrey, 1993; Ho et al., 2015; Lin, 1993; McNamara et al., 2021; Scully &
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In vertebrates, mutations in Pitl result in the loss of cell-state and in hypopituitarism,
hypothyroidism, dwarfism, deafness and pituitary cancer (Heaney & Melmed, 2004; S. Li, 1990;

Mustapha et al., 2009; Sundaresan et al., 2016).

Non-vertebrate chordates (i.e., ascidians and lancelets) lack pituitary glands (Candiani and
Pestarino, 1998). However, studies on the lancelet Branchiostma floridae reveal expression of Pitl
in ciliated cells of the external preoral organ/Hatschek’s pit, a putative homologous structure to
the internalized anterior pituitary gland of vertebrates and, hypothesized to have chemosensory

and/or mucous secretory functions (Candiani & Pestarino, 1998, 1999; Candiani et al., 2008).

The ‘moon jellyfish’ Aurelia, expresses Pitl in ectodermal sensory cells of the rhopalia, a sensory
organ unique to jellyfish, suggesting that Pit] mediates cellular differentiation of sensory and/or

neurosecretory cells in Cnidaria (Nakanishi et al., 2010).
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In the ‘starlet sea anemone’ Nematostella vectensis (Nv), a powerful cnidarian model organism,
single-cell transcriptomic analysis (Sebé-Pedros et al., 2018) revealed NvPitl expression
exclusively during polyp stage in a single neuronal cell type, with co-expression of neuronal
specific genes (e.g., Elav, Kalirin), several ion channels (e.g., acid-sensing and amiloride-sensitive
channels) and neuropeptide receptors (e.g., RYamide receptors). Additionally, it revealed the
expression of genes involved in the differentiation of mechanosensory cells and
mechanotransduction, such as POU-IV (Brn3) and Pkdl (Ozment et al., 2021), as well as genes
involved in endocrine functions, such as TSH receptors and melanocortin receptors (Sebé-Pedros
et al., 2018), raising the question if NvPitl is involved in cellular differentiation of

mechanosensory, neurosecretory, and/or endocrine cells in Nematostella vectensis.

Here I describe the expression pattern of NvPitl across development of Nematostella vectensis
using in-situ hybridization, immunohistochemistry and a Pitl::Kaede transgenic reporter line. A
dynamic expression pattern of NvPitl, was characterized, with initial expression in the endoderm
followed by expression in the ectoderm of tentacles. Additionally, diverse morphologies of
NvPit1" sensory neurons in the tentacles were analyzed and described in detail, and a complex
neuronal network of Pitl/Elav endodermal neurons was observed. Furthermore, I laid the
foundations for functional studies by generating stable F2 CRISPR-Cas9 knockout lines and F1

Pitl::Kaede transgenic reporter lines.

2) METHODS

2.1) Animal culture and spawning
Nematostella vectensis animals used in this study are descendants of the population collected at
Rhode River in Maryland by (Hand and Uhlinger, 1992). Animals were kept in an Aquaneering

stand-alone system in 1/3 artificial seawater, pH 7.5-8.0, prepared with artificial sea salt (Instant
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Ocean Sea Salt for Aquariums #169526) dissolved in reverse osmosis distilled water. The water
temperature was maintained between 16°C and 18°C, and animals grew mostly in the dark, except
when the aquarium room was in use for feeding or other animal maintenance-related activities.
Feeding was done daily, during weekdays, with 2-day old brine shrimp (4rtemia salina).

To induce spawning of Nematostella, sexually mature adults were set in an incubator with
light and temperature cycle, of 8h of light at 25°C and 1h of dark at 16°C, which triggers gamete
production and spawning approximately lh after being removed from the incubator and brought
to the light at room temperature (Fritzenwanker & Technau, 2002; Hand & Uhlinger, 1992). Males
and females were screened, separated, and kept in different tanks and bowls to achieve control
over the timing of fertilization. A healthy, well-fed, female can lay between 100-600 eggs, thus
with a group of females it is possible to regularly obtain large amounts of developmental material.
Normally, animals were allowed to rest, feed, and recover at least 2 weeks in between spawning
events. To stimulate the first spawning of polyps approaching sexual maturity, to further increase
egg yield, or to repeat spawning before the 2-week resting period, pieces of oyster were fed, which
acts as a sort of aphrodisiac for the anemones (modified from Hand & Uhlinger, 1992 — where

they used mussel ovaries).

2.2) Fertilization and De-jellying

In Nematostella vectensis the eggs are delivered in a gelatinous mass (“jelly”) — the egg packet.
After visually confirming that all the females released their egg packets, these were collected using
a clean pipette and transferred into the male bowl with sperm for 15min to be fertilized. After that,
the zygotes were transferred to a 4% L-cysteine solution, prepared in 1/3 sea water, and
equilibrated to pH 7.4 using 1M NaOH. The egg packets were incubated on a rocker at room

temperature for 12min (Keller, 1981) followed by gentle pipetting to further remove jelly and five
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washes in 1/3 sea water to remove cysteine. Zygotes then develop at room temperature in a Petri-
dish. It is recommended to fertilize before de-jellying since the jelly may be necessary to provide

chemotactic cues and/or prevent polyspermy (Fritzenwanker & Technau, 2002).

2.3) Rearing of embryos, larvae, and primary polyps

When not de-jellied, embryos develop in the egg packet until they emerge as swimming larva
(planula) at around 2-day-post-fertilization (dpf). One week after fertilization the swimming
planulae metamorphose into primary polyps with four tentacles in the oral opening. At this stage,
the primary polyps require small 1-day-old Artemia brine shrimp to be fed, either by flooding the
Petri-dish or by puncturing the brain of Artemia with a forceps and putting the live but immobilized
shrimp directly in front of the small primary polyp’s mouth. It should be noted that for rearing
primary polyps, a smaller 35mm Petri-dish is recommended, since it facilitates daily cleaning of
dead Artemia. Eventually primary polyps grow and feeding becomes less laborious, where bigger
2-day-old Artemia can be fed and the polyps can progressively be moved to bigger containers, first
a bigger Petri-dish, then a plastic Tupperware bowl, and when grown enough, to the tanks in the

system. Feeding diligently, it can take 2 to 3 months to move them to the system tanks.

2.4) Zygote Microinjection

Freshly de-jellied zygotes were injected with either a CRISPR-Cas9 cocktail or a Transgenic
Construct with meganuclease cocktail, using freshly pulled capillary needles, a microinjector
(FemtoJet® 41, Eppendorf) and a mechanical needle holder and manipulator. Both cocktails had
Dextran568 (Dextran, Alexa Fluor™ 568) which fluoresces orange under green light. This
fluorescent dye was used to keep track of injected animals and to sort them after injection, but also
to visualize the amount of injected solution. The zygotes should become fully fluorescent, but

injection should not inflate the zygote, as this can result in disintegration and death of the injected
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animal. Some trial-and-error is required within an injection section to determine the right volume
and air pressure, as in every session the breaking point of the needle varies slightly and thus also
the needle tip width. Needles should the broken at the most distal point possible, to obtain thin
needle tips. It is worth noting that thin needles clog more easily and thus clearing of the needle is
often required by pressing the “Clear” setting on the microinjector machine. This shoots a burst of
pressurized air in the needle and often unclogs it. If clearing the needle does not solve the issue,
the needle tip should be analyzed visually and broken precisely above the obstruction. After
injection, animals are let to develop overnight and they can be sorted in the next day, making use
of the Dextran 568 fluorescence, into a fresh small 35-mm Petri-dish, where they can then be

reared or used directly for experiments.

