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Preface

Bringing a rich diversity of living beings to the workbench
is a conditio sine qua non to explore and understand the
magical mechanisms underlying organism development
and diversity. This explains why academic researchers have
never ceased—and should never cease—to bring new model
systems into the laboratories. In the present book, we pres-
ent both the traditional and iconic marine model organisms
and also some new organisms recently brought to the bench.

Marine organisms have always fertilized and nourished
traditional disciplines such as neurobiology, physiology,
anatomy, ontogeny or comparative zoology; they now also
feed important modern fields from genomics to quantitative
and computational biology.

The main purpose of this book is to provide an update
on marine model organisms from two different perspec-
tives. The first perspective focuses on the general knowl-
edge we have so far collected from the model system; the
second perspective is on the present and future importance
of the organism for a given research area. To meet the goals,
we have compiled 24 chapters covering some of the most
important marine model organisms, from bacteria to verte-
brates. All chapters are written by experts with longstand-
ing expertise and address the following topics: history of the
model, geographical distribution, life cycle, embryogenesis,
anatomy, genomic data, functional approaches and chal-
lenging research questions. This layout is intended to help
the reader compare marine organisms at a glance and assess
to which extent they share common features or, in contrast,
display specific peculiarities. Of note, several chapters con-
tain substantial descriptive sections relating to anatomy.
This is intended as a reminder that fundamental research
has been emphasizing morphological descriptions as a pre-
requisite for pursuing molecular and functional studies.

The work of Ramén y Cajal at the end of the 19th century
is a good example in this respect; his drawings are still used
today to illustrate cellular and tissue morphology in review
dealing with neurosciences or cancer research (Llinds 2003;
Lépez-Novoa and Nieto 2009). Remarkably, after count-
less tissue and cell observations and the careful restitutions
with material as simple as ink and paper, Ramén y Cajal
(Histologia Del Sistema Nervioso Del Hombre Y De Los
Vertebrados, 1897-1904) was able to sketch the cellular the-
ory of the brain parenchyma at a time when biologists were
unaware of gene expression.

We hope the reader will discover or rediscover the fas-
cination of comparing some very special marine organ-
isms which excite biologists across disciplines. A first
example is the capacity of regeneration, both at the body
level (as illustrated in Chapter 4 [porifera], Chapters 7 and 8
[Nematostella and Clytia], Chapter 12 [acoela], Chapter 13
[annelids], Chapter 21 [colonial ascidians]) and organ level

(such as the kidney of cartilaginous fish, Chapter 23). The
organisms presented offer excellent study systems that help
us understand why and how certain tissues and structures
are able to renew.

Some other marine organisms are intriguing because they
display particular processes that are not well understood,
such as gamete formation through transdifferentiation of
somatic cells (Chapter 5, Oscarella), the metabolic state of
cryptobiosis (Chapter 15, crustaceans) or chromosome elim-
ination during embryogenesis (Chapter 22, cyclostomes).

Although seemingly paradoxical, some marine organisms
are also attractive because events as basic as embryogen-
esis or gametogenesis could not be described yet (example:
Chapter 6, Placozoa) or because only less than a handful of
species have been indexed in an entire phylum (examples:
Chapter 6, Placozoa, and Chapter 14, cycliophora).

Genomic or transcriptomic data are now available for
almost all marine organisms presented in this handbook. This
information is crucial to develop molecular tools but also
to revisit the evolution of gene families and the evolution of
physiological traits. For example, the unexpected presence of
endogenous glycoside hydrolase (GH) genes in the genome
of the crustacean Parhyale hawaiensis (Chapter 16) confirms
that cellulose digestion in metazoans is not necessarily ful-
filled by a symbiotioc association with gut-associated bacteria
and Protozoa.

Other central research questions put forward in this book
include the origin of the mesoderm (Chapter 7, Nematostella)
and of metazoan body plans (Chapter 4, Porifera; Chapter
6, Placozoa), gastrulation outside bilaterians (Chapter 8,
Clytia), aging and longevity mechanisms, anthropogenic
impact on the environment (Chapter 10 and 11, coral; Chapter
17, echinoderms), how color patterns are set up (Chapter 24,
anemone fish) and which biomolecules are being considered
for therapeutic or industrial applications (Chapter 1, bac-
teria; Chapter 5, Oscarella; Chapter 20, solitary ascidians;
Chapter 23, cartilaginous fish). In addition, Chapter 17 gives
a full measure of the complexity of biochemical mechanisms
brought into play during gamete encounters.

The reader will also be able to appreciate why some
marine species have served pioneering studies related to
genome-wide chromatin accessibility (Chapter 19, cepha-
lochordates) or quantitative single-cell morphology and
mechanical morphogenesis modeling (Chapter 20, solitary
ascidians).

The vast majority of models presented in this book are
metazoans, which is not surprising considering the afore-
mentioned biological questions. We have added some non-
metazoan model systems in which similar (analogous or
homologous) topics have been studied. Brown algae are the
first example, as these can serve to investigate size and shape

vii
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acquisition at the cellular level (Chapter 2). Unicellular holo-
zoans and choanoflagellates are the second example, as they
help us to understand how metazoans evolved (Chapter 3).
The third example is marine bacteria, as they are essential to
study symbiotic organisms, in our example (Chapter 1), they
produce metabolites that constitute compulsory signals for
jellyfish physiology and metamorphosis (Chapter 8, Clytia
and 9, Cassiopea). These examples are also good illustra-
tions of how all chapters are interconnected.

Importantly, developing new model species for experi-
mental biology can become necessary to overcome specific
disadvantages of an existing model organism and to open
additional technical perspectives. For instance, until recently,
producing stable genetically modified strains has not been
feasible in echinoderms, because the traditional model spe-
cies take several years to reach sexual maturity. Introducing
a new species with a short life cycle (Temnopleurus reeve-
sii) has allowed researchers to produce the first homozygous
knock-out sea urchin strain (Chapter 18).

While bringing new species into the lab has always been
an exciting challenge, we now face an additional question
associated with our Anthropocene epoch: the conservation
status of the organism we want to study. The best example
for this might be the chapter dedicated to cartilaginous fish
(Chapter 23), in which the reader will find a list of different
species that have been used for experimental studies in this
group along with their degree of vulnerability.

Having the main features of all marine model organisms
presented side by side in one book will clearly be beneficial
for researchers across disciplines. The reader can assess to
which extent it is possible to use a specific tool and answer
a specific question with one model species but not (or not as
easily) with another. We thank all authors for their state-of-
the-art reviews allowing the reader of this book to quickly
and reliably judge the advantages and drawbacks of different
model systems and pick the most appropriate one to answer
his/her question.

Finally, because many disciplines within the life sciences
are at crossroads between two (or more) topics (for example,

Preface

mathematical modeling and biology or biophysics and cell
morphogenesis), this handbook should captivate a highly
diverse scientific community. Not only researchers work-
ing in developmental biology or evo-devo but also students
and scientists eager to go beyond a traditional view of life
sciences will find food here. We hope this handbook will
find its way into all marine stations and institutes across the
globe and help strengthen the network of scientists using
marine organisms for their research.

This handbook was created within the Erasmus+-funded
strategic partnership project DigitalMarine (2018-2021)
set up to support research training on marine organisms
in biology. An online distance learning platform intended
for master’s students is the other deliverable of this project.
The combination of this platform with the Schmid Training
Course, a marine biology practical course taking place in
Roscoff, has been enabling the deployment of innovative
teaching methods such as flipped classrooms and blended
learning.

We deeply thank all the contributors for their eagerness
to review and highlight the most cutting-edge research on
their favorite organisms. We are also grateful to Haley Flom
and David Wahnoun, respectively, educational engineer and
graphic designer in the DigitalMarine project, for the help in
editing and illustrations.

Agnes Boutet
Roscoff, France

Bernd Schierwater
Hannover, Germany
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1.1  INTRODUCTION

Bacteria are ubiquitous and abundant in the marine envi-
ronment (103-10° cells.mL"), playing a multiplicity of roles
in marine ecosystems that is a product of their long evolu-
tion and subsequent genetic diversification. Certain species
play key roles in biogeochemical cycles, notably by contri-
bution to primary production in the case of phototrophic
Cyanobacteria or by the remineralization of this production
by heterotrophic bacteria. Other bacterial species impact
human health and the economy adversely by causing dis-
ease in humans and aquaculture facilities, whereas oth-
ers interact in a coordinated fashion to form biofilms that
can lead to biofouling and corrosion of marine structures.
Conversely, by virtue of their wide genetic diversity, the
bacterial kingdom offers a chemical and enzymatic diver-
sity that can be exploited in many fields, for example, in the
bioremediation of marine pollution or for the discovery of
novel natural products for the food and medical industries.
To further understanding in these diverse research domains,
simple tractable bacterial model organisms are needed. In
this chapter, we will briefly touch on the well-known non-
marine bacterial model organisms and the criteria for a good
model organism and explain some of the reasons few marine
models are available despite the extraordinary reservoir of
the marine environment. We will then present four different
marine bacterial models applied to very different research
domains, each with their own specific questions and appli-
cations but all dependent on a similar toolkit that we will
develop at the end of this chapter.

1.1.1  EARLY BACTERIAL MODELS IN EXPERIMENTAL

BioLoGgy

One of the most famous model organisms is undoubtedly
the intestinal bacterium Escherichia coli belonging to the
Proteobacteria phylum that was discovered in 1885 by
Theodor Escherich. With its fast growth rate in a range
of inexpensive media, simple cell structure and ease of
manipulation and storage, E. coli became the workhorse of
the microbiology laboratory. With advances in molecular
biology, research on E. coli led to a number of significant
discoveries that were instrumental in developing the field
of molecular genetics. A few examples of these discover-
ies, some of which were awarded Nobel prizes, include gene
exchange between bacteria by conjugation, the elucidation
of the genetic code, the mechanism of DNA replication, the
organization of genes into operons and restriction enzymes
(Blount 2015).

Other bacteria are also well-known models in biology,
although less commonly used, and not so famous as E. coli.
Bacillus subtilis is a member of the Firmicutes phylum
and can be found in a diverse number of aquatic and ter-
restrial habitats and even in animal guts (Earl et al. 2008).
On account of its fast growth, natural transformation, pro-
tein secretion, production of endospores and formation of
biofilms, it has become an important model, notably for the
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food and biotechnology industries (Errington and van der
Aart 2020). Despite being non-pathogenic, this bacterium
has also been used to study the mechanisms of pathogen-
esis, as it presents some interesting features in common with
pathogenic cells, including biofilm formation and sporula-
tion. Other medically important model bacteria include
Staphylococcus for the study of the skin microbiota and
antibiotic resistance; Bifidobacterium for research on gut
microbiota; and Pseudomonas aeruginosa for biofilm for-
mation, chemotaxis and antibiotic resistance.

1.1.2 A VAsT DIVErsITY OF BACTERIA IN THE SEAWATER,
A RESErRVOIR OF POTENTIAL PROKARYOTIC MODELS

Understandably, the best-known models mentioned pre-
viously are those organisms living in close contact with
humans, as commensals or present in their immediate envi-
ronment. The exploration of the oceans, combined with the
molecular biology revolution, revealed a vast diversity of bac-
teria. Prokaryotes are incredibly abundant in seawater: their
average abundance is about 5 x 103 cells per mL, and their
total number in the world ocean is estimated to be about 10%
cells (Whitman et al. 1998). Since the 1990s, continuous
and massive 16S rRNA gene sequencing of planktonic DNA
has revealed the extraordinary diversity of marine prokary-
otes, both for Bacteria and Archaea. An analysis of samples
collected during the Tara research vessel’s marine expedi-
tions (https://oceans.taraexpeditions.org) has revealed 37,470
species of Bacteria and Archaea (Sunagawa et al. 2015).
Analysis of sequence datasets has also revealed that we are
still far from capturing the whole picture of the total pro-
karyotic diversity in the oceans. A considerable fraction of
this diversity belongs to the “rare biosphere”, an immense
reservoir of species with low abundances (Overmann and
Lepleux 2016). Moreover, recent studies revealed that some
marine niches, like marine biofilms, are even more diverse
than the pelagic waters and still constitute a substantial
source of hidden diversity (Zhang et al. 2019). The recovery
of large metagenomic datasets from oceanic samples has also
provided evidence for the extraordinary functional diver-
sity of marine prokaryotes; in their 193 samples, the Tara
Ocean datasets revealed the presence of 39,246 different
orthologous groups. The oceanic metagenomic datasets were
enriched in functional categories related to transport of sol-
utes (coenzymes, lipids, amino acids, secondary metabolites)
and energy production (including photosynthesis) (Sunagawa
et al. 2015). Marine bacteria are also known to produce many
types of bioactive compounds that are of interest for indus-
trial applications, including active enzymes and molecules
with anticancer, antimicrobial and anti-inflammatory prop-
erties (Zeaiter et al. 2018).

1.1.3 THe Neep FOR NEw MARINE BACTERIAL MODELS

The marine environment is potentially a very important
reservoir of prokaryotic models to explore many types of
biological mechanisms, either to investigate their diversity
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or to assess some of the particular features linked to their
adaptation to marine life. We will emphasize in this chapter
the diversity of biological questions that can be addressed
using marine models and for which the current ‘traditional’
models cannot provide enough answers. Indeed, many major
questions in biology and evolutionary studies cannot be
fully addressed using famous bacterial models like E. coli
or B. subtilis. Many of them are connected to environmental
questions, and they include, for example, the ones related
to molecular adaptations to environmental changes (includ-
ing in ecotoxicology) or to the identification of organisms
suited to develop innovative ‘green’ or ‘blue’ biotechnologi-
cal applications.

1.2 EXAMPLES OF MARINE BACTERIAL
MODELS

Only a few marine bacterial models currently exist, a para-
dox when considering the huge taxonomic and functional
diversity of marine waters. In this chapter, we present a non-
exhaustive collection of relevant marine models and give
a snapshot of the diversity of biological mechanisms they
can help us explore. We will show how Vibrio fischeri is a
common model to examine host—symbiont interactions, bio-
luminescence mechanisms and cell—cell interactions; how
marine cyanobacteria Prochlorococcus and Synechococcus
are models to examine the mechanisms of photosynthesis
and their adaptation to life in the oceans; how Zobellia
galactanivorans allows us to study the bacterial degrada-
tion of algal biomass; and how Marinobacter hydrocar-
bonoclasticus provides us with key information on biofilm
development, iron acquisition and hydrocarbon and lipid
metabolism.

1.2.1  ViBrio FiscHERI, A WELL-KNOWN AND

Historic MARINE BACTERIAL MODEL

Allivibrio fischeri (but the historical name V. fischeri is still
widely used) is a widely known bacterial model isolated from
the marine environment. We will see in this section that this
bacterium serves as a model for the study of biolumines-
cence mechanisms, cell-to-cell communication systems and
host—symbiont relationships. This first example will reveal
how a marine bacterial model also serves to explore relevant
mechanisms in medical sciences, biotechnology, pharma-
cology and many others.