2.5) RNA extraction, cDNA synthesis and gene cloning
The in silico predicted NvPitl gene sequence was obtained from the Joint Genome Institute

database (N. vectensis v1.0, protein ID 112929), where a single exon is described. To confirm the

predicted in silico sequence, 5’ and 3> RACE PCR was performed. Total RNA was extracted from
planulae and primary polyps using TRIzol (Thermo Fisher Scientific) and cDNA was synthesized
using the SMARTer RACE cDNA Amplification Kit (Cat. No. 634858; Takara, Mountain View,
CA). RACE PCR fragments were ligated into a pCR4-TOPO TA vector, using the TOPO TA

Cloning kit (Cat. No. K457501; Thermo Fisher Scientific), and sequenced by (Eurofins, KY).

2.6) Generation and validation of antibodies against V. vectensis POU-I

Two antibodies against N. vectensis POU-I/Pitl were generated in rabbit (YenZym Antibodies,
LLC). The antibody NvPitl-yz6677 against TIGLAAKEALENHFMKQTKCamide synthetic
peptide, corresponding in amino acid sequence to TIGLAAKEALENHFMKQTK in the DNA-

Binding Homeodomain region of NvPOU-I/Pitl and the antibody NvPitl-21-40 against the
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CLSHDQRGPPVPPLPLDFGVDamide  synthetic  peptide,  corresponding to  the
LSHDQRGPPVPPLPLDFGVD amino acid sequence in the N-terminus of the POU domain region
of NvPOU-I/Pitl. Both antigen sequences were analyzed with TBLASTN against N. vectensis

genome (http://metazoa.ensembl.org/Nematostella vectensis/Info/Index) (Putnam et al., 2007)

and both yielded a single hit at the POU-I locus (NEMVEscaffold 114:529,686-530,177), with

no matches to other loci. Following immunization, the resulting antisera were affinity purified with
the TIGLAAKEALENHFMKQTKCamide and CLSHDQRGPPVPPLPLDFGVDamide peptides.
The antibodies were validated using CR-Pitl F2 animals, where antibody signal was absent in full
knockout mutants (-d/-d) and present in wildtype (+/+) siblings (Supplementary Fig. S5 and S6).
Additionally, combined in-situ and immunohistochemistry data shows Pitl antibodies colocalizing

with Pitl mRNA, providing further evidence of antibody specificity (Fig. 3 to Fig. 9).

2.7) Generation of Kaede transgenic animals

Kaede is a green fluorescent protein that upon UV excitation undergoes irreversible
photoconversion from green fluorescence to red fluorescence (Ando et al., 2002). To design the
NvPitl::Kaede construct, the promoter region of NvPitl (a sequence of 3031bp upstream of the
NvPitl start codon) was extracted and cloned in frame into a Kaede containing vector (Ando et
al., 2002) using a FastCloning approach (C. Li et al., 2011) (Supplementary Fig. S2 and S3). The
plasmid was purified with a Zymo miniprep kit, eluted in water and co-injected with I-Scel
meganuclease and Dextran568 into Nematostella vectensis zygotes during a 2h time-window

before first cell division, as described previously (Renfer et al., 2010).

2.8) CRISPR-Cas9 mediated mutagenesis
Using the gene model of NvPitl, three 20nt-long target sequences were manually selected in

Geneious Prime 2022.1.1. The target sequences are as follows: (sgRNAILl) 5'-
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CAAATGCCTAGCGCCACGCA-3’; (sgRNA2) 5- CAACGCAGTTCAAACTACGA-3'
(sgRNA3) 5'- CAGTAAGGAATCAGATGCAT-3". To minimize off-target effects, target sites
with a 17bp or higher sequence identity elsewhere in the genome were excluded. sgRNA1 has a
single hit in the genome (on NvPitl locus), and sgRNA2 and sgRNA3 have 2 and 3 hits,
respectively, outside of NvPitl locus, but with 15bp or lower sequence identity, as determined by
BLASTN. Target sites were selected and sgRNAs designed to induce the excision of the POU and
Homeobox domains of NvPitl (Fig. 2). The three sgRNAs were synthesized in vitro (by Synthego)
and combined in equal concentrations. The sgRNAs were co-injected in Nematostella zygotes with
Cas9 endonuclease and Dextran568 as previously (Ikmi et al., 2014; Nakanishi & Martindale,
2018b; Nakayama et al., 2013). Injected Pitl::Kaede FO animals were monitored for Kaede
expression, isolated, and reared to adulthood to generate F1 transgenic animals (Supplemental Fig.

SX).

2.9) DNA Extraction

Genomic DNA was extracted using previously published protocols (Ikmi et al., 2014; Silva &
Nakanishi, 2019). Depending on the purpose and needs of the experiment, DNA can be extracted
from cutting tentacles of polyps, from sacrificing whole embryos (e.g., to quickly screen CRISPR-
Cas9 efficiency), or from the aboral ectoderm of gastrulae excised via microsurgery, without
sacrificing the life of the animal (Silva & Nakanishi, 2019). The latter method permits an early

screening of mutants and the analysis of phenotypes during embryonic and larval stages.

2.10) Genotyping PCR
The extracted DNA from F1 mutant animals was amplified by nested PCR targeting the NvPitl
genomic locus, using the following set of primers: (1° Forward) 5’ -TATTGGTCTT

GGATCTGAATGGACGC-3’; (1° Reverse) 5°- AAATGCATAAACTGGCGTGCTGCTGG -3
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(2° Forward 5° — CAACAAGGTCAGCATTATTGTTTGGCCG - 37; (2° Reverse) 5°- TATCTTT
GGCTTCCCCTAATTACGCC -3’. With the expected size of the wildtype fragment for the
primary PCR being 1537bp and secondary PCR 1193bp. The amplicons were gel-purified, ligated
to pCR4-TOPO TA vectors, and transformed into competent E. coli cells (Cat. No. K457501;
Thermo Fisher Scientific). Insertion screening was done by colony PCR, and colonies were
cultured in liquid LB and incubated overnight (16h at 36°C shaking at 200rpm). The liquid cultures
were miniprepped with ZymoPURE kit (Cat. No. D4211) and sequenced (by Eurofins, KY) in

order to characterize the mutant alleles in the F1 population (Fig. 2A).

2.11) Animal Fixation

Animals used for immunohistochemistry were fixed with fresh ice-cold 4% paraformaldehyde
(Electron Microscopy Science, 15710) in PBS with 0.5% Triton X-100 (PBSTr) for 1 hour in a
rocker at 4°C. Animals used for in-situ hybridization were fixed in fresh ice-cold 4% formaldehyde
with 0.25% glutaraldehyde in 1/3 seawater for 90 seconds and post-fixed in a 4% formaldehyde
and PBSTr solution and incubated at 4°C for 1h in a rocker (Nakanishi et al., 2012; Rentzsch et
al., 2008). The fixed specimens were washed in PBSTr five times followed by three times in 100%
methanol and stored at -20°C until used (Rentzch et al., 2008). After the onset of muscle
development, at larval and polyp stages, animals were anesthetized/relaxed in 2.43% MgClz in 1/3

seawater for 15 minutes at room temperature (Nakanishi ez al., 2012).