1.2.1.1

This bacterium is a common marine Gammaproteobacteria
that belongs to the Vibrionaceae. This bacterium is motile
thanks to a tuft of polar flagella, which is formed by one
to five flagellar filaments. The genome of V. fischeri has
been fully sequenced and is of 4.2 Mb. It is organized in
two chromosomes and usually some additional plasmids.
This bacterium colonizes various marine niches, including
the seawater column and marine sediments. One exceptional
feature of this bacterium is its ability to colonize hosts, like

Key Features of V. fischeri

the small squid Euprymna scolopes: when associated with
its host, V. fischeri produces light, which makes the animal
luminescent.

1.2.1.2 Bioluminescence Mechanisms in Marine
Environments and Organisms

Bioluminescent marine bacteria interact with a high diver-
sity of metazoan hosts, including squids and fishes. Like
some other marine bioluminescent bacteria, V. fischeri
exhibits a dual lifestyle, either freely floating in the water
column or as a symbiont inside its host. V. fischeri is typi-
cally involved in symbiosis species from two families of
squids as well as different families of fishes (Dunlap and
Kita-Tsukamoto 2006), thus demonstrating the ubiquitous
capacity of the bacterium to colonize different host types.
Among the family Sepiolidae, the symbioses involving
Mediterranean (Sepiola) and Pacific (Euprymna) squid spe-
cies probably evolved independently, as they involve differ-
ent Vibrio species (Fidopiastis et al. 1998). It is known that
the light organ of Sepiola sp. contains a mixed population
of V. logei and V. fischeri species (Fidopiastis et al. 1998),
while only V. fischeri is strictly observed in the light organ
of Euprymna scolopes. It appears that most of the time, the
bacterial population is monospecific in a light organ (Dunlap
and Urbanczyk 2013).

As for all bioluminescent organisms, the chemical reac-
tion of bioluminescence in bacteria relies on the oxidation of
a substrate (luciferin) by an enzyme (luciferase). Bacterial
luciferin consists of a reduced flavin (FMNH,) and an ali-
phatic aldehyde chain (4 to 8 carbon atoms), which serves as
a cofactor. Bacterial luciferase is a flavin mono-oxygenase
formed of two o (40 kDa or 355 aa) and B (37 kDa or 324 aa)
subunits. The catalytic site of the enzyme consists of a TIM-
type barrel (Campbell et al. 2010) located in the a subunit,
while the [ subunit is necessary for the stability and activity
of the enzyme. In V. fischeri, luminescence is produced when
luciferase (composed of a and 3 subunits) converts reduced
flavin to flavin. During the dioxygen-dependent reaction,
FMNH, and the aliphatic aldehyde are oxidized to flavin
(FMN) and fatty acid, respectively, as follows: FMNH, +
O, + R-CHO — FMN + R-COOH + H,O + hv (4,,,, = 490
nm). Early studies evidenced that a V. fischeri strain (previ-
ously also known as Photobacterium fischeri) was also able
to emit yellow light (Ruby and Nealson 1977). This was one
of the first descriptions of a bioluminescent bacterial strain
emitting light in a different color than blue-green, which is
the more common emission in the ocean water column. In
this particular case of fluorescence associated with biolumi-
nescence phenomenon, a yellow fluorescent protein, YFP,
binds FMN and shifts the light emission from around 490
nm to 545 nm. In luminous bacteria, all products involved
in the bioluminescent reaction are encoded in a /ux operon.
In V. fischeri, the lux operon comprises genes coding for
different subunits of either luciferase (luxA and IluxB),
fatty acid reductase complex of the luminescence system
(luxC, luxD, and luxE) or flavin reductase (luxG) (Dunlap
and Kita-Tsukamoto 20006). In V. fischeri, the lux genes are



cotranscribed with [uxI (which will be defined hereafter),
according to the luxICDABEG order, the most frequent
order found in luminous bacteria.

1.2.1.3 Quorum Sensing, a Cell-to-Cell
Communication System

The existence of communication between microorgan-
isms was first suspected in Streptococcus pneumoniae by
Alexander Tomasz in 1965. The researcher demonstrated the
emission of a hormone-like based communication that con-
trols the competent state. However, most of the observations
that led to the study of communication between microor-
ganisms and thus to the concept of “quorum sensing” were
acquired from experiments conducted by marine scientists
during the 1970s. During this decade, and as described,
in-depth studies were conducted on V. fischeri strains that
can colonize the light organ of the Hawaiian bobtail squid
Euprymna scolopes, where they produce bioluminescence
(Greenberg et al. 1979; Nealson et al. 1970). In particular, it
has been noticed that the capacity for bioluminescence is a
density-dependent phenotype. In seawater, V. fischeri cells
are free living and scarce and do not produce light most of
the time. However, in particular conditions, they can emit
light when they reach high cell densities, like in laboratory
cultures or when they colonize the light organ of the small
squid. Since these initial studies, the concept of quorum
sensing was defined in the 1990s and refers to a popula-
tion density-based physiological response of bacterial cells
(Fuqua et al. 1994).

After these first observations, this original system of
bioluminescence regulation was fully chemically and genet-
ically described. The diffusible signal, also named autoin-
ducer (AI), was identified in 1981 as an acyl-homoserine
lactone (AHL) and described as 3-oxo-hexanoyl-homoserine
lactone (3-oxo-C6-HSL) (Eberhard et al. 1981). The genetic
cluster involved in this phenomenon was then characterized
as a bi-directionally transcribed operon with eight genes,
named luxA-E, luxG, luxI and luxR. This genetic system has
been mentioned in this chapter, except for the roles of LuxI
and LuxR, which are of particular interest when focusing on
quorum sensing mechanisms. LuxI is the Al synthase, while
LuxR is the receptor of this diffusible signal. When the Als
reach a threshold concentration in the nearby environment
of bacterial cells (reflecting the increase in cell abundance),
they bind to the LuxR receptors, which act as transcription
factors and activate the expression of all /ux genes. The dif-
fusible signal is designated as Al because it promotes its own
production through the autoinduction of lux/ (Engebrecht
et al. 1983; Swartzman et al. 1990) (Figure 1.1).

After these initial discoveries and the subsequent identi-
fication of the genetic system of quorum sensing in V. fisch-
eri, the study of this mechanism garnered little interest from
the scientific community for more than a decade. Likely,
quorum sensing appeared then to be a kind of regulation
specialized for bioluminescence expressed in the Vibrio
bacteria colonizing a small Hawaiian squid. This interest
was renewed in the 1990s with the development of DNA
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sequencing methods and the discovery of a broad diversity
of luxI and luxR homologs in many different types of bacte-
ria: Vibrio fisheri has thus been little by little established as
a universal model for the study of quorum sensing circuits.

Most of the scientific effort in the field of quorum sensing
in the 1990s focused on strains with a medical or agronomic
interest. An important reason for this interest in the medical
field, among others, is that an increasing number of links
were established between virulence and quorum sensing in
model pathogenic bacteria, such as in Staphylococcus strains
(Jietal. 1995) and Pseudomonas aeruginosa (Pearson et al.
2000). It was only in the following decade that work began
to be published about bacteria in the field of environmen-
tal sciences, including those isolated from marine waters.
In 1998, one of the first reports of Als present in the natu-
ral environment was published under the title “Quorum
Sensing Autoinducers: Do They Play a Role in Natural
Microbial Habitats?”, which revealed some early interest in
quorum sensing from the aquatic Als in naturally occurring
biofilms (Bachofen and Schenk 1998). In 2002, Gram et al.
reported for the first time the production of AHLs within
Roseobacter strains isolated from marine snow (Gram et al.
2002). Since then, a growing number of reports have focused
on the nature and role of quorum sensing in marine bacteria,
and large sets of culture-dependent and culture-independent
studies have highlighted the importance of quorum sensing
mechanisms in marine biofilms and environments (Lami
2019).

1.2.1.4 The Molecular Mechanisms of Symbiotic
Associations

Nowadays, the symbiosis between V. fischeri and the Hawaiian
bobtail squid Euprymna scolopes is well characterized (McFall-
Ngai and Ruby 1991) and constitutes a perfect model to
understand bacteria—animal interactions (McFall-Ngai
2014). The luminescence produced by the V. fischeri symbi-
onts would help camouflage their host at night by eliminating
its shadow within the water column (“counter-illumination’).
Although this symbiosis is obligatory for the host, symbionts
are horizontally transmitted as the squid host E. scolopes
acquires its V. fischeri luminescent symbionts from the sur-
rounding seawater (Wei and Young 1989). This association
shows a strong species specificity initiated within hours after
the juvenile squid hatches, provided that symbiotically com-
petent V. fischeri cells are present in the ambient seawater
(Ruby and Asato 1993; Wei and Young 1989).

Interestingly, the E. scolopes—V. fischeri model provided
the first direct evidence of an animal host controlling the
number and activity of its extracellular bacterial population
as part of a circadian biological rthythm. E. scolopes and
Sepiola atlantica mechanically control the emission of lumi-
nescence by periodically expelling excess V. fischeri symbi-
onts, thereby adjusting bacterial density inside the light organ
(Ruby and Asato 1993). As a result, the cell abundance of V.
fischeri within the squid follow a circadian pattern. At night,
V. fischeri cells are present at high concentrations in the
crypts of the light organ (10'°-10" cells mL") and produce
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FIGURE 1.1 A schematic representation of the first discovered luxl/luxR-based quorum sensing system in the model species Vibrio
fischeri, producing 3-oxo-C6-HSL as an autoinducer. Since then, a second quorum sensing system has been discovered. Based on the
AinS Al synthase, it permits the liberation of C8-HSL. At low cell density, autoinducer concentration is low, while at high cell densities,
autoinducers induce cytoplasmic cascades that lead to drastic genetic modifications, including transcription of genes responsible for
bacterial bioluminescence.

Als, which induce light emission (see previous paragraph). At  bioluminescence is observed just before dawn to early after-
the end of the night, most of the bacterial cells are expulsed noon. This coincides with the onset of environmental light
from the light organ, leading to a dramatic reduction in bac- (Lee and Ruby 1994). During the day, the concentrations of
terial concentration and of this diffusible factor. Thus, in the V. fischeri cells that have not been expulsed are very low, the
V. fischeri—E. scolopes symbiosis, the lowest production of  diffusible factor is not produced and the squid does not glow.



However, this remaining population of V. fischeri grows
steadily under favorable conditions within the squid through-
out the day and at night again reaches a cell abundance that is
sufficient to produce bioluminescence (Boettcher et al. 1996;
Heath-Heckman et al. 2013).

A complex and specific dialog occurs between V. fischeri
cells and the E. scolopes host, given that first, the V. fisch-
eri cells are typically present at a concentration of less than
0.1% of the total bacterial population in the Hawaiian waters
(Lee and Ruby 1994), and second, the motility of these bac-
terial cells is required to bring the symbionts toward the
pores, the entrance of the luminescent organ in formation.
Two main mechanisms were found to initiate the interaction
(Visick and McFall-Ngai 2000): (i) close contact between
the surfaces of the host and symbiont cells through receptor—
ligand interactions and (ii) the creation of an environment
in which only V. fischeri is viable. Receptor—ligand dynam-
ics, often more generally referenced as microbe-associated
molecular patterns (MAMPs) (Koropatnick 2004), can also
be essential elements underlying the onset, maturation and
persistence of mutualistic animal-microbe partnerships.
Different data provided evidence that at least a portion of
the host response is mediated by lipopolysaccharide-binding
proteins from the LBP/BPI protein family (Chun et al. 2008;
Krasity et al. 2011) and peptidoglycan-recognition proteins
(PGRPs) (Troll et al. 2010). Also, studies were published
concerning the complete annotated genome of V. fischeri
(Ruby et al. 2005) and the cDNA expression libraries for
colonized and uncolonized E. scolopes light organs (Chun
et al. 2006). Numerous gene-encoding proteins known to be
essential for both development and symbiosis were identi-
fied, such as reflectin, actin, myeloperoxidase, aldehyde
dehydrogenase and nitric oxide synthase (Chun et al. 2008).
These findings confirm the molecular dialogue between host
squid and bacterial symbionts at cell surfaces. Comparison
of host and symbiont population transcriptomes at four
times over the day—night cycle revealed maximum expres-
sion of cytoskeleton related genes just before dawn, concor-
dant with the daily effacement of the host epithelium and a
cyclic change in the anaerobic metabolism of the symbionts
(Wier et al. 2010). These host epithelium effacement and
change in symbiont metabolism are clearly synchronized
with the daily expulsion of most of the bacterial popula-
tion (Boettcher et al. 1996; Ruby and Asato 1993). It is well
known that during the colonization of the host tissue, the
expression of sets of bacterial genes can be under the con-
trol of specific transcriptional regulators (Cotter and DiRita
2000), mainly described in bacteria that initiate pathogenic
or benign infections (van Rhijn and Vanderleyden 1995).
Interestingly, a mutant study showed that the gene lifR,
essential for the induction of luminescence, also plays a role
as a transcriptional regulator in modulating the ability of V.
fischeri to colonize juvenile squid (Fidopiastis et al. 2002).

1.2.1.5 V. fischeri: Conclusions

V. fischeri is now a well-known marine model in experi-
mental biology. This first example clearly reveals how a
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marine bacterial strain, which at first sight appears to have
a very particular mode of life (a bacterium associated with
Hawaiian species), is in fact a universal model to explore
mechanisms relevant to many diverse scientific fields and is
at the origin of major discoveries in biology.

1.2.2  PICOCYANOBACTERIA AS MODELS TO EXPLORE
PHOTOSYNTHETIC ADAPTATIONS IN THE OCEANS

Cyanobacteria are, evolutionarily speaking, very old organ-
isms capable of producing oxygen that have significantly
contributed to shape the current composition of the atmo-
sphere. Their bioenergetic mechanisms are unique, as com-
plex electron transfers (photosynthesis and respiration)
occur in the same cell compartment. Among these organ-
isms, the marine picocyanobacteria Prochlorococcus and
Synechococcus genera provide detailed examples of pho-
tosynthetic adaptations to light conditions in the oceans.
Beyond the description of unique photosynthetic mecha-
nisms, the study of these marine cyanobacteria is key to bet-
ter understanding the evolutionary origins of photosynthesis.

1.2.2.1 Key Features of Prochlorococcus

and Synechococcus

The global chlorophyll biomass of oceanic ecosystems
is dominated by tiny unicellular cyanobacteria of the
Prochlorococcus and Synechococcus genera (~1 and 0.6
um diameter, respectively), which are thought to account for
~25% of the global marine primary productivity (Flombaum
et al. 2013). They are considered the smallest but also the
numerically most abundant photosynthetic organisms on
Earth, with estimations of 1.7 x 10?7 cells in the World
Ocean. Prochlorococcus and the marine Synechococcus
diverged from a common ancestor ~150 million years ago,
and the Prochlorococcus radiation delineates a monophyletic
lineage within the complex Synechococcus group. Marine
Synechococcus strains are indeed a more ancient and diverse
radiation, which is usually divided into three subclusters,
the major one (5.1) being subdivided into ~15 other impor-
tant clades that include ~35 subclades (Farrant et al. 2016;
Mazard et al. 2012). Despite their close relatedness, these two
cyanobacteria have quite different ecophysiological features,
as they occupy complementary though overlapping ecologi-
cal niches in the ocean. Prochlorococcus strains are con-
fined to the warm 45°N to 40°S latitudinal band and are very
abundant in the subtropical gyres and the Mediterranean
Sea but are absent from the high-latitude, colder waters.
Prochlorococcus cell concentrations are often less important
in coastal areas than offshore. By contrast, Synechococcus
cells are detected in almost all marine environments outside
of the polar circles and can be considered as the most wide-
spread cyanobacterial genus on Earth.