2.12) Immunohistochemistry and In-Situ Hybridization

For immunohistochemistry (IHC), fixed specimens were rehydrated, washed in PBSTr,
permeabilized in PBSTr on a rocker for 2h at room temperature and posteriorly blocked in 3%
normal goat serum (NGS) in PBSTr for 1h at room temperature in a rocker. Primary antibodies

were added, and the specimens incubated overnight at 4°C in a rocker. The primary antibodies
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used in this study were NvPitlyz6677 (rabbit, 1:200), NvPit121-40 (rabbit, 1:200), RPamide
(rabbit, 1:200 [Zang and Nakanishi, 2020]), RFamide (rabbit, 1:500, Millipore AB15348),
GLWamide (rabbit, 1:200 [Nakanishi et al., 2018]), Kaede (rabbit, 1:500, Medical & Biological
Laboratories, PM012M), mCherry (mouse, 1:100), acetylated a-tubulin (mouse, 1:500, Sigma
T67937), tyrosinated a-tubulin (mouse, 1:500, Sigma T9028). In the second day of staining
specimens were washed in PBSTr and again, permeabilized and blocked in 3% NGS in PBSTr.
Secondary antibodies were added; AlexaFluor488 (anti-mouse or anti-rabbit, 1:200),
AlexaFluor568 (anti-mouse or rabbit, 1:200) and AlexaFluor647 (anti-mouse or rabbit, 1:200) and
samples were incubated overnight on a rocker at 4°C. Lastly, after PBSTr washes, nuclei were
stained using DAPI nuclear label (1:1000, Molecular Probes) and filamentous actin was labeled
either with AlexaFluor488-conjugated Phalloidin (1:250, Invitrogen A12379), or SiR-Actin
(1:1000, Cytoskeleton CY-SCO001, Aem 674 nm). For in-situ hybridization (ISH), sense and
antisense digoxigenin-labeled riboprobes were synthesized with the MEGAscript transcription kits
(Ambion; T7, AM1333; T3, AM1338) and used at a final concentration of 1ng/ul. In-situ was done
as described by Nakanishi ef al. (2012). For DAPI staining of cnidocytes, previously published

protocols were followed (Szczepanek et al., 2002; Wolenski et al., 2013)

2.13) Mounting, Live imaging and Confocal Microscopy

Specimens of immunohistochemistry or in-situ hybridization were mounted in ProLong Gold
antifade reagent (Invitrogen, P36930) and cured overnight at 4°C. When analyzing Kaede signal
on fixed transgenic animals without Kaede antibody-staining, samples were mounted with
Vectashield antifade mounting medium (Cole-Parmer, EW-93952-23), which better preserves
Kaede fluorescence. To analyze live Pitl::Kaede transgenics, animals were relaxed in 2.43%

MgCl; and mounted in 1/3 seawater or in 6% methyl cellulose, which is non-toxic and helps
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immobilize the animal (Renaud et al., 2011; Saina et al., 2015). Images of combined in-situ
hybridization and immunohistochemistry were recorded using a Leica SP5 confocal microscope.
All other images were recorded with a Zeiss LSM900. Confocal stacks were analyzed in LAS X
(Leica), Zen 3.5 (Zeiss, Blue Edition) and Fiji (just ImageJ). Images were processed in Fiji and

Microsoft Publisher.

2.14) Chemosensory behavioral assay

Chemosensation was tested using a shrimp extract of Artemia ground with a micropestle (USA
Scientific) in 1/3 seawater (Instant Ocean) and gently delivered with a pipette to the tentacle/oral
region of primary polyps. The animals were observed for 2 min to examine tentacular retraction
and pharyngeal protrusion. Behavioral assays were performed under a Zeiss Stemi 508 dissection-

scope with an attached Nikon DSL-4 camera.

3) RESULTS

3.1) NvPitl Gene model and CRISPR-Cas9 mutant allele characterization

The gene model of NvPitl in the genomic databases (JGI or Ensembl) predicts a coding region of

492bp. Our cDNA RACE data shows a NvPitl 1679bp long transcript and upon manually
searching for the Kozak sequence (Kozak, 1989; Naamati et al., 2009) the translation start site was
annotated and an open reading frame of 756bp identified (Supplementary Fig. S1, S2 and S3). The
predicted Pitl protein was 163aa long and our cDNA analysis described a 252aa long protein.
Besides the length discrepancy, the single exon architecture prediction of NvPitl is accurate. The
genomic 5’ region immediately upstream of the annotated start site was considered a promoter

region and was used for transgenic constructs (Supplementary Fig. S4).
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The effect of CRISPR-Cas9 activity at the NvPitl gene locus on F1 CR-NvPitl animals was
addressed by nested PCR (Fig. 2B-C). Upon cloning and sequencing of mutant amplicons, five
knockout alleles were detected and characterized (Fig. 1). Mutants with allele -d were used in this
study, but we also propose the use of allele -b mutants for antibody staining of non-functional
NvPitl, since the binding site of the antibody aNvPitl 21-40 is preserved (Fig. 1A —

Supplementary Fig. S3).
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Fig. 2. NvPitl alleles and genotyping. (A) Representation of NvPit-1 genomic locus (blue
bar), wildtype (inside green box) and CRISPR-Cas9 mutant alleles ai/+, a/+, b/+, ¢/+ and
d/+. Genomic targets of sgRNAs (red arrows), DNA binding domains, Start and Stop sites
indicated by purple bars on wildtype allele. Yellow outlined star represents aNvPIT1-2140
binding site; Green outlined star represents the binding site of aNvPIT1yz6677. (B)
Secondary PCR of F1 NvPitl mutants before gel cleanup and positive control (wt). (C)
Secondary PCR of F1 NvPitl mutants after gel cleanup.
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3.2) Gene Expression Pattern of NvPitl — Described by combined ISH and THC

Combined in-situ hybridization and immunohistochemistry revealed the expression pattern of
NvPitl during development of Nematostella vectensis. At the gastrula stage NvPitl is not
expressed or, if expressed, only at undetectable quantities (Fig. 3A-C) which goes in line with
previously published transcriptomic data showing low expression of Pit-1 in early developmental

stages (Fig. 3D, Warner et al, 2018, Fischer et al. 2014, Tulin et al. 2013, and Helm et al. 2013).

Pit-1 mRNA

Pit-1 mRNA

D NvERTx®.4.223970
predicted protein [Nematostella vectensis]

50 100 200 250

Fig. 3. NvPitl is not expressed in early embryonic stages. (A-C) Confocal section of a gastrula
Nematostella vectensis stained with antisense riboprobe NvPitl (Pit-1 mRNA), an antibody against NvPIT1
protein (aPIT1 yz6677) and an antibody against acetylated tubulin (acTub). Oral side is up, aboral side
down. Note the absence of NvPIT1 antibody staining and the faint transcript staining (most likely
background, compare to figures below) (n=2). (D) Graph with expression levels of NvPitl (ID# 112929),
across development of Nematostella vectensis based on transcriptomic data, extracted, and modified from
http:/mvertx.ircan.org/ (Warner et al, 2017, Fischer et al. 2014, Tulin et al. 2013, and Helm et al. 2013).
Note the low level of expression during gastrula stage (blue arrowhead). Scale bars: 50 um in A-C.

At early planula stage, a strong specific signal in the endoderm at the central region of the

larva is observed (Fig. 4A-F), where staining reveals neuronal-like processes (Fig. 4g insets). At
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mid planula stage, endodermal expression of NvPitl is detected in the central region of the body
column (Fig. 5A-C) in spindle shaped cells with sensory-cell-like morphology (Fig. 5d insets). See
additional colorimetric ISH evidence, recapitulating the endodermal expression of NvPitl at mid

planula stage (Supplementary Fig. S7 and S8).

R

Pit-1 mRNA

Pit-1 mRNA

Fig. 4. NvPit1 is expressed in the endoderm of early larval stages. (A-C) Confocal section of an early-
planula Nematostella vectensis stained with antisense riboprobe NvPitl (Pit-1 mRNA), an antibody against
NvPIT1 protein (aPIT1 yz6677), an antibody against acetylated tubulin (acTub) and DAPI, a DNA stain.
Oral side is up, aboral side down. Note the expression in specific cells in the endoderm. (d1-d3) Insets
demonstrate colocalization of NvPitl transcript and NvPIT1 protein (arrowheads) and reveal staining of
neuronal-like processes in the endoderm (n=2). Scale bars: 50um in D-I, 20pum in j1-j3.

38



Pit1 mRNA DAPI
Pit1 mRNA

Pit1 mRNA

" Pit1 mRNA

Fig. 5. NvPitl is expressed in the endoderm of mid-planula stage. (A-C) Confocal section
of a mid-planula Nematostella vectensis stained with antisense riboprobe NvPitl (Pitl mRNA),
an antibody against NvPIT1 protein (aPIT1 yz6677) and DAPI DNA stain. Oral side is up,
aboral side down. Note the expression in specific cells in the endoderm along the central plane
of the body column (n=2). (d1-d3) Top two arrowheads on insets demonstrate colocalization
of NvPitl transcript and NvPIT1 protein and bottom arrowhead reveals spindle-shaped
morphology of endodermal NvPitl" cell, that probably has not yet begun translation, as we can
see by the lack of antibody. Scale bars: 50um in A-C, 10 um in d1-d3.

At late planula stage, a reduction in NvPitl expression is observed. The weak expression
detected at this stage remains restricted to the endoderm and is more localized in the upper central
region (Fig. 6) — see neuropeptide data (Fig. 12 and Fig. 13) for further evidence of the decrease

in Pitl expression at late planula.
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Fig. 6. NvPitl is weakly expressed in the endoderm of late-planula stage. (A-F) Confocal
section of a late-planula Nematostella vectensis stained with antisense riboprobe NvPitl (Pit-1
mRNA), an antibody against NvPIT1 protein (aPIT1 yz6677), an antibody against acetylated
tubulin (acTub) and DAPI DNA stain. Oral side is up, aboral side down. Note the decrease in stain
intensity and number of stained cells compared to mid or early-planula. However, endodermal
expression in the center persists and begins expression towards the oral pole of the larva (n=1).
(gl1-g3) Inset on the lateral of the planula shows expression of NvPitl in the endoderm. The
arrowheads point to cells with colocalization of transcript and protein, some other cells have the
NvVPIT1 protein, but no transcripts, which might mean that transcription halted on those cells, but
the protein persisted. Scale bars: 5S0pm in all.



At the tentacle bud stage, endodermal expression becomes more localized in the oral pole,
towards the tentacle primordia region of the animal in higher intensity than in late planula stages
(Fig. 7). At a later stage of tentacle bud development, ectodermal expression in the tentacles begins
(Fig. 8A-C) and as development progresses, endodermal expression seems to cease completely

with expression becoming restricted to the ectoderm of tentacle buds (Fig.8D and insets).

Pit-1 mRNA
Pit-1 mRNA

#%0 Pit-1 mRNA

Fig. 7. NvPitl is expressed in the endoderm of tentacle primordia during early tentacle bud
stage. (A-F) Confocal section of an early tentacle bud Nematostella vectensis stained with
antisense riboprobe NvPitl (Pit-1 mRNA), an antibody against NvPIT1 protein (aPIT1 yz6677),
an antibody against acetylated tubulin (acTub) and DAPI DNA stain. Oral side is up, aboral side
down. Note the increase in stain intensity and number of stained cells in the endoderm of tentacle
primordia and in the top (oral) side of the animal (n=1 this experiment, additional evidence from
Pitl ISH and neuropeptide IHC below). (g1-g3) Inset on the tentacle bud shows colocalizing
NvPitl" spindle shaped cells in the endoderm of tentacle bud Nematostella vectensis. (g4-g6) Inset
from A in a different confocal section (z17 as opposed to z11) shows a great number of spindle-
shaped NvPitl" cells in the endoderm of tentacle primordia. Scale bars: 50um in all.
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Fig. 8. Late-stage tentacle buds reveal the beginning of ectodermal expression of NvPitl in
the tentacles of Nematostella vectensis. Data from Pitl riboprobe staining combined with
GLWamide neuropeptide staining. (A-C) Tentacle bud with endodermal expression of NvPitl
begins ectodermal expression in the tentacle primordia (n=1). (D) Late tentacle bud lacks
endodermal NvPitl signal and shows single ectodermal NvPitl" spindle-shaped sensory cell
(n=1). Scale bars: 50um in A-E.

At polyp stage, NvPitl expression becomes very prominent in the ectoderm of the
developing tentacles in spindle shaped sensory-like cells and reduced in the endoderm of the body
column, where some Pitl mRNA is detected in endodermal cells (Fig. 9). To summarize the
expression pattern, a figure was constructed to depict the NvPitl transcript expression across all
stages (Fig. 10). Two specimens at pre-metamorphosis stages had a single cell with Pitl mRNA,

but no antibody signal, in the ectoderm near the oral end of the planula (Supplementary Fig. S9).

This could be an artifact, or fixation could have captured the transcript right before translation.
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Fig. 9. Primary polyp of Nematostella vectensis with ectodermal NvPitl expression in the
tentacles and endodermal expression in body column. (A-C) The ectodermal tentacular
expression from tentacle bud stage persists to polyp stage where it becomes more localized and
numerous. We can see in A and C “clouds” of NvPIT1 protein, which probably are artefacts and
non-specific binding of the antibody in the developing polyp mesenteries. We can see also on B
some endodermal signal in the body column, meaning that endodermal expression of NvPitl is
not totally lost after metamorphosis. (d1-d3) Three tentacles, with the laterally positioned tentacles
cross-sectioned and the tentacle in the middle showing a superficial section. On the lateral
tentacles we can see the endoderm and ectoderm clearly separated by the mesoglea and on the
middle tentacle only ectoderm is visible. The arrowhead points to a spindle shaped sensory cell in
the ectoderm with NvPitl expression. Several other Pitl" cells can be visualized. When looking
at d1 and d2 it is evident that endodermal transcription is absent. This indicates that NvPit1"
activity during polyp stage becomes more prominent in the ectoderm of tentacles, in contrast to
the pre-metamorphosis endodermal specific expression of NvPitl (n=2). Scale bars: 50um in A-
C and 20um in d1-d3.
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Fig. 10. Expression pattern of NvPitl across development (A) Early planulae have endodermal
expression in cells with neuronal processes. (B) Mid planulae have endodermal expression in the
center of the body column in spindle-shaped cells. (C) During late planula there is a decrease in
NvPitl expression in the endoderm. (D) NvPitl increases again in the endoderm during tentacle
bud stage more towards the oral side of the animal. (E) Later in tentacle bud stage we begin to see
ectodermal expression in the tentacles, and at polyp stage (F) we see a stark increase in ectodermal
signal specific to the tentacles and some endodermal signal in the bodv column. Scale bars: 50um.

3.3) Evidence for NvPitl in Elav endodermal neurons and neuropeptidergic neurons
NvPitl" cells with spindle-shaped morphologies (Fig. 5, 7, 8) and neuronal processes (Fig. 4) were
detected across development. Using a pre-established transgenic reporter line (Elavl::mOrange,

[Nakanishi et al., 2012]) and a validated antibody against NvPitl (a2140-NvPIT1), NvPitl
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expression in Elav endodermal neurons was detected in the central region of planula larva (Fig.

11).
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Fig. 11. Colocalization of Pitl in Elav" Neurons. Figure shows colocalization of Pitl(stained
with aPIT1 21-40 antibody) in Elav" neurons and DAPI stained nuclei (n=1, further evidence
below). Arrowheads 2, 3 and 5, where we can see Elav neuronal cell morphology and Pit1*
nuclei in the soma. Scale bars: 20pum in, 25um in el-e5.

To address the specific neuronal populations with NvPitl expression, combined in-situ
hybridization and immunohistochemistry was performed using a NvPitl riboprobe and antibodies
against neuropeptides such as RPamide (Fig.12, 13), RFamide and GLWamide (Supplementary
Fig. S10). During mid planula, NvPit1 expression was observed either in RPamide™ cells or in cells
synapsing/contacting RPamide cells in the endoderm (Fig. 12A-e3). At this stage no ectodermal

Pitl signal was detected. In the late planula stage, RPamide cells seem to extend neurites towards
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a Pitl1" cell (Fig. 12F-G). At tentacle bud stage, there is some indication of possible colocalization
on the endoderm (Fig. 13 — endodermal arrowheads), but not on the ectoderm, where ectodermal

Pit1" cells clearly do not colocalize with RPamide ectodermal neurons (Fig. 13).

Pit-1 mRNA

Fig. 12 — RPamide and NvPitl colocalization in planula. (A) Confocal section of early
planula stained with antisense riboprobe NvPitl (Pit-1 mRNA) and an antibody against
RPamide (aRPamide) (n=3). (C-E) Confocal section of late planula (n=2) with insets show
RPamide neurites synapsing a Pitl mRNA-positive cell. Scale bars: 50um in A, C-E, 25um in
B and insets of C-E.