Since the discovery of marine Prochlorococcus and
Synechococcus only some decades ago, much progress
has been made in the study of their biology. Marine pico-
cyanobacteria have been prime targets for whole-genome
sequencing projects, and more than 100 complete genomes
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are now available, spanning a large range of ecological
niches and physiological and genetic diversity. These stud-
ies have revealed that Prochlorococcus is a striking example
of an organism that has undergone genome ‘“‘streamlining”
(Dufresne et al. 2005), an evolutionary process thought to
have rapidly followed the divergence from the common
ancestor with Synechococcus and which resulted in an rapid
specialization in oligotrophic marine niches. Thus, some
Prochlorococcus isolates have a genome as small as 1.65 Mb
(~1700 genes), and this cyanobacterium is often considered
as approaching the near-minimal set of genes necessary for
an oxygenic phototroph. The study of the Synechococcus
genomes is more complex because of the large microdiver-
sity of the radiation. They are on the whole bigger (2-3 Mbj;
2500-3200 genes) than Prochlorococcus ones and, by con-
trast, show a relatively small range of variation in their char-
acteristics among strains (Dufresne et al. 2008). Interestingly,
the number of “unique genes”, that is, the genes that are
found only in one genome, is well correlated with the whole
genome size. Like in Prochlorococcus, most of these unique
genes are located in variable regions called genomic islands,
whose size, position and predicted age are highly variable
among genomes. This suggests that horizontal transfer of
genetic material is an important process in these picocyano-
bacteria. Overall, the Synechococcus core genome includes
~70 gene families that are not present in Prochlorococcus,
suggesting a higher diversity of metabolic processes, in line
with the greater diversity of marine niches colonized by
Synechococcus (Scanlan et al. 2009).

1.2.2.2 Different Adaptive Strategies of
Prochlorococcus and Synechococcus to Light

The accumulation of (meta)genomic information has trig-
gered the beginning of a thorough analysis of the rela-
tionships between the picocyanobacterial genotypes,
phenotypes and different marine environments. In particu-
lar, the study of Prochlorococcus and Synechococcus has
allowed much progress in the understanding of the selective
pressures that drive the evolution of the oxygenic photosyn-
thetic process at all scales of organization, from genes to
the global ocean. Light quantity and quality are among the
main drivers of photosynthesis, both showing great variabil-
ity in the oceans. In tropical oligotrophic areas, the sunray
angle and water transparency lead the photic zone to extend
much deeper compared to higher latitudes and in turbid
coastal waters. Moreover, seawater absorbs and scatters
wavelengths in a selective way. Long wavelengths such as
red light are absorbed within the first meters, whereas blue-
green light can penetrate more deeply. In shallow coastal
areas, water often carries large amounts of particulate mat-
ter that further alter the underwater light quality, inducing
the presence of a green-yellow light. Successful adaptation
of phototrophs to the multifaceted behavior of light in the
aquatic systems notably relies on the nature and composition
of the light-harvesting systems, and Prochlorococcus and
Synechococcus have adopted drastically different strategies.

1.2.2.3 Adaptation of the Photosynthetic
Apparatus of Prochlorococcus

The most-reviewed example is probably the manner by
which Prochlorococcus modified its photosynthetic appara-
tus during evolution (Ting et al. 2002). Most cyanobacteria
on Earth have a photosynthetic antenna consisting of a giant
pigmented protein complex, called the phycobilisome. By
contrast, Prochlorococcus is one of the rare cyanobacteria
that uses membrane-intrinsic chlorophyll-binding pro-
teins, termed Prochlorophyte-chl-binding (Pcb) proteins.
Thus, most genes encoding phycobilisome components have
been lost during the Prochlorococcus genome streamlining.
As Prochlorococcus uses chlorophyll b as an accessory pig-
ment in its atypical antenna complex, it efficiently harvests
blue light, the dominant wavelength in oligotrophic and deep
waters. As a result, Prochlorococcus populations extend
deeper in the water column than almost any other photo-
trophs, basically defining the deepest limit of photosynthetic
life in the World Ocean. The ability of Prochlorococcus to
thrive in the entire euphotic zone also largely relies on its
microdiversity, as this cyanobacteria features genetically and
photophysiologically distinct populations (Biller et al. 2014).
These so-called high-light and low-light ecotypes partition
themselves down the water column along the light irradiance
decreasing gradient. One of the main known physiological
differences between Prochlorococcus light ecotypes is their
major light-harvesting complexes, which comprise different
sets of the Pcb proteins associated either with photosystem I
or II, resulting in higher chl b to chl a ratio in the low-light
ecotypes (Partensky and Garczarek 2010). Nevertheless, we
still know very little about the differential pigmentation and
function of the different Pcb proteins, especially regarding
the photoprotective processes. More physiological and bio-
chemical work is needed on this topic (Figure 1.2).

1.2.2.4 Adaptation of the Photosynthetic
Apparatus of Synechococcus

A second interesting example is the way picocyanobacte-
ria deal with the large variations in light spectral quality
that occur along the horizontal (i.e. coastal-oceanic) gradi-
ents in the oceans. In contrast to Prochlorococcus, marine
Synechococcus use phycobilisomes to harvest light, which
consist of three classes of stacked phycobiliproteins. The
phycobilisome core, made of allophycocyanin (APC) and
connected to the photosystems, is surrounded by rods consti-
tuted of phycocyanin (PC) and/or phycoerythrin (PE). Each
phycobiliprotein has a much-conserved hexameric cylindri-
cal structure, binding one or several tetrapyrrolic chromo-
phore (phycobilin) types: the blue phycocyanobilin (PCB),
the red phycoerythrobilin (PEB), and the orange phycouro-
bilin (PUB).

During their evolution, marine Synechococcus have
developed an amazing variety of pigmentations by exploiting
the modular nature of phycobilisomes, elaborating rods with
variable pigment composition. Thus, three main pigment
types can be distinguished based on the phycobiliprotein
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and phycobilin content of the phycobilisome rods. Pigment
type 1 contains only phycocyanin, binding solely the orange
light-absorbing phycocyanobilin (Ay,x = 620 nm), and is
restricted to coastal, low-salinity surface waters, character-
ized by a high turbidity, inducing the dominance of orange
wavelengths in the water. Pigment type 2 strains use PC
and one type of PE binding PEB, the green-light absorb-
ing pigment (Ay,x = 550 nm), and inhabit transition zones
between brackish and oceanic environments with intermedi-
ate optical properties. Finally, pigment type 3 strains pos-
sess PC and two types of PEs (PE-I and PE-II), a feature
specific of marine Synechococcus cyanobacteria. The PEs
of pigment type 3 strains bind both PEB and the blue light-
absorbing PUB (A,;,x = 495 nm) in various ratios depend-
ing on the strain, thus defining “green light specialists” (low
PUB:PEB) and “blue light specialists” (high PUB:PEB)
strains. Accordingly, these strains are found over large
gradients from onshore mesotrophic waters, rich in green
wavelengths, to offshore oligotrophic systems, where blue
light is dominant. Overall, at least a dozen of optically dif-
ferent phycobiliproteins have been elaborated by marine
Synechococcus during their evolution (Six et al. 2007),
and there is no doubt that this is partly responsible for their
global ecological success.

The genomic comparison of strains representative of
these pigment types revealed that most genes involved in
the biosynthesis of phycobilisome rods are located in a large
(up to ~30 kb) specialized region of the genome, generally
predicted to be a genomic island. The gene content and orga-
nization of this region is specific to each pigment type, inde-
pendently from the strain phylogenetic position, and shows
a tremendous increase in phycobilisome gene complexity
from pigment types 1 to 3, the latter type being a more recent
structure and the most sophisticated phycobilisome known
so far. Together with the presence of phycobilisome genes
in metaviriome datasets, this suggests that genes related to
the phycobilisome rod region can be laterally transferred
between Synechococcus lineages and that this might be a
key mechanism facilitating adaptation of these lineages to
new light niches.

Finally, there exists another particularly interesting
Synechococcus pigment type that consists of strains capable
of a unique type of chromatic acclimation (CA4), a revers-
ible process that modifies the composition of the phycobili-
somes. The strains capable of CA4 are pigment type 3 strains
able to dynamically tune the PUB to PEB ratio of their phy-
cobilisome, which becomes low under green light and high
under blue light to precisely match the ambient light quality.
CA is therefore predicted to increase fitness in conditions of
changing light colors, allowing the harvesting of more pho-
tons than for strains with fixed pigmentation. Comparative
genomic analyses of marine Synechococcus strains showed
that the CA4 process is possible thanks to a specific small
genomic island that exists in two slightly different versions,
named CA4-A and CA4-B (Humily et al. 2013). The recent
implementation of methods for plating and genetic manipu-
lations such as the disruption and/or overexpression of CA4

genes in marine Synechococcus has allowed us to start deci-
phering the regulation of the CA4-A process. Thus, in the
model strain Synechococcus sp. RS9916, isolated in the Red
Sea, the CA-4 process involves chromophore switch systems
at three phycoerythrin cysteines, which are regulated by the
two transcription factors FciA and FciB (Sanfilippo et al.
2019). Thanks to the setup of genetic transformation meth-
ods, CA is one of the physiological processes that has been
more closely studied in the laboratory in picocyanobacteria.

Using phycobiliprotein and CA4 genetic markers, the
study of the extensive metagenomic Tara Oceans dataset
allowed us to determine that, globally, CA4-A and CA4-B
strains account for 23% and 19% of all Synechococcus,
respectively (Grébert et al. 2018). Interestingly, CA4-A cells
predominated in the nutrient-rich, temperate or cold waters
found at high latitudes and in upwelling areas, while CA4-B
cells were most abundant in warm, nutrient-poor waters.
The reason there exist two types of CA4 genomic islands is,
however, still not clear, and the functioning of the CA4-B
genomic island is under investigation.

1.2.2.5 Picocyanobacterial Models: Conclusions

Picocyanobacteria (meta)genomics has greatly increased
our understanding of the genomic and phenotype variations
existing among these organisms, which is tightly linked to
processes of niche specialization. In particular, these studies
have unveiled unprecedented information on how photosyn-
thetic complexes may drastically evolve in the oceans to fit
different light niches. In this context, it is worth noting that
the strength of the picocyanobacterial model is not restricted
to one model organism but rather consists in a large panel of
many strains that allow the understanding of the evolution
of major processes like photosynthesis in the oceans. To bet-
ter understand the relationships between picocyanobacterial
genotypes and phenotypes, further progress requires a sig-
nificant development of experimental work on the numer-
ous picocyanobacteria strains available in culture. In this
context, the development of culture axenization methods
adapted to picocyanobacteria is a real necessity. Compared
to other microbial models, thorough and advanced physi-
ological studies are still scarce, and today, targeted studies
of gene function should be prioritized over the overaccumu-
lation of non-characterized genetic information. The recent
development of genetic manipulation techniques on the
Synechococcus sp. RS9916 strain gives much hope, but this
will be particularly challenging for Prochlorococcus.

1.2.3 ZOBELLIA GALACTANIVORANS, A MODEL
FOR BACTERIAL DEGRADATION OF
MACROALGAL Biomass

Macroalgae and their associated microbiota provide a large
diversity of enzymes, in particular involved in the degra-
dation of many diverse types of sugars, which are also of
major interest for industry. Numerous economic sectors
rely on the production of efficient enzymes and are continu-
ously searching for innovative ones. For example, alginate
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lyases have many applications for food and pharmaceutical
companies. We will see in this section that the bacterium Z.
galactanivorans, associated with macroalgae, is an excel-
lent model to study the diversity and the functioning of these
enzymes. Working on this bacterial model also provides
interesting insights into the mechanisms of colonization of
algal surfaces and degradation of macroalgal organic matter.

1.2.3.1

Green, red and brown macroalgae (also known as seaweeds)
are dominant primary producers in coastal regions, often
locally exceeding phytoplankton and other benthic car-
bon fixers (Duarte et al. 2005). Seaweeds thus represent an
important reservoir of organic matter and are considered a
global carbon sink. The composition of macroalgal biomass
is unique and consists of >50% of polysaccharides that differ
from those known in terrestrial plants by the nature of their
monosaccharide units and the presence of sulfated motifs
and other substituents (Ficko-Blean et al. 2014). Turnover
of this biomass is mostly mediated by marine heterotrophic
bacteria that can colonize macroalgae and access, degrade
and remineralize the algal compounds. Studies of the mech-
anisms underlying the interactions of these bacteria with
macroalgae and their degradation pathways are therefore
crucial to understanding coastal ecosystems’ nutrient cycles
and discovering novel enzymatic functions.

Members of the class Flavobacteriia (phylum Bacteroidetes)
are recognized as key players in the degradation of marine
algal polysaccharides (Thomas et al. 2011b). Among them,
the cultivated species Z. galactanivorans has become over
the past 20 years an environmentally relevant model organ-
ism to investigate macroalgal biomass degradation. Both
cultivation and metagenomic approaches frequently detect
members of the genus Zobellia in algae-dominated habi-
tats and directly on the surface of seaweeds from different
oceanic basins (Hollants et al. 2013; Nedashkovskaya et al.
2004). In particular, Z. galactanivorans DsijT was first iso-
lated in November 1988 in Roscoff (France) from a live
specimen of the red macroalga Delesseria sanguinea (Potin
et al. 1991) and later described as the type strain of the genus
Zobellia (Barbeyron et al. 2001). Cells are Gram-negative
and rod-shaped with rounded ends (0.3—0.5 x 1.2-8.0 um). Z.
galactanivorans is chemoorganotroph with a strictly aerobic
respiratory metabolism. Colonies on agar plates are yellow-
orange due to the biosynthesis of non-diffusible flexirubin-
type pigments. Cells do not possess flagella and cannot swim
in liquid medium. On solid surfaces, they exhibit gliding
motility at ca. 1-4 um.s~\.

Key Features of Zobellia galactanivorans

1.2.3.2 An Extraordinary Set of Enzymes

Made Z. galactanivorans a Bacterial

Model for the Use of Algal Sugars
Z. galactanivorans DsijT has been extensively studied for its
ability to use a wide array of macroalgal compounds as sole
carbon and energy sources, including agars and carrageen-
ans from red algae, as well as alginate, laminarin, mannitol
and fucose-containing sulfated polysaccharides from brown
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algae. Recently, it was also shown to directly degrade fresh
tissues of the kelp Laminaria digitata, corroborating its effi-
ciency for macroalgal biomass turnover (Zhu et al. 2017).
Annotation of its 5.5-Mb genome revealed that up to 9% of
its gene content could be dedicated to polysaccharide utili-
zation (Barbeyron et al. 2016). This includes genes encod-
ing an impressive number of 142 glycoside hydrolases (GHs)
and 17 polysaccharide lyases (PLs), representing 56 different
functional carbohydrate active enzyme families (CAZymes),
together with 37 carbohydrate-binding modules as described
in the CAZy database (Lombard et al. 2014). These enzymes
are accompanied by 18 carbohydrate esterases and 71 sul-
fatases of the Sl family, which can remove substituents
from polysaccharides. These genes are often clustered in
regions of the Z. galactanivorans genome termed polysac-
charide utilization loci (PULs). PULs are frequently found
in Bacteroidetes. They encode a suite of proteins dedicated
to the utilization of a given polysaccharide, generally com-
prising (i) CAZYmes responsible for the breakdown of the
substrate, (ii) substituent-removing enzymes, (iii) substrate-
binding membrane proteins, (iv) transporters for oligosaccha-
rides and (v) transcriptional regulators that control the PUL
expression, depending on substrate availability. In particular,
Z. galactanivorans DsijT harbors 71 tandems of SusC-like
TonB-dependent transporter (TBDT) and SusD-like surface
glycan-binding protein (SGBP) that are considered hallmarks
of PUL genomic organization (Grondin et al. 2017).