Fig. 13 — RPamide and NvPitl colocalization. (A-C) Confocal section (z18) of tentacle bud
shows colocalization in endodermal RPamide neurons (central/midplane arrowheads) and the
absence of colocalization in tentacular ectoderm (apical arrowheads) (n=1). (D-F). Confocal
section (z14) of early polyp shows colocalization of Pitl in endodermal RPamide neurons
(arrowheads) and no colocalization in ectodermal cells of the tentacles (n=1). Scale bars: 50um

3.4) Live imaging of Pitl::Kaede F2 polyps

Live imaging of Pit1::Kaede F2 polyps revealed an extensive network of Pit1" endodermal neurons
along and across the longitudinal neuronal tracts (Fig. 14D-f) — as well as sensory cells in the
tentacles that extend neurites towards the base of the tentacle (Fig. 14C) (addressed in detail
below). Imaging animals on a slide resulted in the protrusion of the pharynx which allowed to
determine the absence of NvPitl cells in the pharynx (Fig 14B). Spindle shaped cells are found

near the oral region (Fig. 14¢”).
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Fig. 14 — Live imaging of Pit1::Kaede F2 polyps. Live imaging of transgenic polyps on Zeiss
LSM900 confocal microscope reveals complexes Pitl-positive nerve nets. (A) Whole polyp
with oral side up, aboral side down. Strong signal of Pitl::Kaede is seen in the aboral end. (B)
Protrusion of the pharynx reveals absence of Pitl-positive cells in the pharynx. Dense nerve
bundles with Pit]l expression are seen along the longitudinal axis and dense networks at the
base of the tentacle. Granular signal at the base is most likely an artifact from either
endogenous proteins or associated microorganisms. (C) Sensory neurons are seen in the
tentacles (te) extending neurites towards the base of the tentacle in a distal to proximal
direction. It remains unresolved if the ectodermal tentacular network connects with the
endodermal net of the body column. (D) Whole organism live imaging of a different polyp
revealed details of the Pitl-positive endodermal nerve net, mouth (*). (e”) Shows endodermal
sensory neurons that extend long neurites (D) from the oral end of the animal (near the mouth)
along the longitudinal axis to the aboral end of the polyp (see red arrowheads in D for possible
connecting ganglion neurons — see supplementary figures 11 and 12 for a larger version of
panel D). (f'-f>) Shows longitudinal Pitl-positive neurons crossing the longitudinal bundle
and reveal ganglion neuron morphology. Scale bars: in panels.

Furthermore, live imaging of Pitl::Kaede F2 polyps revealed a complex network of sensory cells

in the epidermis of tentacles with apical cilia contacting the external environment and long
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neuronal processes extending towards the mouth along the distal-proximal axis. The use of live
animal imaging allowed for the observation of these cells in their natural state, revealing a peculiar
morphological characteristic of Pitl sensory cells with an apical region exhibiting a strong Kaede

signal with a short cilium and a disk-like structure in the basal region of the soma (Fig. 15).

Fig. 15 — Sensory cell neural circuit tracing. — Tentacle of live Pitl::Kaede F2 polyp. (A)
Collage of several z-stack projections along the tentacle (te) reveal sensory cell morphology
and neuronal circuits. The Pitl cells extend long neurites from distal regions of the tentacle
towards the base of the tentacles. Arrowheads point to peculiar morphological characteristic of
Pitl sensory cells, with an apical region with very strong Kaede signal, and the basal region of
the soma presenting a disk-like structure. (B) Higher magnification images reveal a short cilium
(arrowhead) in these Pit1-positive sensory neurons in the epithelium of tentacles. Scale bars: in
panels.

3.5) Double transgenics of Pitl::Kaede x Elav::mQOrange
NvPitl::Kaede F1 animals were crossed with Elav::mOrange F1 to generate a double transgenic

line where colocalization of NvPitl was further confirmed in Elav neurons at high resolution using
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antibodies against Kaede and mOrange. In planula and tentacle bud stages, colocalization of
NvPitl in Elav neurons was detected along the longitudinal tracts in the endoderm (Fig. 16A-F)

and in endodermal sensory cells towards the oral pole (Fig 16A-C, top arrowhead).
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Fig. 16 — Colocalization of Pitl and Elav in planula and tentacle bud stages of a double
transgenic line (Pitl::KaedeF1 x Elav::mOrangeF1). Double transgenic F2s were stained
with anti-Kaede antibody (aKaede) and anti-mOrange antibody (mCherry). (A-C) Confocal
section of late planula shows colocalization of Pitl and Elav expression in longitudinal
neurons (central/aboral arrowheads) and in a sensory endodermal cell in the oral pole (see
arrowhead). (D-F) Section demonstrates colocalization of Pitl and Elav in endodermal

neurons at tentacle bud stage (see arrowheads). Scale bars: in panels.

In early polyp stages, NvPitl/Kaede signal reveals expression of Pitl in ectodermal

sensory-shaped cells (recapitulating the endogenous expression detected by in-situ hybridization

and immunohistochemistry). An ectodermal sensory neuron co-expressing Elav and Pitl was
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found (Fig. 17A-C, z18). Interestingly, NvPitl" endodermal neurons that do not express Elav (Fig.

17D) were also described, further revealing the complexity of the NvPitl nerve net.

20pm aKaede (Pit1)

Fig. 17 — Colocalization of Pitl and Elav in early polyp stage. Double transgenic F2s were
stained with anti-Kaede antibody (aKaede) and anti-mOrange antibody (mCherry). (A-C)
Kaede signal in ectodermal cells of the tentacle become apparent, thus recapitulating the
beginning of ectodermal expression described with combined IHC and ISH. Panels A-D are at
a specific confocal plane (z11). Looking at a different medial-plane section (z18), we found an
ectodermal Elav-positive sensory neuron with Pitlexpression (arrowhead on insets of A-C).
(D) Confocal section of oral pole of primary polyp reveals Pitl-positive/Elav-negative neurons
Scale bars: in nanels and 20um in insets of A-C.

At polyp stage, colocalization of Kaede and Elav in endodermal neurons was still observed

(Fig. 18A-C), as well as in ectodermal sensory cells in the tentacles (Fig. 18A’-C’).
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Fig. 18 — Colocalization of Pitl and Elav at polyp stage. Double transgenic F2s were stained
with anti-Kaede antibody (aKaede) and anti-mOrange antibody (mCherry). (A-C) Medial
confocal section shows endodermal colocalization of Elav and Pitl (arrowheads). (A’-C’)
Superficial section shows ectodermal Pitl-positive/Elav-positive spindle-shaped sensory cell

(arrowhead). Scale bars: in panels.

3.6) Characterizing Pitl sensory cell types

In an effort to unveil the nature of the Pitl-positive tentacular sensory cells, NvPitl::Kaede

F2 animals were fixed and stained with SiR-actin to stain stereovilli and stereovillar rootlets

characteristic of hair cells (Ozment et al., 2021) (Fig. 19).

52



Pit1::Kaede

Fig. 19 — Actin stain analysis on Pitl::Kaede F2 polyp tentacles. SiR-actin staining
combined with Kaede intrinsic fluorescence found in (A-A’’) a Pitl" sensory cell with a
distinguishable cilium but without actin rootlets (see arrowheads). (B-B’’) Shows one Pit1" cell
with short actin rootlets (arrowhead) and short actin rich stereocilia, next to a cell towards the
distal end with more prominent actin stereocilia and another cell towards the proximal end of
the tentacle with prominent rootlets. Scale bars: 20um.