Over the years, numerous biochemical and structural
studies have focused on the in-depth characterization of
Z. galactanivorans proteins dedicated to polysaccharide
utilization. In September 2020, the function of 42 of these
proteins was experimentally validated, and for half of them,
the crystallographic 3D structure was solved. This nota-
bly includes enzymes targeting agars (Naretto et al. 2019),
porphyrans (Hehemann et al. 2010), carrageenans (Matard-
Mann et al. 2017), laminarin (Labourel et al. 2015), algi-
nate (Thomas et al. 2013), mannitol (Groisillier et al. 2015)
and hemicellulose (Dorival et al. 2018). In several instances,
studies of Z. galactanivorans proteins led to the discovery
of novel CAZY families [e.g. iota-carrageenases GH82 and
a-1,3-L-(3,6-anhydro)-galactosidase GH117 (Rebuffet et al.
2011)] or to novel activities in existing families [e.g. exolytic
a-1,3-(3,6-anhydro)-D-galactosidases in GH127 and GH129
(Ficko-Blean et al. 2017)].

Furthermore, genome-wide transcriptomes of Z. galac-
tanivorans DsijT cells grown with different carbohydrates
are publicly available, either based on microarrays (Thomas
et al. 2017) or RNA-seq (Ficko-Blean et al. 2017). This is
complemented by a validated reverse transcription real-
time quantitative PCR (RT-qPCR) protocol to specifically
target genes of interest (Thomas et al. 2011a). These tran-
scriptomic data revealed both substrate-specific and shared
responses between co-occurring polysaccharides and helped
define 192 operon-like transcription units. The upregulation
of 35 predicted transcriptional regulators in the presence
of algal polysaccharides compared to glucose gave further
insights into the regulation strategies at play to fine-tune
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gene expression depending on the rapidly changing glycan
landscape. This was recently exemplified by the character-
ization of the regulator AusR, a transcriptional repressor
controlling the expression of the Z. galactanivorans algino-
lytic system (Dudek et al. 2020). In addition, genetic tools
were adapted for Z. galactanivorans, including protocols
for transposon random mutagenesis, site-directed mutagen-
esis and complementation (Zhu et al. 2017). Integration of
all these complementary tools now opens the way for func-
tional investigations of full catabolic pathways, as illustrated

1

by studies on Z. galactanivorans alginate utilization sys-
tem (AUS) (Thomas et al. 2012) and carrageenan utiliza-
tion system (CUS) (Ficko-Blean et al. 2017). Both systems
rely on complex regulons comprising genes within and dis-
tal to a PUL and encode the full set of proteins necessary
to sense the substrates, degrade polysaccharides into their
monosaccharide constituents and assimilate them into the
central metabolism. Interestingly, site-directed mutants of
the CUS unveiled (i) the complementary functions of two
a-1,3-(3,6-anhydro)-D-galactosidases that were otherwise
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FIGURE 1.3 Schematic view of the multifaceted model organism Z. galactanivorans. The currently available experimental tools
are listed, together with selected features that make Z. galactanivorans a useful model to investigate how marine bacteria degrade and
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indistinguishable based on in vitro biochemical assays and
(ii) the role of a distal TBDT/SusD-like tandem that was
absent from the main carrageenolytic locus. These results
highlight the benefit of genetic tools in a bacterial model to
assess gene functions in vivo. Studies on Z. galactanivorans
also provided insights into the genomic exchange of poly-
saccharide degradation pathways between closely and dis-
tantly related bacteria by horizontal gene transfers (HGTs).
This includes acquisitions by Z. galactanivorans of specific
genes (e.g. alginate lyase AlyAl, endoglucanase EngA) from
marine Actinobacteria and Firmicutes (Zhu et al. 2017,
Dorival et al. 2018) and transfers of flavobacterial PULs to
marine Proteobacteria, as well as several iconic examples
of diet-mediated HGT into gut bacteria of Asian populations
(Hehemann et al. 2012) (Figure 1.3).

1.2.3.3 A Model to Study Bacterial
Colonization of Algal Surfaces

Besides polysaccharide degradation, Z. galactanivorans is
a relevant model to study other adaptations to macroalgae-
associated lifestyle, such as surface colonization and resis-
tance against algal defenses. First, its gliding motility and
rapid spread on surfaces might aid in colonizing the algal
thallus. Flow-cell chamber experiments showed that Z.
galactanivorans can grow as thick biofilms (up to 90 um),
a capacity which is maintained or even increased in the
presence of algal exudates (Salatin et al. 2012). Second, Z.
galactanivorans possesses multiple enzymes predicted to
cope with the reactive oxygen and nitrogen species pro-
duced by macroalgae as defense mechanisms. This includes
superoxide dismutases, peroxidases, glutathione reductases,
thioredoxins, thioredoxin reductases, peroxiredoxins and
NO/N,O reductases. Third, Z. galactanivorans features an
iodotyrosine dehalogenase and biochemically active iodo-
peroxidases (Fournier et al. 2014) and accumulates up to
50 uM of iodine, two orders of magnitude higher than typi-
cal oceanic concentrations. This distinct iodine metabolism
likely participates in the resistance against the high iodine
concentration in algal cell walls and the stress-induced
release of halogenated compounds. Finally, Z. galactaniv-
orans strain OII3 produces a novel secondary metabolite
of the dialkylresorcinol (DAR) family, named zobelliphol,
with anti-microbial activity against Gram-positive bacteria
(Harms et al. 2018). This compound could therefore help Z.
galactanivorans compete with other epiphytic bacteria. It is
also possible that zobelliphol acts as an antioxidant and/or
signaling molecule, similar to other DAR derivatives. In line
with this, Z. galactanivorans encodes a putative acyl-homo-
serine lactone acylase that might degrade communication
molecules produced by competing bacteria and interfere
with their quorum sensing.

1.2.3.4 Z. galactanivorans: Conclusions

Collectively, all these features reveal that Z. galactaniv-
orans is a multifaceted model organism to investigate how
marine bacteria colonize and degrade macroalgal biomass.
Such studies can improve our understanding of nutrient cycles
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in coastal areas but also uncover novel activities with prom-
ising biotechnological applications. Considering that marine
organisms represent an immense potential reservoir of bio-
active compounds, such bacterial models are essential to
characterize innovative molecules of interest for biotechnol-
ogy but also to understand their ecological roles.

1.2.4 MARINOBACTER HYDROCARBONOCLASTICUS,
A MoDEL BACTERIUM FOR BIOFILM FORMATION,
LipiD BIODEGRADATION AND IRON ACQUISITION

The degradation of hydrocarbons is a bacterial activity of
major industrial and environmental interest. Few micro-
organisms, one of which is Marinobacter hydrocarbono-
clasticus, are able to efficiently degrade such compounds.
Interestingly, and above the primary interest focused on
hydrocarbon degradation, we will see in this section that this
bacterium is also an excellent model to investigate the mech-
anisms of biofilm formation and iron acquisition, which are
two universal and key features of microbial physiology.

1.2.4.1 Key Features of Marinobacter

hydrocarbonoclasticus

Bacteria of the genus Marinobacter, to date composed of 57
species, are widespread in marine environments. They have
been detected in the deep ocean, coastal seawater, marine
sediment, hydrothermal settings, oceanic basalt, sea ice,
solar salterns and oilfields, as well as in association with ani-
mal or algal hosts. These bacteria are Gram-stain-negative,
rod-shaped, motile, mesophilic, halotolerant, heterotrophic
and aerobic. The genus was first described with the type
strain M. hydrocarbonoclasticus SP17 (hereafter MhSP17),
which was isolated from sediments of the Mediterranean
Sea near a petroleum refinery (Gauthier et al. 1992). Later,
the strain M. aquaeolei VT8 (MhVTS) was isolated from the
produced water of an offshore oil well and was recognized
as a heterotypic synonym of M. hydrocarbonoclasticus
(Huu et al. 1999; Mérquez and Ventosa 2005). Since then,
M. hydrocarbonoclasticus strains became models for study-
ing biofilm formation on lipids and alkanes as a strategy to
assimilate these insoluble substrates, production and storage
of wax esters and iron acquisition through the synthesis of
the siderophore petrobactin.

1.2.4.2 Biofilm Formation on Nutritive
Surface and Alkane Degradation

MhSP17 exhibits a remarkable ability to grow on nearly
water-insoluble compounds like long-chain alkanes (up to
32 carbons atoms), triglycerides, fatty acids and wax esters
(Klein et al. 2008; Mounier et al. 2014). The water-insolubility
of these substrates impairs their assimilation by bacterial
cells. Growth on water-insoluble compounds can only be
achieved by way of physiological and/or behavioral adap-
tations enabling rapid mass transfer of the substrate from
the non-water-dissolved state to the cell. Biofilm formation
is a widespread strategy to assimilate non-dissolved sub-
strates, as observed, for instance, on cellulose, chitin and
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hydrocarbons (Sivadon et al. 2019). These biofilms develop
on so-called nutritive interfaces since they play both the role
of substrate and substratum. This feature distinguishes them
from conventional biofilms growing on inert supports, such
as minerals, metals or plastics. MhSP17 forms a biofilm at
the interface between the aqueous phase and substrates that
can be solid (saturated triacylglycerol, long-chain alkane,
fatty acids, fatty alcohol and wax esters) or liquid (medium-
chain alkane and unsaturated triacylglycerol). MhSP17 sub-
strates also differ by the localization of their metabolism.
Triglycerides must be hydrolyzed by a secreted lipase before
entering the cell, whereas alkane metabolism is purely
intracellular. The ability of MhSP17 to form biofilms on a
variety of substrates exhibiting different physical properties
or involving different metabolisms makes this bacterium a
valuable model for studying biofilms on nutritive surfaces.

During biofilm formation on alkanes or triglyceride,
MhSP17 cells undergo profound changes in gene expression,
indicating a reshaping of the physiology of biofilm cells
(Mounier et al. 2014; Vaysse et al. 2011, 2009). Interestingly,
a great part of the genes modulated during biofilm formation
was of unknown function, leading to potential for the dis-
covery of new cellular functions. The role of some of these
genes, like the alkane transport system AupA-AupB, has
been elucidated by constructing mutants deleted of genes
detected in omics analyses (Mounier et al. 2018). An extra-
cellular matrix of biofilm developing on a nutritive surface
is viewed as an external digester improving the solubiliza-
tion of the substrate (Sivadon et al. 2019). This matrix func-
tion was documented in MhSP17 with the demonstration
that the matrix contained extracellular factors involved in
triglycerides and alkanes assimilation (Ennouri et al. 2017).
A random mutational analysis led to the identification of a
di-guanylate cyclase that is important for biofilm formation
on alkane.

1.2.4.3 Biosynthesis and Accumulation of Wax Esters

The strains MhVTS8 and, to a lesser extent, MhSP17 are also
used as models for the biosynthesis of wax esters. Production
and storage of neutral lipids such as wax esters and triacylg-
lycerols are encountered in few marine bacterial genera like
Alcanivorax and Marinobacter. This process is believed to
be a survival strategy that allows bacteria to store energy and
carbon to thrive in natural environments where nutrient avail-
ability fluctuates (Alvarez 2016; Manilla-Pérez et al. 2010).
Wax esters are formed by the esterification of a fatty alco-
hol and an activated fatty acid. The length and desaturation
degree of the fatty acid and the fatty alcohol moieties of wax
esters confer on them diverse physicochemical properties that
are of great interest in the industries of cosmetics, high-grade
lubricants, wood coatings, antifoaming agents, printing inks,
varnishes and food additives (Miklaszewska et al. 2018). Wax
esters are nowadays mostly industrially produced from fos-
sil fuels. The more sustainable production of wax esters by
microbial cells from wastes is currently the object of inten-
sive research and requires the utilization of model systems
like M. hydrocarbonoclasticus. Strains MhVT8 and MhSP17
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naturally accumulate high yields of wax esters. The two key
enzymes of the biosynthesis of wax esters are the fatty acyl
reductase (FAR) and the wax synthase (WS), which produce
wax esters from coenzyme A (CoA) or acyl carrier protein
(ACP) activated fatty acids. MhSP17 and MhVTS possess
four and five WS genes, respectively (Lenneman et al. 2013;
Petronikolou and Nair 2018). Enzymatic properties of FAR
and WS from Marinobacter strains have been extensively
studied, leading to engineering efforts to alter their substrate
specificity. The heterologous expression of these enzymes in
hosts like Arabidopsis thaliana or yeasts led to the success-
ful production of wax esters (Wenning et al. 2017; Vollheyde
et al. 2020).

1.2.4.4 Iron Acquisition

In oceans, remineralization into CO, of the organic carbon
released by marine phototrophs occurs mostly through the
respiration of heterotrophic bacteria (Buchan et al. 2014). A
great part of the heterotrophic activity resides in the particu-
late fraction of the organic carbon consisting of aggregated
compounds (mostly proteins, polysaccharides and lipids)
that are colonized by biofilm-forming bacteria (Benner
and Amon 2015). Metal availability, particularly iron, is
expected to have a strong impact on organic carbon remin-
eralization since respiration is a highly iron-demanding pro-
cess, the respiratory chain alone containing approximately
94% of the cellular iron (Tortell et al. 1999). Iron acquisition
by marine heterotrophic bacteria is thus a fundamental mat-
ter to understand the recycling of organic carbon in marine
environments.

MhSP17 and MhVTS have been used as models to study
iron acquisition in marine environments. MhVT8 was shown
to produce three siderophores: the petrobactin and its sulfo-
nated and disulfonated forms, while in MhSP17 culture, only
petrobactin and the monosulfonated derivative were detected.
The role of these sulfonations and the pathways leading to
their formation are unknown. Moreover, petrobactin exhib-
its a typical property of marine siderophores, the photore-
activity of the ferric-complex, which causes the release of
soluble Fe(I) and results in a petrobactin photoproduct that
retains the capacity to complex Fe(III) (Barbeau et al. 2003).
The biological significance of this photoreactivity is still not
understood. Nevertheless, it might influence the iron uptake
mechanism and consequently the biogeochemical cycling of
iron in marine environments. It is without any doubt that the
use of models that are genetically trackable will be an asset
for elucidating the various mechanism facets of petrobactin
and its derivatives.