To further characterize these Pit1-positive sensory cells, Pitl::Kaede F2 animals were stained with
anti-Kaede antibody and Phalloidin actin stain. Diverse cells with diverse morphologies were
described, and only two cells displayed hair cell-like structures (Fig. 20E and Fig. 21A). and found
that most NvPit1 " cells do not appear to be hair cells, lacking prominent stereocilia or rootlets (Fig.
20A, Supplementary Fig. S13), and displaying diverse morphologies (Fig. 21-22). However, two

cells with clear stereovillar rootlets and stereovilli were found (Fig. 20E, Fig. 21A).
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Fig. 20 — Actin and Kaede stain on F2 Pitl::Kaede Transgenic polyps. (A-C)- Confocal Z-
projection of stained Pitl::Kaede F2 polyp reveals eleven sensory ectodermal cells with diverse
morphologies. 2 out 11 (~18%) have hair cell-like structures such as actin rootlets and stereocilia
(see arrowheads in A; inset E and Fig. 21A). Furthermore, ganglion neurons were detected at
the base of the tentacle (see supplemental material for larger image). (D-D’’) Confocal section
shows a Pit1+ sensory cell near the tentacle tip. (E) Confocal section reveals putative Pit1" hair
cell. Scale bars: in panels.
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Fig. 21 — Cellular resolution of Pit1* sensory cells (A). Confocal section shows putative Pit1"
hair cell, with the apical tip of the cell rich in (or surrounded by) actin stereocilia. A different
confocal section (z7) of the same cell better resolves this (see supplementary figure 14). (B)
Confocal section reveals a Pitl cell with a very thin apical tip contacting the exterior of the
animal, with no noticeable cilium or stereocilia and no prominent rootlets. (B’ inset) A confocal
Z-projection of this cell reveals a unique morphology, not previously seen in this study, and to
the best of my knowledge, not described in the literature (of Nematostella). (C) Confocal
section of Pitl cell further expands on our knowledge of the diverse morphologies of Pitl cell
types. Here, a cilium is detected (arrowhead) but no stereocilia or acting rootlets. Z-projection
in C’ inset reveals a complex neuronal network associated with this cell. Scale bars: All Sum.
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Fig. 22 — Spindle-shaped Pit1* sensory cells. (A-B) Confocal Z-projection reveals a typical
spindle-shaped morphology with basal processes. No cilia, stereocilia or actin rootlets were
identified. (C) Confocal Z-projection reveals a interestingly shaped cell, with the apical
structure of the cell connected to the soma by a thin process (see supplementary figure 15).
No prominent actin structures were found. Scale bars: all Sum.

To address expression of Pitl in cnidocytes, Pitl::Kaede F1s were stained with anti-Kaede

antibody, Phalloidin, acTub and a cnidocyte-DAPI-staining (see methods) and no Pitl expression

in cnidocytes was detected (Supplementary Fig. S16).
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3.7) Addressing the function of Pitl in Nematostella

To analyze the function of Pitl in Nematostella, 1 generated CR-Pitl KO mutants and
isolated animals carrying different alleles (Fig. 2). For functional studies, animals with allele d/+
with a complete deletion of the functional domain of Pitl were selected. These animals were reared

and F2 stable lines were generated.

3.7.1) Addressing Pitl role in RPamide neural development

Based on the colocalization results that showed expression of NvPitl transcript in, or in
adjacent cells to, RPamide neurons, we hypothesized that NvPitl could be involved in
differentiation or maintenance of RPamide endodermal neurons. As such, CR-Pitl F3 KO and WT
animals were stained using an RPamide antibody. No noticeable differences in the RPamide nerve
net were detected between KO and WT (Supplementary Fig. S17); however, further investigation

1s needed.

3.7.2) Addressing Pitl role in chemosensation

Following up on the diverse cell morphologies described with the Pitl::Kaede transgenics
(Fig. 20-22), and on the raised hypothesis of chemosensory Pitl cells in the lancelet, I aimed to
determine if Pitl could be involved in chemosensation. For that, a food-cue chemosensitivity assay
was performed on Nematostella F3 knockout polyps, which resulted in an immediate response to
shrimp juice with body contractions followed by the protrusion of the pharynx, as the previously
described response seen in wildtypes (Ozment et al., 2021). Thus, even though I lack wildtype data
for this particular assay, I infer that chemosensation (at least to food cues) is not affected, however,
other chemosensorial capabilities in Nematostella could be affected and remain undiscovered and

undescribed (see Discussion).
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Fig. 23 — Chemosensory behavioral assay. Behavior of mutant (F2 CR-Pitl”") Nematostella
vectensis polyps in response to exposure to Artemia extract. Mutant animals contracted
tentacles and protruded the pharynx within 1 min of exposure to the extract (F2 CR-Pitl™,
100%, n = 3), which recapitulates the previously described response in Ozment et al., 2021.
Scale bar: 1 mm.

4) DISCUSSION

This is the first description of the POU-I/Pitl gene expression patterns, and of the
morphology of Pitl-positive cells in Nematostella vectensis. Our gene expression analysis
indicates a dynamic expression of NvPitl, with expression first being detected in the endoderm
during planula stage, when the endodermal neurons begin development (Nakanishi ef al., 2012),
and later beginning in the ectoderm of tentacular primordia during tentacle bud stage. At polyp
stage simultaneous endodermal and ectodermal expression is observed, in the body column and in
the tentacles, respectively. In vertebrates, Pitl is mostly expressed in the anterior pituitary, which
develops from the ectoderm (Scully & Rosenfeld, 2002). In lancelets, Pitl is expressed in the

Hatschek’s pit, also of ectodermal nature (Candiani et al., 2008). In Nematostella, in addition to
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the ectodermal expression of Pitl in the tentacles, endodermal expression was here described, thus
suggesting that either Pitl endodermal expression was lost in the Bilaterian lineage, or it is a

Cnidarian specific innovation related to the fact that Nematostella has endodermal neurons.

The majority of endodermal cells with Pitl expression described here were Elav’ neurons,
with the exception of one detected Pitl neuron that did not colocalize with Elav (Fig. 17D). Elav
are conserved RNA-binding proteins, shared across Metazoa, that play a crucial role in post-
transcriptional regulation of gene expression in neurons and are necessary for normal neuronal
differentiation (Akamatsu et al., 1999; Campos et al., 1985; Denes et al., 2007; Marlow et al.,
2009; Nomaksteinsky et al., 2009; Satoh et al., 2001). The discovery of Pitl expression in Elav*
neurons suggests that Pit] may play a role in the development and function of the nervous system
of Nematostella. Future directions should aim to compare the Elav-positive nerve net between
wildtype and knockout Pit]l animals, using a knockout transgenic reporter line (i.e., CR-Pit1”

/Elav::mQO) (see methods and Supplementary Table S1).

In vertebrates, the neurons of the hypothalamus regulate the activity of Pitl" cells of the
adenohypophysis (i.e., thyrotropes, somatotropes, lactotropes), via neuropeptidergic signals
(Freeman et al., 2000; Murray et al., 2015). Neuropeptides are small, cleaved peptides, that are
often synthesized in neurons and neuroendocrine cells found in nervous systems of Metazoa and
hypothesized to be the primordial means of neuronal communication in the early evolution of
nervous systems (Grimmelikhuijzen & Hauser, 2012). RPamide is a neuropeptide that is found
exclusively in cnidarians (Carstensen et al., 1993; Hayakawa et al., 2019; Zang & Nakanishi,
2020). RPamide function is currently unknown but ongoing research efforts aim to uncover its role
in Nematostella (Baranyk and Nakanishi, in preparation). Our results in Nematostella suggest that

neuropeptidergic RPamide neurons either synapse to Pitl™ endodermal cells (Fig. 11C-E) or
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express Pitl (Fig. 11A-B). Clarifying the relationship between RPamide and Pitl in Nematostella
will elucidate the possibility of structural and physiological homologies (i.e., neurons synapsing
to Pitl™ cells and neuropeptides regulating activity of Pit1" cells) across Cnidaria and Bilateria.
Preliminary data collected from CRISPR-Cas9 full knockout mutants of Pitl indicates that
mutations in Pitl do not affect the RPamide network. However, further evidence is needed to
confirm this observation and to address the putative synapsis between RPamide neurons and Pitl

cells using higher resolution imaging.

There has been an increasing amount of evidence suggesting a crucial role of Pitl, Propl
(Prophet of Pitl) and thyroid hormones in the normal development of the vertebrate inner ear hair
cells, with Pit1*¥ mutations resulting in hypothyroidism and completely deaf mice (Fang et al.,
2012; Mustapha et al., 2009; Sundaresan et al., 2016). In the Cnidarian ‘moon jellyfish’ Aurelia,
Pitl was detected in cells with sensory-cell-like morphology in a separate domain adjacent to
Brn3" cells (Nakanishi et al., 2010), but the specific cell type was not defined. In Nematostella we
see abundant Pitl" sensory cells in the tentacles with diverse morphologies. Tentacles constitute
the primary sensorial apparatus of sea anemones, rich in Brn3/Pkdl mechanosensory hair-cell
bundles (Ozment et al., 2021; Westfall et al., 1998), mechanosensory stinging cnidocytes (Babonis
& Martindale, 2017) and, feasibly, additional unknown/undescribed sensory cells, such as

photoreceptors and chemoreceptors.

Some of the ectodermal Pitl" sensory neurons observed in this study have hair-cell like
features, such as an apical cilia surrounded by stereocilia and actin rootlets, previously described
in detail in Nematostella (Ozment et al., 2021). The single-cell study (Sebé-Pedros et al., 2018)

indicated expression of Brn3 and Pkd1 in Pitl cells. Thus, future work should aim to address this.
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If this is verified in Nematostella, it raises the question of how the Pitl cells became
segregated from the Brn3 cell population in the ‘moon jellyfish® Aurelia. Furthermore, if the role
of Pitl in Brn3" hair cells is proven, it would indicate that the function of Pitl in hair cell

differentiation and maintenance is conserved across Cnidaria and Bilateria.

To address this, we can 1) stain Pitl::Kaede F2 animals with Brn3 antibodies and analyze
them with Kaede intrinsic fluorescence; 2) cross CR-Pit1F2”" with Brn3::Kaede and Pkd::Kaede
and examine Brn3 and Pkd cellular phenotypes; 3) perform touch assay on CR-Pit1F2”~ animals.
Additionally, I here propose the development of an auditory threshold assay, to address sound
sensitivity in Nematostella (see Jézéquel et al., 2021; Lapshin & Vorontsov, 2019; Sol¢é et al.,

2016, 2023, for conceptual and experimental frameworks).

In the lancelet Branchiostma floridae, Pitl is expressed exclusively in the Hatschek’s pit,
which is rich in ciliated cells and is hypothesized to function as a chemosensory organ (Candiani
et al., 2008; Schlosser et al., 2014; Uchida et al., 2003). Based on that hypothesis and on the
diverse morphologies of Pitl" sensory cells in the tentacles of Nematostella, we aimed to address
the chemosensorial potential of Pitl sensory cells. The chemosensory assay in Pitl knockout
mutants revealed a normal response to shrimp juice extract (based on Ozment et al., 2021). This
could indicate that if indeed a subset of Pit1 " sensory cells are chemoreceptors, this cell population
is not entirely responsible for the detection of food chemical cues. Additionally, other modalities
of chemosensation, besides food detection, must be considered and tested, such as alarm
communication, which is undescribed in Nematostella but is well documented in the ‘aggregating
anemone’ Anthopleura elegantissima (Harris & Howe, 1979; Howe & Sheikh, 1975; Musich &
Rapoport, 1978) and the ability to detect population density and modulate asexual reproduction

accordingly (Al-Shaer et al., 2023).

61



In line with our findings, the whole-organism single-cell analysis from Sebé-Pedrés and
colleagues (2018), detected co-expression of Elav in the Pitl" metacell (see cell #79 in Table S2 —
Sebé-Pedros et al., 2018). However, the co-expression of Brn3, Pkd1 and neuropeptide receptors
(RYamide receptor) needs to be further validated. Although extremely useful, our results indicate
that the single-cell data might be incomplete, since we here demonstrate expression of Pitl in larval

stages, and in the single-cell study Pitl is presented as exclusively expressed in the polyp stage.

Furthermore, other homologs of genes involved in the development of the vertebrate
pituitary gland are found in Nematostella, such as Lhx3, Prop-1 and Gata. Thus, the pituitary GRN
could be tested in Nematostella, by systematically perturbing putatively upstream genes and

addressing Pit1" cell phenotypes, with the use of the established transgenic lines.

During our work we did not find any noticeable abnormalities in the Pit] mutant animals,
which grew, ate, and reproduced well. But to further address the role of Pitl as an endocrine
regulator in Nematostella, assays such as growth rate, regeneration rate, developmental timing and
sexual maturity timing can be performed comparing WT and KO animals. Furthermore, the
expression of melanocortin and thyrotropin receptors in the Pitl metacell (Sebé-Pedros et al.,
2018) could be validated by in-situ hybridization or immunohistochemistry in Pitl::Kaede

transgenics.

In conclusion, here I considerably expanded the knowledge of Pitl outside of Bilateria,
further demonstrated the expression of Pitl in sensory and ganglion cells in Cnidaria and laid the
foundations for functional studies by generating stable CRISPR-Cas9 and Kaede reporter lines of
Pitl, which will allow to address the function of Pitl in Nematostella. EAU labeling must be
performed to characterize the mitotic potential of Pitl cells and further validate its function as a

terminal selector in Cnidaria. FACS technology and the Pitl::Kaede lines will allow to dissect the
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molecular profile of specific Pitl" cells, which can be isolated from tentacles or body columns.
Moreover, individual Pitl::Kaede cells of interest can be photoconverted, isolated and analyzed as
specific subpopulations. Furthermore, ChIP-seq can be performed using the validated antibodies
in combination with KO (-b) and WT animals to identify the target genes of Pitl in Nematostella.
The discovery of a conserved function of Pit]l between Cnidaria and Bilateria would shed light on
the origins and evolution of pituitary cell types and contribute to the understanding and the

reconstruction of the neuroendocrine system of the last common ancestor of Bilateria and Cnidaria.
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6) SUPPLEMENTARY MATERIAL

Supplementary Table 1. Key resources generated in this study.

Reagent type (species) Designation Source or reference Additional information
or resource

Antibody Anti-Pit1 21-40 (rabbit) this paper (1:200) See the Methods section of the paper for a description of the antibody.
Antibody Anti-Pit1 yz6677 (rabbit) this paper (1:200) See the Methods section of the paper for a description of the antibody.
Plasmid Pit1::Kaede this paper See the Methods and Supplementary Material section of the paper for a

description of the plasmid.

Biological sample Pit1::Kaede F1 this paper See the Methods and Supplementary Material section of the paper for a
description of the plasmid.

Biological sample F2 Pit1%"* x Elavi:mO this paper See the Discussion section of the paper.