1.2.4.5 Genomics and Genetics of M.
hydrocarbonoclasticus

The genomes of MhSP17 and MhVT8 encode for 3803
and 4272 proteins, respectively. As expected for two
strains from the same species, genomes of MhVTS8 and
MhSP17 have a great number of genes in common, their
core genome consisting of 3041 genes (80% identity, 80%
coverage). However, due to different sites of isolation and
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likely different evolutionary history, the genomes of these
strains are not identical, MhVT8 and MhSP17 having 1348
and 742 strain-specific genes (80% identity, 80% coverage),
respectively. In addition, MhVTS8 harbors two plasmids,
pMAQUOI and pMAQUO2, encoding for 213 and 201 pro-
teins, respectively, while MhSP17 does not carry any plas-
mid (Singer et al. 2011).

The genomic potential of M. hydrocarbonoclasticus
strains suggests the utilization of a large variety of substrates
as terminal electron acceptors, which is consistent with their
occurrence in diverse environments and the multiple life-
styles, planktonic and biofilm-forming, of this species (Singer
et al. 2011). One striking feature of the M. hydrocarbono-
clasticus genomes is their high content in genes involved in
the metabolism of the second messenger: bis (3’-5”) cyclic
dimeric guanosine monophosphate (c-di-GMP). MhSP17
and MhVTS harbor 83 and 80 genes, respectively, encod-
ing either diguanylate cyclases with GGDEF domains that
synthesize c-di-GMP or phosphodiesterases with EAL or
HD-GYP domains that hydrolyze c-di-GMP. The c-di-GMP
signaling pathway controls, in particular, the switch between
the sessile and biofilm mode of life. The presence of a large
number of c-di-GMP-related genes suggests that M. hydro-
carbonoclasticus lifestyles are under the control of different
c-di-GMP regulatory circuits that are activated in response to
multiple environmental conditions.

More details about genetic tools are provided in Section
1.3 of this chapter, but specific details about Marinobacter
strains are provided here. In MhSP17, gene transfer has
been proved successful only by conjugation, using the trans-
fer system based on the conjugating plasmid RP4 with an
Escherichia coli donor strain expressing the transfer func-
tions. The M. hydrocarbonoclasticus receiving strain was
JM1, a streptomycin-resistant derivative of MhSP17 that
enables counter selection in conjugation experiments. The
introduction of suicide plasmids that are unable to replicate
in JM1 enables random mutagenesis using mini-Tn5 transpo-
son and site-directed mutagenesis by allele exchange. Gene
addition in MhSP17 has been achieved using the transposon
vector min-Tn7 that has an integration site in the MhSP17
chromosome. This has been used to express green fluores-
cent protein constitutively to follow fluorescent cells under
fluorescence microscopy. Plasmids with the replication ori-
gin of pBBR1 are stably maintained in JMI, and the Pg,p
promoter was shown to be functional. This offers the pos-
sibility to introduce, maintain and express genes in MhSP17
for complementation tests or any physiological studies
requiring the controlled expression of a gene (Ennouri et al.
2017; Mounier et al. 2018).

1.2.4.6 Marinobacter hydrocarbonoclasticus:
Conclusions

The specific features of MhSP17 and MhVT8, such as bio-
film formation on lipids and alkanes, accumulation of wax
esters and production of siderophores, together with the
availability of genetic tools, make them valuable models
to study carbon and iron cycles in the ocean as well as to
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implement biotechnological processes for the production of
lipids of industrial interest. In this sense, this example of a
bacterial model has many common features with Zobellia
galactanivorans, previously developed, and demonstrates
that marine bacterial models are extremely valuable for the
exploration of fundamental biological mechanisms but also
for the rapidly expanding field of blue biotechnology.

1.3 THE BACTERIAL MODEL ORGANISM
TOOLKIT

Although the four bacterial models presented have emerged
from different labs, with the aim to answer diverse scientific
questions concerning different biological mechanisms, they
were developed thanks to a common toolkit consisting of
optimized protocols for isolation and culture, genetic manip-
ulation and phenotypic characterization. These key tools are
under constant evolution and will be presented in this next
section, beginning with the development of novel isolation
methodologies essential for the discovery of original mod-
els and the establishment of strain collections. Then we will
describe how classical genetic manipulation protocols allow
the production of mutants to directly target key mechanisms
of interest in bacterial models and present the state of the art
genome editing CRISPR-Cas technology. Finally, we will
see how recent omics approaches complement the character-
ization of bacterial models and pave the way for innovative
phenotyping methods.

1.3.1 INNOVATIVE TECHNIQUES FOR THE

IsoLATION OF NEw BACTERIAL MODELS:
CULTURING THE UNCULTURABLE

The decision to develop a new bacterial model may be moti-
vated by a lack of current models that are representative of
the target species and/or a particular function they carry out
in the environment. The selection of this model necessarily
goes through a stage of isolation and culture in the labora-
tory in order to fully study its phenotype and genotype or to
construct mutants. However, it is well known that isolated
bacteria represent only a small fraction of the total bacterial
diversity and that the culturability of environmental bacte-
ria, is very low, ranging from less than 0.001% in seawater to
about 0.3% in soils (Rappé and Giovannoni 2003). Even in
the era of ‘meta-omic’ techniques, the objective of isolating
and cultivating uncultivated bacteria remains a high prior-
ity in microbiology. This phenomenon is referred to as “the
great plate count anomaly”, and there are many hypotheses
that could explain it: (i) some bacteria do not tolerate high
concentration of nutrients; (ii) organic substrates present in
culture media are inappropriate for growth; (iii) important
specific vitamins or growth factors are missing in the culture
media; (iv) a nutritional shock is induced by an uncontrolled
production of oxygen reactive species (substrate-accelerated
death); (v) growth inhibition by antagonistic interaction
of other species (antibiosis); (vi) some species dependent
on cell-cell communication cannot grow in the absence
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of chemical signals from other cells; (vii) growth of some
bacteria is too slow to be detected; and (viii) unadapted
pressure, O, concentration or inappropriate culture method
(solid vs. liquid). Based on these hypotheses, different strat-
egies can be tested to improve the isolation and cultivation
of more bacterial species, especially those most abundant in
the natural environment, as they could constitute interesting
laboratory models.

The first strategy is to modify the culture environment
and the conditions for growth. Conventional growth media
are very rich in nutrients because they were originally
designed for human pathogens well adapted to this type of
environment. A first step is to reduce organic matter con-
centrations in order to favor oligotrophic species. In particu-
lar, members of Alphaproteobacteria have been shown to
grow preferentially on nutrient-poor media (Senechkin et al.
2010). The reduction of the organic carbon concentration is,
however, constrained: if growth is detected by observing
colonies on solid media or a visible cloud in liquid media
with the naked eye, a sufficient concentration of organic
carbon is necessary, which would remain much higher than
that of natural environments. Other studies have proposed to
add peroxidase (an enzyme catalyzing the decomposition of
hydrogen peroxide), to replace agar with gellan gum in solid
culture media (Gelrite or Phytagel) (Tamaki et al. 2005) or
to autoclave phosphate and agar in culture media separately
(Kato et al. 2020, 2018). These changes could reduce the
generation of hydrogen peroxide compared to conventionally
prepared agar media and significantly increase the diversity
of cultivable bacteria. It is also possible to complement the
culture medium with components that stimulate growth,
such as trace elements similar to those found in the environ-
ment, siderophores (e.g. pyoverdines-Fe, desferricoprogen),
quorum sensing molecules (e.g. acylhomoserine lactone) or
the supernatant of cultures of other species that stimulate
the growth of others (Bruns et al. 2002; Tanaka et al. 2004).
Metagenomic analysis of environmental samples can even
unveil specific metabolic properties used by target non-cul-
tivated bacteria or, inversely, the absence of genes indicating
auxotrophy for certain elements that will be added to the
culture medium to improve their isolation.

A second strategy is based on microculture and microma-
nipulation techniques. The first step consists of depositing
cells from the environment on a polycarbonate membrane
and then setting the membrane on a pad impregnated with
nutrients or sterilized sediment. Nutrients can diffuse
through the polycarbonate membrane and allow cell growth
with the formation of microcolonies after a few days of incu-
bation (Ferrari et al. 2008). Microcolonies can be observed
by inverted microscopy and removed from the membrane
by microdissection using ultrasound waves generated by a
piezoelectric probe (Ericsson et al. 2000). Microcolonies can
then be sampled using a glass capillary and transferred in
tubes or microplate wells for cultivation separately from other
microcolonies. This stage of microculture can then facilitate
cell culture in a richer environment. This technique, however,
remains tedious and requires specialized instruments.
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A third strategy is to isolate single cells and try to grow
them individually in order to obtain microcolonies formed
of a pure culture. The separation of single cells could favour
the growth of rare species, as it prevents direct competition.
Obtaining microcolonies can be a first step to larger growth.
Individualized cells can be grown in hundreds of diffusion
chambers (called iChips) that are placed in sifu in natural
(e.g. sediments, soils) or simulated natural environments
for the influx of natural compounds (Bollmann et al. 2010;
Sizova et al. 2012; Van Pham and Kim 2014). These culture
chambers are separated from the outside environment by
semipermeable membranes of 0.03 pum, allowing fluxes of
nutrients and signal molecules but preventing contamination
by other microorganisms (Berdy et al. 2017; Nichols et al.
2010). This approach has been used to isolate a bacterial spe-
cies producing a new antibiotic of interest (Ling et al. 2015).
Another, more sophisticated approach is to encapsulate envi-
ronmental bacteria into gel microdroplets (GMDs) (Liu et al.
2009), which are then placed in a chemostat fed by the nutri-
ents extracted from the sampling environment (Zengler et al.
2002). This system also allows the transfer of communication
molecules between GMDs. The GMDs in which a microcol-
ony has developed, a priori consisting of a clonal culture,
can then be separated by cell sorting using flow cytometry,
followed by cultivation attempts. This device is attractive but
expensive and complicated to implement and does not guar-
antee the long-term culturability of the selected cells.

A final strategy to cultivate environmental bacteria is the
dilution-to-extinction technique. This approach emerged in
the mid-1990s (Button et al. 1993) and was further developed
in the 2000s (Connon and Giovannoni 2002; Stingl et al.
2007). It consists of performing serial dilutions of the samples
using sterile natural sampling water or media on microplates
or tubes to isolate one or a few cells in a single microcham-
ber. The main benefit of this technique is to allow a slow and
gradual adaptation (incubation for several weeks) of the bac-
terial cells in conditions that mimic the natural environment
studied. Cell density is monitored by epifluorescence micros-
copy or flow cytometry counts, allowing even weak growth to
be detected. In addition, the very low number of cells reduces
the possibility of target uncultivated strains being overgrown
and inhibited by opportunistic bacteria that may overgrow
and inhibit slow growers of interest. The main drawback of
this approach is the lack of interactions between cells of dif-
ferent species which could inhibit growth, as mentioned pre-
viously. While time consuming, this technique enabled the
first-time isolation of many previously uncultured bacteria
such as SARI1 or the oligotrophic marine gammaproteo-
bacteria (OMG) that dominate marine ecosystems (Cho and
Giovannoni 2004; Rappé et al. 2002; Stingl et al. 2007). The
isolated species are mainly oligotrophic, and most of them
fail to grow in a richer culture medium. Nevertheless, adapta-
tions in the composition of the growth medium can allow for
cultures to attain a fairly high biomass, as was the case for the
model oligotrophic marine bacterium Pelagibacter ubique
(Carini et al. 2013). Furthermore, additional improvements
to artificial media allowed the cultivation of more than 80



16

new isolates belonging to abundant marine clades SAR116,
OMG60/NORS, SAR92, Roseobacter and SAR11 (Henson
et al. 2016). These authors recently expanded their collection
to include members of the SAR11 LD12 and Actinobacteria
aclV clades and other novel SAR11 and SARI116 strains by
combining a large-scale three-year dilution to extinction
campaign and modelling of taxon-specific viability varia-
tion to further refine their experimental cultivation strategy
(Henson et al. 2020).

1.3.2  GENETIC MANIPULATION OF MARINE BACTERIA

To fully exploit a model organism, it is important to develop
molecular genetics tools to be able to elucidate the functions
of genes, study and modify gene expression and engineer
modified organisms for biotechnological applications. The
manipulation of the strain of interest may be approached
using forward or reverse genetics, depending on the research
question.

Forward genetics is used when researchers are interested
in a particular phenotype and seek to understand the genetic
basis for this phenotype and is particularly useful for geneti-
cally intractable organisms. Either natural mutants can be
studied or mutations can be induced by random mutagene-
sis, using chemicals or UV radiation, and then the mutations
are subsequently mapped to determine the genes affected.
This method was used to study the process of magnetosome
formation in the magnetotactic bacterium Desulfovibrio
magneticus for which genetic tools were not available
(Rahn-Lee et al. 2015). The random mutagenesis toolkit
was enhanced with the discovery, in the 1940s-1950s, of
mobile DNA elements known as transposons, or “jumping
genes”, that can insert randomly into genomes, thus creat-
ing mutations. Transposons were used for the mutagenesis
of a marine archaeon (Guschinskaya et al. 2016) and marine
bacteria (Ebert et al. 2013; McCarren and Brahamsha 2005;
Zhu et al. 2017). This method is particularly suited to large-
scale studies of genes of unknown function, as demonstrated
by (Price et al. 2018), who generated thousands of mutant
phenotypes from 32 species of bacteria.

In contrast to forward genetics, reverse genetics is based
on modification of a target gene by deletion or insertion,
for example, followed by the characterization of the mutant
phenotype. Reverse genetics usually requires a priori knowl-
edge of the genomic context and has been facilitated in the
past 10 years owing to the increasing number of full genome
sequences available (Zeaiter et al. 2018) and with the wealth
of information provided by oceanic metagenomic datasets
(Rusch et al. 2007; Sunagawa et al. 2015; Biller et al. 2018).
Reverse genetics requires first a method to transfer foreign
DNA into the target cells and then strategies for genome
editing, shuttle vector and promoter design and the choice of
selectable and counter-selectable markers. The toolkit can be
expanded to include reporter system design to allow selec-
tion of mutated organisms or to follow gene expression. Gene
inactivation is achieved primarily by homologous recombi-
nation either mediated by plasmids using the endogenous
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recombination machinery of the host or, more recently, by
using phage recombination systems, also known as recom-
bineering (Fels et al. 2020). Plasmid-mediated homolo-
gous recombination requires the use of traditional cloning
approaches to incorporate into the plasmid vector the modi-
fied target gene with relatively long (1-2 kb) flanking homol-
ogous sequences (homology arms) that will be the site for
allelic exchange for the first cross-over event. Use of a non-
replicating plasmid, under antibiotic selection, forces integra-
tion of the plasmid into the host genome via a first cross-over
event. However, to achieve gene replacement, a second cross-
over event must occur, and these rare double-recombination
events must be selected for out of the vast majority of single
recombination clones that would be extremely time consum-
ing. A strategy to promote a second cross-over event was first
established with a temperature-sensitive replicon (Hamilton
et al. 1989) and was later improved with the development of
suicide plasmids with counter-selectable markers encoding
conditional lethal genes. One of the most widely used coun-
ter-selectable markers is sacB, which confers sensitivity to
sucrose (Gay et al. 1985) and is lethal for cells that have not
undergone a second recombination to eliminate the plasmid.
This strategy was used to study the role of a specific enzyme
thought to be involved in alginate digestion in the model
Zobellia galactanivorans by creating a deletion mutant of an
alginase lyase gene (Zhu et al. 2017).