Biological sample F1 CR-Pit12= this paper See the Results section of the paper for a description of the biclogical sample.
Biological sample F1 CR-Pjt1®/2 this paper See the Results section of the paper for a description of the biclogical sample.
Biological sample F1 CR-Pit1</® this paper See the Results section of the paper for a description of the biclogical sample.
Biological sample F2 CR-Pit1%¢ this paper See the Results section of the paper for a description of the biclogical sample.
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Supplementary Figure 1. RACE cDNA results confirm a single exon of Pitl, and analysis of
Start site indicated a longer coding region (blue annotation) than previously predicted by EST
data (yellow annotation).
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Supplementary Figure 2. Detailed analysis of cDNA. (A) UTR region of Pitl transcript. (B)
Poly-A tail of Pitl transcript. (C) Annotation of Start site, Kozak sequence (-3R, -4M) and
TATA box region of the characterized Pitl promoter. 3031bp of genomic sequence upstream
of the annotated Start site was extracted, amplified, and used for the Pitl::Kaede transgenic
construct.
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Supplementary Figure 3. Single exon Pitl gene confirmed by RACE PCR and mutant alleles
generated by CRISPR-Cas9 mediated mutagenesis. (A) Gene model of Pitl as confirmed by
RACE cDNA data, sgRNAs were designed to knockout the entire functional domains, POU
domain and Homeodomain. Dark blue indicates Start site, light blue the coding region, green
indicates functional domains, red the Stop codon. Target sites of sgRNAs are in purple and
primer binding sites denoted as black arrows. (B) In the WT allele, antibody binding sites are
represented by brackets and labeled. Different patterns of CRISPR-Cas9 activity. Allele -a does
not result in a frameshift mutation or an early stop codon, 543bp coding region for a 181aa
protein. Allele -b has the binding site of anti-NvPitl 21-40 intact, which can be exploited for
functional studies, it results in a non-functional truncated protein as the functional POU and
Homeodomains are knocked out. The STOP codon is deleted, and a further downstream STOP
codon terminates translation, 402bp, 134aa. Allele -¢ knockout results in a frameshift and an
early stop codon, 153bp, 51aa. Allele -d has the longest deletion, from sgRNA target site 1 to
sgRNA target site 3, 192bp, 64aa truncated protein.
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Supplementary Figure 4. Pit1::Kaede plasmid.
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Supplementary Figure 5. To wvalidate the newly made NvPitl antibodies,
immunohistochemistry experiments were performed on F2 CR-NvPitl animals. Gastrula
genotyping (Silva & Nakanishi, 2019) allowed to sort the F2s by genotype (i.e., Wildtype™",
Heterozygotes™®", Knockout“"?) and stain the separate populations. Staining was performed
at the same time and using the same protocol for all. Stained Pitl™ nuclei were manually
counted and annotated in Fiji using the plug-in “Colocalization Object Counter” (Lunde &
Glover, 2020). Counted samples were all at the same developmental stage and imaged at 40x
magnification and 1x zoom, with all the confocal parameters equal (e.g., gain, pinhole, laser
power). Scanning and counting was done in the oral region of the polyp, from epidermal
superficial layers, down to the pharyngeal sections (along the directive axis). One-way
ANOVA and Tukey Test were used for statistical analysis (see supplemental material).
NvPit1-2140 antibodies showed a significant decrease of Pitl staining between wildtype and
knockout animals (Fig. 3), with wildtype having in average 25 cells (n=3), heterozygotes 12
cells (n=3), and knockout animals <I cell (n=3) (P < 0.05; P=0.002).
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knockout animals (n=3), with wildtype having 25 stained cells (n=1) and heterozygotes with
19 stained cells in average (n=3). (C) Western blot was done for both antibodies, with
NvPitl-yz6677 showing a specific band of 24KD. Combined in-situ and
immunohistochemistry experiments done with NvPitl-yz6677 using wildtype animals
further demonstrate the specificity of the antibody by the colocalization of Pitl transcripts
with the antibody.
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Supplemental Figure 7. Colorimetric in-situ of wildtype animals at several stages with Pitl
anti-sense riboprobe recapitulates the pattern seen with fluorescent in-situ hybridization.
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Supplemental Figure 8. Positive control for colorimetric in-situ using a sense Pitl riboprobe.
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Supplementary Figure 9. Single cell ectodermal expression during larval development.
(A-C) Early planula showing expression of Pitl in a single cell in the ectoderm. The arrowed
in (A) and (B) points to a spindle-shaped sensory cell in the ectoderm, stained with a riboprobe
bound to Pitl transcripts in the cytoplasm; arrowed in (C) points to a nucleus faintly stained
with aPIT1 yz6677 antibody, bound to the PIT1 transcription factor. (D-F) Late planula
showing expression of Pitl in a single ectodermal cell, arrowheads in (D) and (E) showing Pitl
transcript, but no PIT1 translation (F) at this developmental time point. Scale bars, 50um A-D,
25um E and F.
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Supplementary Figure 10 — GLWamide and RFamide colocalization analysis with Pitl.
(A-F) Apical arrowheads demonstrate no colocalization on ectodermal cells while
central/equatorial arrowheads point to Pitl expressing cells possibly colocalizing with
GLWamide neurons, or in adjacent cells — further data at higher resolution is needed to clarify.
(G-I) RFamide does not seem to colocalize with Pit] but more data is required. Scale bars 50um
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Supplementary Figure 11. Live imaging of Pitl::Kaede F2 polyps. Scale bar 50um.
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Supplementary Figure 12. Live imaging of Pitl::Kaede F2 polyps. Red arrowheads point at
possible connecting ganglion neurons Scale bar 50um.
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Supplementary Figure 13. Kaede stain on F2 Pitl::Kaede Transgenic polyps. Z-projection,
reveals morphologically diverse sensory cells in the tentacles and ganglion cells at the base of
the tentacle.

84



Supplementary Figure 14. Confocal section (z7) shows Pitl1" cells, with the apical tip of the
cell rich in (or surrounded by) actin stereocilia.
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Supplementary Figure 15. Single confocal
section clarifies that this cell is a single cell (see
blue arrowhead), since only one nucleus is found.
White arrowhead points at noticeable characteristic
of a thin process extending from the soma to the
apical tip of the cell. Scale bars: All Sum.
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Supplementary Figure 16. Pitl::Kaede F1 animals stained with anti-Kaede and a cnidocyte
specific DAPI staining revealed no expression of Pitl in cnidocytes. Scale bars: All 10um.
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Supplementary Figure 17. Preliminary data of Staining of CR-Pitl +/+ and -d/-d siblings did
not reveal noticeable defects of RPamide neurons, but further investigation is required (n=1,
for tentacle bud and polyp stage). Scale bars: All 20um.
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CONCLUSION

Here, for the first time, the spatiotemporal gene expression pattern of Pitl was described in
Nematostella vectensis, revealing a dynamic expression beginning in the endoderm of the body
column and subsequentially starting in the ectoderm of tentacles during metamorphosis. Analysis
of Pitl::Kaede transgenic animals revealed a complex neuronal network of Pitl-positive neurons

in the endoderm and diverse morphologies of sensory cells in the ectoderm of tentacles.

Based on comparative data from the ‘moon jellyfish’ Aurelia, 1 infer that Pitl is expressed in
sensorial cell types across Cnidaria, but analysis from other taxa is required. Furthermore,
considering the hypothesis that the Pitl-positive Hatschek’s pit has chemosensory functions in the
lancelet Branchiostma floridae, and the diverse cellular morphologies here described in
Nematostella, 1 raise the hypothesis that the ancestral function of Pitl is to regulate the
differentiation of chemosensory cells. Stable CRISPR-Cas9 knockout lines of Pit]l were generated
and the experimental and conceptual foundations were laid for further functional studies of Pitl in
Nematostella vectensis. Furthermore, the genotyping protocol developed in Chapter 1 can be
applied to non-sea anemone cnidarians allowing to gain insights into the evolution of the diverse

developmental mechanisms of cnidarians.

Characterizing the function of neuronal and neuroendocrine regulators across Cnidarian and
Bilaterian organisms is essential to understanding and reconstructing the ancestral nervous system
of the last common ancestor and consequently to begin unveiling the origins of the animal mind.
Hence, I here propound the idea that Cnidarians should be considered and examined through the
lens of comparative cognitive sciences. This will provide a view of the core properties underlying

the functional mind as we know it, and its primordial properties at basal levels of animal evolution.
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1t is thus implied that in some sense a rudimentary mind-like quality is present even at the
level of particle physics, and that as we go to subtler levels, this mind-like quality becomes
stronger and more developed.

— David Bohm (1990)

The laws of physics leave a place for mind in the description of every molecule... In other
words, mind is already inherent in every electron, and the processes of human
consciousness differ only in degree and not in kind.

— Freeman Dyson (1979)

Will it not turn out, with the further development of science, that the study of the universe
and the study of consciousness will be inseparably linked, and that ultimate progress in the
one will be impossible without progress in the other?

— Andrei Linde (1998)
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