The more recently developed methods known as recom-
bineering, for recombination-mediated genetic engineering,
integrate linear single-stranded DNA, oligonucleotides or
double-stranded DNA fragments into the target genome in
cells expressing the bacteriophage A-encoded recombination
proteins (see Fels et al. 2020 for a review). Recombineering
offers significant advantages over plasmid-mediated meth-
ods, since it avoids laborious in vitro cloning techniques,
only short homology arms are required and the recom-
bination efficiency is high. Although this method is com-
monly used to engineer model organisms such as E. coli,
it has been challenging to adapt to other bacteria outside
of closely related enterobacteria, since the existing phage
recombination systems are not efficient in all species (Fels
et al. 2020). Current research is aimed at discovering new
single-stranded annealing proteins that will be able to pro-
mote recombination of ssDNA in a wider range of bacteria
(Wannier et al. 2020).

For all the gene editing approaches mentioned, the final
hurdle for successful genome editing is the transfer of the
recombinant DNA into the target strain. DNA transfer is
known to occur naturally in bacteria through transforma-
tion and conjugation (Paul et al. 1991; Chen et al. 2005) and
transduction (Jiang and Paul 1998) and is the mechanism for
horizontal gene transfer in bacteria. Natural competence is
mediated by proteins that enable the penetration of extracel-
lular DNA, such as type IV pili or type 2 secretion systems.
For example, some cyanobacterial strains (Synechococcus
sp. PCC 7002) and many Vibrio strains (including isolates
related to V. parahaemolyticus, V. vulnificus, V. fischeri) are
naturally competent (Frigaard et al. 2004; Simpson et al.
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2019). In such cases, transformation protocols appear rela-
tively simple and rely on incubation of the targeted strain
with the exogenous DNA. Various factors can affect the effi-
ciency of natural transformation, such as plasmid concentra-
tion, cell density, light conditions and pre-treatment of cells
(Zang et al. 2007). For example, the natural competence
of some Vibrio strains is induced by chitin, a biopolymer
abundant in aquatic habitats, originating, for example, from
crustacean exoskeletons (Meibom et al. 2005; Zeaiter et al.
2018). Tools have been developed to transform cells that
are not naturally competent by artificially creating pores in
the bacterial cell wall. The first artificial method to induce
competency is chemical transformation, whereby treatments
with salt solutions create pores in the cell membranes that
allow DNA penetration into the cytoplasm. Calcium chlo-
ride, diméthylsulfoxyde, polyéthylene glycol and lysozyme
are among the chemical compounds used to prepare com-
petent cells or to improve the efficiency of other types of
transformation protocols. A few positive reports of chemi-
cal transformation of marine bacteria were published. This
includes transformation of Rhodobacter sphaeroides and
Vibrio natriegens (Fornari and Kaplan 1982). In the latter
case, it was necessary to use a V. natriegenes strain mutated
for the chromosomal Dns endonuclease to avoid the expres-
sion of a resistance mechanism (Weinstock et al. 2016).
However, several failures of chemical transformation pro-
tocols applied to marine strains were reported. For exam-
ple, no transformants were obtained after testing chemical
transformation protocols on 12 different Roseobacter strains
(Piekarski et al. 2009). In general, chemical transformation
does not appear to be a very efficient approach to transform
marine bacteria (Zeaiter et al. 2018). The second method to
induce competency is by electroporation, one of the most
efficient tools to introduce DNA, particularly plasmid
DNA, into a bacterial strain. This technique consists of the
application of a brief electrical current to facilitate DNA
uptake by a bacterial cell. Indeed, a brief pulse of 5-10 kV/
cm increases cell membrane permeability and allows the
production of transformants. Marine strains belonging to
diverse taxonomic groups were successfully transformed
using these protocols, such as strains of Roseobacter, Vibrio,
Pseudoalteromonas, Caulobacter, Halomonas and some
cyanobacteria (Zeaiter et al. 2018). However, the electric
treatment applied to the cells is harsh and induces large cell
mortality and many transformation failures. Indeed, many
factors can influence the success of an electroporation pro-
tocol, including cell concentration, the composition of the
growth medium and buffer composition, temperature, volt-
age of electroporation systems, plasmid size and topology
(Zeaiter et al. 2018). In particular, the presence of salts is one
of the most influential factors on electroporation efficiency.
Therefore, careful development is needed to find the best
medium for electroporation of marine strains, which require
high concentrations of salts for growth.

Conjugation of bacterial strains is, together with elec-
troporation, used more often to manipulate marine strains.
Conjugation is the only method of transfer that requires
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cell-to-cell contact, whereby a donor (usually E. coli) trans-
fers various types of mobile elements, including plasmids,
transposons and integrons. One of the advantages, compared
to other methods, is the capacity to transfer large amounts
of genetic material. Another advantage is that conjugation
involves single-strand DNA, which avoids bacterial resis-
tance mechanisms (restriction systems) of the receptor strain.
Conjugative transfer is a complex process that requires the
concerted action of many gene products. The mobile ele-
ment to be transferred needs to contain an origin of trans-
fer oriT, and the conjugative process in itself is mediated
by the transfer regions fra. If the donor strain possesses tra
regions, it can directly transfer the mobile element into the
recipient strain via bi-parental conjugation. When the donor
strain lacks these regions, a third helper strain is needed
to provide conjugative ability via tri-parental conjugation.
After the conjugative transfer, donor and recipient cells will
both carry the mobile element. Therefore, the selection of
transconjugants is a critical step after conjugation to ensure
complete removal of donor (and helper) strains. This can be
achieved by using selective growth conditions (e.g. salin-
ity, temperature) favoring the growth of marine strains over
donors (usually E. coli). Alternatively, the mobile element
can encode antibiotic resistance genes controlled by promot-
ers that function in the recipient strain but not in the donor
strain. In addition, donor strains auxotrophic for a specific
compound can be used. In this case, selection occurs on a
culture medium devoid of the compound.

Transduction is an efficient method of transfer of DNA
from a bacteriophage to a bacterium and was successfully
used to transfer genes into cultivated marine isolates and
natural bacterial communities (Jiang et al. 1998). However,
it is not used as widely as conjugation and transformation as
a DNA delivery method, since phages generally have a lim-
ited host range, and therefore requires the careful selection
of suitable phages for the target bacteria strain.

1.3.3 THe Future oF GENE EDITING IN BACTERIAL
MobeLs: THE CRISPR-CAs APPROACHES

One of the most recent additions to the genetic engineer-
ing toolbox is the CRISPR-Cas technology, also known as
“molecular scissors”, that allows the precise cutting of DNA
at specific target sites by a Cas endonuclease, guided by
a short RNA sequence known as a guide RNA (sg-RNA).
The CRISPR (clustered regularly interspaced short pal-
indromic repeats)-Cas system is an adaptive immune sys-
tem in prokaryotes, defending the cell against invasion by
bacteriophages or extrachromosomal elements (Barrangou
et al. 2007; Bolotin et al. 2005). The CRISPR loci, pres-
ent in prokaryote genomes but not those of eukaryotes or
viruses (Mojica et al. 2000; Jansen et al. 2002), contain short
DNA repeats separated by spacer sequences, known as pro-
tospacer sequences, that correspond to fragments of the for-
eign DNA that are stored as a record in the CRISPR array.
Although many different CRISPR-Cas systems have been
discovered (Koonin et al. 2017), the most commonly used
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system for genome editing is based on the CRISPR-Cas9
from Streptococcus pyogenes and belongs to the CRISPR
type II family. It functions by transcription of the repeat-
spacer element to precursor CRISPR RNA (pre-crRNA),
which, following base-pairing with a trans-activating cr-
RNA (tracr-RNA), triggers processing of the structure to
mature crRNA by RNAse III in the presence of Cas9 (Jinek
et al. 2012). Site-specific cleavage of the foreign DNA by
Cas9 only occurs (i) if there is complementary base-pairing
between the cr-RNA and the protospacer and (ii) if the pro-
tospacer is adjacent to a short, sequence-specific region
known as the protospacer adjacent motif (PAM) (Jinek et al.
2012). The sequence-specific cutting of the target DNA to
create a double-stranded break (DSB) led the authors to
realize the immediate potential of this mechanism for repur-
posing into a genome engineering tool, optimized further
with the creation of single chimeric targeting RNA, a sin-
gle guide RNA(sgRNA) to replace the cr-RNA:tracr-RNA
duplex (Jinek et al. 2012). CRISPR technology revolution-
ized genome engineering in eukaryotes due to the ease of
designing sgRNAs to guide the nuclease to the genome
editing site, the efficiency of the Cas endonucleases and
the possibility to scale up to multiple gene edits (see Hsu et
al. 2014 and Pickar-Oliver and Gersbach 2019 for reviews).
Whereas eukaryotes can use the error-prone non-homolo-
gous end-joining (NHEJ) system to repair DSBs, leading to
small insertions or deletions, the majority of bacteria lack
this pathway, making DSBs lethal. Although there are a
number of hurdles to employing CRISPR in bacteria (Vento
et al. 2019), CRISPR-Cas9 editing was successful in E. coli
(Bassalo et al. 2016) and industrially important bacteria such
as Lactobacillus reuteri (Oh and van Pijkeren 2014), Bacillus
subtilis (Westbrook et al. 2016) and Streptomyces species
(Alberti and Corre 2019). Considering the importance of
streptomycete bacteria for the production of antimicrobi-
als, several CRISPR plasmid toolkits have been developed
for genome editing of Streptomyces (Alberti and Corre
2019). Examples of the application of these tools include
the activation of novel transcriptionally silent biosynthetic
gene clusters (BGCs) by knocking out known, preferentially
or constitutively expressed BGCs (Culp et al. 2019) or the
increase of their expression by “knocking in” constitutive
promoters (Zhang et al. 2017). CRISPR is not limited to
gene editing but can also be used to study gene repression
or “knockdown” with CRISPR interference (CRISPRi).
CRISPRI uses an engineered catalytically inactive (or dead)
Cas9 protein (dCas9), which, instead of cutting the DNA,
represses transcription of the target gene by steric interfer-
ence. This approach presents several advantages, including
the ease to knock down multiple genes and induction and
tuning of gene repression, and requires less effort than the
creation of multiple gene deletions. It has been employed
for gene repression in diverse bacteria such as Streptomyces
(Tong et al. 2015), Synechococcus (Knoot et al. 2020) and
B. subtilis (Westbrook et al. 2016). More recently, the type
V-A Cas protein, Casl2a (Cpfl) (Koonin et al. 2017), is
showing promise for CRISPR editing (Yan et al. 2017) or
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interference in bacteria (Li et al. 2018) and can be a useful
alternative for when Cas9 toxicity is observed, as was the
case in Streptomyces (Li et al. 2018). Casl2a presents some
advantages over Cas9, since it can enable multiplex genome
editing, and the production of staggered cuts instead of blunt
ends by this endonuclease promotes homology-directed
repair via the provision of a repair template (Paul and
Montoya 2020). And, last, an alternative CRISPR system
which circumvents the difficulties of repairing DSBs carries
out DSB-free single-base editing using a fusion protein of a
Cas9 variant, Cas9 nickase (Cas9n). This strategy allowed
efficient multiplex editing in Streptomyces strains that was
not possible with the standard CRISPR-Cas9 system (Tong
et al. 2019) and single-base editing in Clostridium (Li et
al. 2019).

1.3.4 PHENOTYPING AND ACQUIRING
KNOWLEDGE ON MODEL STRAINS

When the bacterial model has been isolated and preserved
in appropriate conditions, and when collections of mutants
have been prepared (see Section 1.3.2) to explore the role of
various targeted genes and functions, the following step is
to characterize in depth the model strain. Traditional pheno-
typing methods are still widely used in microbiology labo-
ratories, including catabolic profiling on different nutrient
sources, evaluation of growth parameters in various condi-
tions (i.e. biofilm vs. liquid) and determination of cell shape
or movements via microscopic techniques. This is especially
relevant when comparing wild-type strains with mutants to
evidence the role of the knocked-out genes. These traditional
techniques are now complemented by the recent develop-
ment of “Omics” tools providing an immense potential in
model strain characterization.

First, whole-genome analysis of individual strains pro-
vides a comprehensive view of cell physiology capacities,
which is an essential step when establishing a new bacterial
model. Additionally, the development of genetic tools relies
on thorough and precise information about gene organization
and regulation in the target strain raised as a model. Accurate
lists of genes, gene annotations and transcriptomic and pro-
teomic datasets, as well as the existence of computational
platforms for data integration and systems-levels analysis,
are among the essential criteria to establish bacterial mod-
els (Liu and Deutschbauer 2018). An increasing quantity of
genomic data for isolated strains are now available. These
genomes are available in various types of databases (not
specifically marine), such as that maintained by the Joint
Genome Institute (JGI) Genome Portal (https://genome.jgi.
doe.gov/portal/) or the one maintained by the Genoscope in
France (https://mage.genoscope.cns.fr/microscope/home/
index.php). For cyanobacteria, especially marine picocyano-
bacteria, specific databases that include genome exploration
tools are available, such as Cyanobase (http://genome.kazusa.
orjp/cyanobase) and Cyanorak (http://application.sb-roscoff.
fr/cyanorak/). In some databanks, one important difficulty
is that many genomes are still incomplete and published as
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“draft genomes”, which can limit their utilization in genetic
approaches.

The availability of numerous complete and annotated
bacterial genomes in databanks facilitates the choice of
the genes to knock out when starting targeted mutagen-
esis approaches, which is an essential step when building
an isolated strain as a model of interest. Also, the existence
of many genome sequences provides potential insights into
bacterial metabolic pathways: genome mining of marine
strains allows the putative identification and characteriza-
tion of novel biosynthetic pathways (which will have then to
be confirmed by other types of experimental approaches, i.e.
the preparation of collections of mutants) that are respon-
sible for the production of bioactive compounds and the
identification of physiological traits that were not suspected
before. Then, comparative genomics approaches may allow
the comparison of specific characteristics, even in phyloge-
netically closed strains. For example, comparative genom-
ics revealed that choline metabolism is widespread among
marine Roseobacter. Choline is an abundant organic com-
pound in the ocean and, through its conversion to glycine
betain, serves as an osmoprotectant in many marine bac-
teria. This molecule is also an important component of
membranes (phosphatidylcholine). However, the genetic and
molecular mechanisms regulating intracellular choline and
glycine betaine concentrations are poorly known in marine
bacteria. Following comparative genomic analysis, a tar-
geted mutagenesis of genes involved in choline metabolism
was conducted in the model bacteria Ruegeria pomeroyi
DSS-3. The authors of this study demonstrated the key role
of the betG gene, encoding an organic solute transporter
(essential in the uptake of choline) of the betB gene convert-
ing choline in glycine betaine and of the fhs gene encoding
the formyl tetrahydrofolate synthetase, essential in the oxi-
dization of the choline methyl groups and the catabolism of
glycine betaine (Lidbury et al. 2015).

While genomic analysis provides a snapshot of the physi-
ological potential of a model strain, transcriptomics gives
insights into the functions that are expressed in a given exper-
imental condition. In the cyanobacterial Prochlorococcus
strain AS9601, transcriptomics approaches revealed some
of the mechanisms responsible for adaptation to salt stress.
Under hypersaline conditions (5% w/v), 1/3 of the genome
is differentially expressed compared to lower salt condi-
tions (3.8% w/v). In hypersaline conditions, higher tran-
script abundance was observed for the genes involved in
respiratory electron transfer, carbon fixation, osmolyte sol-
ute biosynthesis and inorganic ion transport. By contrast, a
reduction of transcript abundance was noticed for the genes
involved in iron transportation, heme production and pho-
tosynthesis electron transport. Such analysis thus suggests
interesting mechanisms linking light utilization and salt
stress in this strain of Prochlorococcus (Al-Hosani et al.
2015).

Proteomics is the characterization of the protein con-
tent in a cell using mass spectrometry and nuclear mag-
netic resonance approaches. Following the central dogma
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of molecular biology (DNA—RNA—proteins), focusing on
protein expression allows an overall characterization of the
organism’s physiology in a defined experimental condition.
Indeed, the function of many proteins has been described,
and proteomics now provides to researchers in-depth charac-
terization of the microbial cell physiology. Proteomics stud-
ies were conducted on various marine prokaryotes, including
different cyanobacteria (Prochlorococcus, Synechococcus),
Pseudoalteromonas, Planctomycetes, Vibrios and others
(Schweder et al. 2008). For example, the planktonic/biofilm
transition was investigated using proteomics in the bacte-
rial model Pseudoalteromonas lipolytica TCS. This study
revealed that peptidases, oxidases, transcription factors,
membrane proteins and enzymes involved in histidine bio-
synthesis were over-expressed in biofilms. In contrast, pro-
teins involved in heme production, nutrient assimilation,
cell division and arginine/ornithine biosynthesis were over-
expressed in planktonic cells (Favre et al. 2019). Collectively,
all these data provide insights into the mechanisms that are
expressed in bacterial cells and responsible for their adapta-
tion to a biofilm or a planktonic way of life.

Metabolomics is now another essential approach to
explore the physiology of prokaryotic models and their
interactions with the environment. This approach provides
global metabolite profiles under a given set of experimen-
tal conditions and a snapshot of the physiological response
of prokaryotic cells. One important difficulty and technical
challenge in metabolomics is the identification and dosage of
thousands of molecular compounds, sometimes at very low
concentrations, for which no standard is available for rapid
identification. Untargeted metabolomic approaches compare
the whole metabolomes in a qualitative or semi-quantitative
manner and without a priori knowledge about the type of
metabolites produced, while targeted metabolomics focuses
on a particular compound. During the last decade, important
improvements in the sensitivity and resolution of the analyti-
cal tools required for metabolomic analysis were achieved,
including in mass spectrometry and nuclear magnetic reso-
nance approaches (Ribeiro et al. 2019). These improvements
allowed for significant progress in the characterization and
identification of various compounds, including carbohy-
drates, alcohols, ketones, amino acids and also several types
of secondary metabolites like antibiotics, pigments and info-
chemicals. Metabolomics is still a science in its infancy but
has begun to be used to characterize the response of marine
bacterial models to environmental variations. The authors
of the previously mentioned study on Pseudoalteromonas
lipolytica TC8 also used metabolomics to characterize the
planktonic/biofilm transition. Interestingly, they revealed
drastic modifications in the lipid composition of the mem-
branes (Favre et al. 2019). Phosphatidylethanolamine deriv-
atives were abundant in biofilm cells, while ornithine lipids
were more present in planktonic bacteria. Thus, this study,
with others, highlights the need to focus on membrane plas-
ticity mechanisms in the planktonic-to-biofilm transition
when bacteria attach to surfaces, which remains an underex-
plored research question in marine bacterial models.
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1.4 CONCLUSIONS

This chapter reveals, through the very different selected
examples (Vibrio, Prochlorococcus and Synechococcus,
Zobellia and Marinobacter), the interest and potential as
well as the difficulties to establish marine bacterial strains as
models for experimental biology. The isolation of bacterial
strains of interest; their full characterization; the development
of genetic tools and the maintenance of strain collections; the
investment in genome sequencing, including accurate gene
annotation; the phenotyping of mutants relying on OMIC
approaches: all these steps are crucial in the establishment
of new models. Clearly, it appears from this non-exhaustive
list of technical approaches as well as from the collection of
examples presented in this chapter that no universal exper-
imental approach can be applied to develop a new marine
bacterial model. However, unprecedented progress has been
made this last decade in synthetic biology, molecular genetic
tool development, the application of omics data techniques
and computational tools, which undoubtedly paves the way
to the development of new bacterial models of major interest
to characterize many types of biological mechanisms. The
potential and the outcomes of such work are immense, and
applications are found in several fields. For example, recom-
binant marine Synechococcus allowed the production of
polyunsaturated acids of medical interest (Yu et al. 2000),
and recombinant strains of the marine Vibrio natriegens spe-
cies contributed to the production of melanin (Wang et al.
2020). Bacterial models can also serve as tools for biology,
like the model Vibrio fischeri, which serves as a biosensor to
detect pollutants in diverse environmental samples (Farré et
al. 2002; Parvez et al. 2006; Dalzell et al. 2002) and is often
reported as one of the most sensitive assays compared to oth-
ers across a wide range of chemicals. Overall, new marine
bacterial models have the potential to address questions
which cannot be assessed by ‘traditional’ bacterial models.
Thus, many fundamental and applied research fields would
greatly benefit from investing massively in the development
of new bacterial models, including research in marine sci-
ences, marine ecology, ecotoxicology and evolutionary stud-
ies but also ‘blue’ biotechnology.
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2.1 INTRODUCTION phylogeny and cytological characters position brown algae

Brown algae (also named Phaeophyceae) are a group of
eukaryotic multicellular organisms comprising ~2000 spe-
cies. They are autotrophic organisms using photosynthesis
to transform light into chemical energy (ATP through NADP
reduction). Their evolutionary history is distinct from that

within the division of Stramenopiles (Heterokonta), diverg-
ing from the last common Stramenopile ancestor ~250 mil-
lion years ago (Mya) (Kawali et al. 2015) (Figure 2.1a).

The Stramenopiles are characterized by reproductive cells
that possess two flagella (“konta”) of different size and struc-
ture (Derelle et al. 2016). Other photosynthetic stramenopiles

of animals, fungi and plants. In the tree of life, molecular
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FIGURE 2.1 Evolution of brown algae. (a) Phylogenetic position of brown algae (Phaecophyceae) in the eukaryotic tree of life.
Phaeophyceae diverged ~250 million years ago (Mya) from the last common stramenopile ancestor. Stramenopiles include multicellular
organisms only (the syncitial oomycota are not considered true multicellular organisms). (b) Simplified phylogenetic tree of some brown
algal genera and orders. Ectocarpus spp. and Saccharina spp. belong to closely related orders, the Ectocarpales and the Laminariales,
which split ~75 Mya. Other brown algal models belonging to Fucales or Dictyotales are more distant phylogenetically (diverged 120 Mya

and 180 Mya, respectively). ([a] Kawai et al. 2015; [b] Starko et al. 2019; Silberfeld et al. 2010; Kawai et al. 2015.)

(Ochrophyta) are diatoms and Xanthophyceae; however,
brown algae are the only group presenting complex multicel-
lularity. Brown algae exhibit a wide range of morphologies
and a fairly high level of morphological complexity (Charrier
et al. 2012). This group of algae is extremely diverse in size,
ranging from just a few hundreds of micrometers to up to
40 m, for example, the kelp forests that provide shelter and
feeding grounds for many marine animals. Their diversity in
shape is also considerable, ranging from crusts to digitated
blades, all growing attached to rocky surfaces or on other
algae (epiphystism).

This chapter reports on research carried out on two very
different brown algal species: the microscopic filamentous
Ectocarpus sp., which entered the genomics and other -omics
era 10 years ago, and the large laminate Saccharina latissima,
which is currently raising increasing interest in Europe as a
future source of food and derived agri-food and pharmaceuti-
cal products. These algae belong to the orders Ectocarpales
and Laminariales, respectively, which diverged ~100 Mya
(Silberfeld et al. 2010). Here, we present these two models in
the context of studies focused primarily on development and
growth.
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2.2 ECTOCARPUS SP.

2.2.1 History OF THE MODEL AND

GEOGRAPHICAL LOCATION

Records of the occurrence of Ectocarpus siliculosus in the
environment emerged about two centuries ago. This species
was first described as Conferva siliculosa by Dillwyn in
1809 from material collected in England (Dillwyn 1809). Ten
years later, Lyngbye recorded Ectocarpus sp. as Conferva
confervoides from material collected in Denmark (Lyngbye
1819). As a result, this species is now named Ectocarpus
siliculosus (Dillwyn) Lyngbye.

This species belongs to the order Ectocarpales, which
includes most of the brown algae with a simple body archi-
tecture, mainly filamentous in habit. Due to these mor-
phological features, Ectocarpus sp. was initially classified
at the root of the brown algae phylogenetic tree with the
Discosporangiales (e.g. Choristocarpus spp.), displaying
similarly low morphological complexity. However, molecu-
lar markers identified in the 1980s led to more accurate phy-
logenetic analyses and classified the Ectocarpales as a sister
group to the most morphologically complex family of brown
algae, the Laminariales (kelps, see Section 2.3), far from the
basal brown algal groups (Silberfeld et al. 2014) (Figure 2.1b).

Ectocarpus sp. is a tiny, filamentous brown alga, thriving
in all temperate marine waters in both hemispheres. There is
a recent geographical inventory of several species, together
with their phylogenetic relationship (Montecinos et al. 2017).
Although some Ectocarpus species are highly sensitive to
salinity (Dittami et al. 2012; Rodriguez-Rojas et al. 2020),
other species can also thrive in freshwater, particularly in
rivers. The complexity of their associated microbiome may
contribute to their adaptation to these environments (Dittami
et al. 2016; Dittami et al. 2020). Interestingly, in contrast to
other Phaeophyceae, Ectocarpus species have spread exten-
sively around the world and are not confined to any specific
geographical area. This wide distribution is likely due, for the
most part, to the high capacity of Ectocarpus spp. to adhere
to various artificial surfaces, such as boat hulls, ropes, and so
on (biofouling), promoting their dispersal through maritime
traffic (Montecinos et al. 2017).

2.2.2 Lire CycLe

Ectocarpus spp. grow following a microscopic, haplodiplon-
tic, dioicous life cycle (Figure 2.2). For some species, however,
only a part of this complex life cycle can be observed in natu-
ral conditions, regardless of the ecological niche (Couceiro
et al. 2015). The different stages of the life cycle and related
mutants are described in Figure 2.2 and Section 2.2.6.

2.2.3 EMBRYOGENESIS AND EARLY DEVELOPMENT

Embryogenesis is not a term well adapted to Ectocarpus sp.,
because its early body lacks complex tissue organization and
has only one growth axis. Instead, from the onset of zygote
germination, Ectocarpus sp. develops a primary uniseriate
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filament along a proximo-distal axis, on which secondary
filaments subsequently emerge serially (Le Bail et al. 2008).
Successive and iterative branching continues and results in
the development of a bushy organism of a few millimeters
after 1-2 months. Interestingly, this low level of morphologi-
cal complexity and slow growth (~3 pm.h-1; Rabillé et al.
2019a) endow Ectocarpus with the features of a convenient
model for studying several fundamental cell growth and cell
differentiation processes.

The development of the sporophyte (2n) is initiated by
the emergence of a tip from the zygote (Figure 2.3a, b). The
growth of this tip is indeterminate throughout the develop-
ment of the organism, and it can be described by a simple
and original biophysical model based on the control of the
thickness of the algal cell wall in the tip area (Rabillé€ et al.
2019a). In this area, the cell wall is mainly composed of
the two main polysaccharides identified in brown algal cell
walls: alginates [combination of two types of residues: (1—4)
a-L-guluronic acid (G residues) and (1—4) f-D-mannuronic
acid (M residues); 40% of the cell wall] and fucans (polysac-
charides containing a-L-fucosyl residues; 40%) (reviewed
in Charrier et al. 2019). When sulfated, these fucans are
called fucose-containing sulfated polysaccharides (FCSPs;
Deniaud-Bouét et al. 2014). Although alginates may be nec-
essary in particular for the growth of highly curved cell
surfaces (Rabill€ et al. 2019b), sulfated fucans may provide
additional biophysical properties, for example, hygroscopy
and high flexibility (Simeon et al. 2020).

In the wild type, the apical cell of each filament is a very
long cylindrical cell (Iength > 40 um; diameter 7 pm), but in
the mutant efoile, the apical cell is shorter and wider. In this
mutant, tip growth stops shortly after it is initiated, and cells
have a thicker cell wall and an extensive Golgi apparatus (Le
Bail et al. 2011).

The expansion of the tip outward is accompanied by cell
division (~1 every 12 h in standard lab conditions; Nehr et al.
2011). The first cell division separating the round zygotic
cell and the growing elongated cell is asymmetrical (Le Bail
et al. 2011; Figure 2.3b). Once the filament has grown a few
cells on one end, the initial zygotic cell germinates on the
opposite end, thereby producing a filament along the same
axis as the initial filament. The two processes result in the
formation of a multicellular uniseriate filament made up of a
series of elongated cells aligned along a single growth axis.

These cylindrical cells progressively change shape and
become round (Le Bail et al. 2008) (Figure 2.3). This round-
ing up from a cylindrical cell to a spherical cell is reminis-
cent of the cell rounding that takes place in highly polarized
metazoan cells before mitosis, where this process has been
shown to ensure proper spindle assembly (Lancaster and
Baum 2014) and equal distribution of cellular materials.
In Ectocarpus sp., the underlying mechanisms for this cell
rounding differentiation process are still unknown, but mod-
eling has shown that local cell-cell communication between
neighboring cells is likely involved, not long-range diffusion
of a signaling molecule (Billoud et al. 2008).

Branching takes place primarily on maturing polarized
cells and to a lesser extent on already formed round cells
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FIGURE 2.2 Life cycle of Ectocarpus sp. (summarized in Charrier et al. 2008). Diploid (brown) phase (left-hand side) is made of
microscopic sporophytes composed of branched uniseriate filaments. Meiosis takes place in unilocular sporangia (dark brown circles)
differentiating laterally on erect branches. Haploid (light green) phase (right-hand side, yellow shaded area) corresponds to the formation
of gametophytes, which are erect branched uniseriate filaments growing from germinated meiospores (gray circles and light green cells).
Male and female gametes are each released from male and female gametophytes (dioicous life cycle) and fuse freely in the external envi-
ronment (seawater), producing a free zygote (orange circle). Ectocarpus sp. is therefore characterized by its small size, distinguishing it
from most of the other brown algae (e.g. the kelp Saccharina sp.) (note the scale). Characterized mutants impaired in the different steps
of the life cycle are indicated in light brown.

(Figure 2.3c). The detailed process is unknown. It does
not seem to depend on actin filaments (although growth is)
(Coudert et al. 2019) or microtubules (personal observa-
tions). A biophysical study based on the assumption that the
cell wall is a poro-elastic material suggests that an increase
in surface tension during the enlargement of rounding cells
is sufficient to induce branching (Jia et al. 2017). Branching

never occurs in the apical cell or twice in the same cell,
suggesting the action of inhibitory mechanisms ensuring
spacing between branches (Figure 2.3d). One potential
contributor to inhibition is the phytohormone auxin, shown
to accumulate at the tip of Ectocarpus filaments (Le Bail
et al. 2010). Auxin may then establish a decreasing gradi-
ent along the linear filament, preventing the emergence of
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FIGURE 2.3 Developmental stages of the Ectocarpus sp. sporophyte. Photos and accompanying schematic representations of the
different stages of sporophyte development. From top left to bottom right: the zygote (a) germinates, forming a tube, and then divides
asymmetrically (b). (c) Filaments are formed by apical cell growth and cell division of the primary filament, followed by branching,
leading first to a small tuft after ~20 days (d), then to a larger one after ~1 month (e). This makes up the prostrate part of the thallus (top).
After ~1 month, upright filaments emerge (f, dark brown on the schematic representation), on which two kinds of reproductive organs
differentiate: plurilocular sporangia (g) releasing mitospores (h, green in the schematic, not shown in Figure 2.2 for simplicity), which
have the capacity to germinate as their parent, generating another sporophyte genetically and morphologically identical to its parent, and
unilocular sporangia releasing meiospores after meiosis (i, brown in the schematic). These haploid spores germinate as female and male
gametophytes in equal proportion (not shown). Scale bars (a, b) 5 pm, (¢) 50 um, (d, g) 100 pm, (e, f) 1 mm, (h, i) 20 pm. ([b] Le Bail

et al. 2011; Billoud et al. 2008.)

branches in the most distal area of the filament and allowing
branching in the more central regions. However, there must
be additional mechanisms operating to explain the spac-
ing between branches. Interestingly, during growth, grow-
ing filaments generally tend to avoid each other, following
curved trajectories. This observation suggests the existence
of lateral inhibition mechanisms through chemical diffu-
sion in the environment. It is not known whether branching
spacing relies on the diffusion of inhibitors in the external
medium or is transported by the neighboring cells within the
filaments (Ectocarpus sp. cells possess plasmodesmata, i.e.
holes in the cell wall connecting the cytoplasms of neigh-
boring cells; Charrier et al. 2008). Finally, branching may
also be controlled by an internal clock pacing the branch-
ing process not in space but in time, ultimately resulting in

an evenly spaced branching pattern in organisms growing
at a regular pace (Nehr et al. 2011). Very interestingly, this
cadence is maintained in the tip-growth mutant etoile (see
previously), but the relative position of branches is not. In
this mutant, branching continues at the same rate as in the
wild type, but tip growth stops, leading to the formation of a
compact bushy tuft (Nehr et al. 2011).

Branching results in branches with exactly the same mor-
phology as the “parental” filament. Therefore, the reiteration
of branching leads only to the addition of filaments identical
to the very first one. Altogether and after ~1 month, the adult
body looks like a tuft of filaments (Figure 2.3e).

Regarding the conservation of branching mechanisms
on an evolutionary scale, the branching pattern observed
in Ectocarpus sp. shares some morphological features with
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mosses and fungi. However, the underlying mechanism
seems to be different to some extent, thereby indicating that
these lineages took different evolutionary paths to develop
similar, low-complexity body architectures (Coudert et al.
2019).

dis mutants lack the basal, prostrate part of the sporo-
phyte body and are impaired in microtubule and Golgi net-
work organization (Godfroy et al. 2017). The DISTAG (DIS)
gene codes for a protein containing a TBCC domain, whose
function in internal cell organization is conserved through-
out the tree of life.

2.2.4 ANATOMY—LATER DEVELOPMENT

Beyond the early stages of sporophyte development, Ecto-
carpus sp. develops a second type of filament (Figure 2.3f).
This filament grows upright, away from the substratum sur-
face, and differentiates into different cell types: cells are
chunky and lined up on top of each other, making a straight
and stout filament, on which few branches emerge. However,
these filaments remain uniseriate, like the earlier, prostrate
ones. Therefore, the level of complexity of the overall mor-
phology of the Ectocarpus sp. sporophyte remains low. After
roughly two weeks, these upright filaments allow the dif-
ferentiation of lateral reproductive organs (plurilocular spo-
rangia and unilocular sporangia; see Charrier et al. [2008]
for a review; Figure 2.3g—i). The mechanisms initiating the
growth of these specific filaments, and those initiating the
differentiation of the reproductive organs, are completely
unknown to date.

2.2.4.1

Meiosis takes place in the unilocular sporangia borne by the
upright filaments of the sporophyte (see previously). They
release roughly 100 meiospores in the seawater, and each
meiospore germinates into a female or male gametophyte,
making this second phase of the Ectocarpus sp. haplodip-
lontic life cycle dioicous (reviewed in Charrier et al. 2008).

The first cell division in the gametophyte leads to the
formation of a rhizoid and an upright filament. Upright fila-
ments keep developing, but the rhizoid remains inconspicu-
ous. Dis mutants are characterized by their lack of basal,
prostrate filaments in the sporophyte (see previously) and
also lack rhizoids in the gametophyte phase (Godfroy et al.
2017), suggesting that the formation of the gametophyte rhi-
zoid and of the sporophyte prostrate filaments are controlled
by the same genetic determinism.

The upright filament continues growing and produces
lateral branches morphologically similar to the upright spo-
rophyte branches, except that they never carry unilocular
sporangia, and they are more densely distributed with dif-
ferent branching angles (Godfroy et al. 2017).

Transcriptomics studies have shown that only 0.36%
of the total number of transcripts are specific to the sporo-
phyte phase (12% are biased by a fold change ratio of at
least 2), while 7.5% are specific to the gametophyte phase
(23% biased) (Lipinska et al. 2015; Lipinska et al. 2019).
Therefore, more than 90% of the total transcriptome

Meiosis and the Gametophytic Phase
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identified in Ectocarpus sp. is shared by both generations of
the life cycle. This differential expression may account for
the slight morphological differences between sporophytes
and gametophytes (see previously), or, more likely, to the
different reproductive organs and behavior. Nevertheless,
genes related to carbohydrate metabolism and small GTPase
signaling processes are expressed more abundantly in spo-
rophytes, and expression of those related to signal trans-
duction, protein—protein interactions and microtubule and
flagellum movement are enriched in gametophytes.

Ultimately, lateral buds on these gametophyte filaments
differentiate into pedunculate plurilocular gametangia. Each
gametangium, either female or male, releases roughly 100
flagellated gametes in the external medium. Females secrete
pheromones and mediate the attraction of male gametes (e.g.
ectocarpene; Miiller and Schmid 1988), and specific recog-
nition of female and male gametes is based on a glycopro-
tein ligand-receptor interaction (Schmid 1993; reviewed in
Charrier et al. 2008).

Some Ectocarpus species have both sexual and asex-
ual life cycles (Couceiro et al. 2015). In an asexual cycle,
an unfertilized gamete can germinate if it does not fuse
with a sexual partner, resulting in a haploid parthenospo-
rophyte with the same morphology as the diploid sporo-
phyte. Like the diploid sporophyte, this parthenosporophyte
bears unilocular sporangia in which meiosis takes place.
Endoreduplication has been shown to take place very early
during growth of the parthenosporophyte or just at the
onset of the sporangium emergence (Bothwell et al. 2010).
The gametes of the mutant oroborous (oro) do not grow as
parthenosporophytes but instead develop as gametophytes
(Coelho et al. 2011). The gene oro codes for a homeodomain
(HD) protein, which, through an heterodimer formed with
the other HD protein SAMSARA, controls the sporophyte-
to-gametophyte transitions, as in basal members of the
Archaeplastida (Plantae) (Arun et al. 2019).

2.2.4.2 Sex Determination

The gametophyte phase is represented by female and male
haploid gametophytes. Sex in Ectocarpus sp. is based on the
UV sexual system, where female (U) and male (V) sexual
traits are expressed in the haploid phase (in contrast to the
XY and ZW systems in which the sexual traits are expressed
in the diploid phase). Similar sexual systems are also found
in green algae (e.g. the charophyte Volvox sp.) and in the
bryophytes Ceratodon sp. (moss) and Marchantia sp. (liver-
wort) (Umen and Coelho 2019). In Ectocarpus sp., the sex
determining regions (SDRs) are relatively small genomic
areas of ~0.9 Mbp (representing ~0.5% of the total genome
of 214 Mbp), of similar size in females and males and
framed by pseudoautosomal regions (PARs) (Ahmed et al.
2014; Bringloe et al. 2020). The SDR contains a few coding
genes (15 in the female and 17 in the male) that are expressed
during the haploid phase; the PAR contains genes mainly
expressed during the sporophyte phase. Noteworthily, most
(11) of these genes are shared by both the female and the
male SDR and have homologs elsewhere in the genome
(either in the PAR region or in autosomes). Therefore, the
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identity of the Ectocarpus sp. sex locus is weak compared
with other species, both in the number and in the specificity
of its genes. Nevertheless, these SDR loci control the expres-
sion of 753 female genes (with a -fold change [FC] > 2),
representing 4.3% of the total transcripts (5.5% of the tran-
scripts expressed in the female gametophyte), located in the
rest of the genome during the haploid phase (Lipinska et al.
2015). In the male gametophyte, 1391 genes (7.9% total tran-
scripts, 10% male-gametophyte-expressed genes) are specif-
ically expressed with a FC > 2.

However, the role of these gametophyte genes in sex
determination remains unclear, because the sexual dimor-
phism observed in this genus is nonexistent in vegetative
gametophytes and subtle during the reproductive phase, dur-
ing which male gametophytes produce more gametangia and
slightly smaller gametes than female gametophytes (Lipinska
et al. 2015; Luthringer et al. 2014). This slight dimorphism
is reflected by the weak differential expression of sex-biased
genes at these two stages of gametophyte development.

In summary, Ectocarpus sp. is characterized by a low
level of morphological complexity: cells are aligned, and
growth is one dimensional, followed by reiterated branching
events producing filaments similar to the “mother” filament.
The life cycle is virtually isomorphic: sporophyte and game-
tophyte are both filamentous, mainly made up of upright
filaments, and gender traits are absent.

2.2.5 GeNoMic DAta

The nuclear genome of Ectocarpus sp. (accession CCAP
1310/4) has been estimated to contain 214 Mbp, and genome
sequence annotation identified 17,418 genes (Cormier et al.
2017). As the first sequence known for a brown alga at that
time, it revealed unusual features. With a high GC content,
genes are composed of, on average, 8 x 300 bp exons, sepa-
rated by seven introns of 740 bp. Alternative splicing takes
place with a frequency leading to 1.6 transcript per gene
(Cormier et al. 2017), comparable to alternative splicing in
metazoans and plants. Promoters have not been characterized
to date, and 3’-UTR regions are particularly long (~900 bp), in
contrast to most other organisms of similar genome size but
similar to mammalian genomes. From this genome, several
families of transposable elements, of which retrotransposons
and retroposons are the most abundant, cover ~20% of the
genome (Cock et al. 2010), as well as 23 microRNAs identi-
fied from a genome-based approach and whose expression
has been quantified by g-RT-PCR (Billoud et al. 2014). This
inventory also includes a set of 63 miR candidates identified
from an RNA-seq-based approach, limited by the extent of
range and level of gene expression (Tarver et al. 2015).

Interestingly, a significant proportion of Ectocarpus sp.
genes are organized on alternating DNA strands along the
chromosome, a feature specific to compact genomes.

A preliminary genetic map built with microsatellite
markers was proposed in 2010 (Heesch et al. 2010), since
supplemented with single nucleotide polymorphism (SNP)
markers, facilitating the identification of mutated loci
(Billoud et al. 2015; Cormier et al. 2017). All together, based
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on genetic linkage and flow cytometry data (although from
another species), Ectocarpus sp. does not appear to have
more than 28 chromosomes (Cormier et al. 2017).

2.2.6 FuNcTIONAL APPROACHES: TOOLS FOR
MoLECULAR AND CELLULAR ANALYSES

Based on a solid knowledge of its biology and life cycle
(reviewed in Charrier et al. 2008), Ectocarpus sp. was cho-
sen as a genetic model for brown algae in the 2000s (Peters
et al. 2004). Its genome was sequenced in 2010, which was
a major breakthrough as the first genomic sequence for a
brown alga and, what’s more, the first multicellular mac-
roalga (Cock et al. 2010). This breakthrough was accompa-
nied by the development of a full palette of technical tools.
Only techniques related to cell biology, cultivation and
genetics are considered in the following.

2.2.6.1

Ectocarpus sp. is easily grown in laboratory conditions (Le
Bail and Charrier 2013). Growth speed, morphology and
fertility induction depend on (white) light intensity (usually
dim, <30 pE.s7'.m™2), photoperiod (long day or equal day:
night cycle) and temperature (13—14°C). Due to its small size,
optical microscopes and stereo microscopes are required to
follow the different stages of the life cycle. Micromanipulation
(using tweezers) is often necessary to separate the different
organs of the Ectocarpus sp. body, such as sporangia. The
adult organism is a few centimeters long, meaning that the
whole life cycle can be carried out in a small recipient such
as a Petri dish. Altogether, the cultivation of Ectocarpus
sp. is amenable to rudimentary laboratory conditions and
equipment. To avoid contamination with either bacteria or
protozoa, Ectocarpus sp. is preferably handled under a ster-
ile laminar hood.

Cultivation in the Laboratory

2.2.6.2 Cell Biology and Biophysical Techniques
Transmission and scanning electronic microscopy tech-
niques have both been used to observe Ectocarpus sp. cells
and filaments (e.g. Le Bail et al. 2011; Tsirigoti et al. 2015),
facilitated by the filamentous shape of this organism, expos-
ing all cells to observation. However, because the cells are
small (filament cell diameter, 7 um), observation of a spe-
cific cell orientation may be difficult to handle. However,
exploiting the fact that Ectocarpus sp. grows on surface, it
is possible to make serial sections of apical filament cells in
longitudinal and transversal axes, as illustrated in Rabillé
et al. (2019), who measured the thickness of the cell wall
along the meridional axis of the cell.

Protocols for immunocytochemistry (ICC, or immunolo-
calization) of cytoskeleton components have been developed
in the past 20 years, inspired by protocols developed on other
brown algae (reviewed in Katsaros et al. 2006). Microtubules
(Coelho et al. 2012; Katsaros et al. 1992), actin filaments
(Rabillé et al. 2018b) and centrin (Katsaros et al. 1991; Godfroy
et al. 2017) can now be visualized in Ectocarpus sp. cells.
These ICC protocols rely on the high conservation of these
molecules, allowing the use of commercial primary antibodies
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raised against animal homologs. ICC using antibodies specific
to Ectocarpus sp. has not been reported yet. However, mono-
clonal antibodies raised against polysaccharide components of
the brown algal cell wall have been produced (Torode et al.
2016, 2015) and are now used to map specific blocks of algi-
nates (Rabillé et al. 2019b) and fucans (Simeon et al. 2020).

A recent study on Ectocarpus sp. using mRNA in situ
hybridization after an attack by a pathogen (Badstober
et al. 2020) showed mRNA in subcellular locations within
the infected cell. The development of filament-wide in situ
mRNA labeling is needed to monitor responses or cell-fate
programs at the level of the whole organism.

Additional techniques, previously developed in other
organisms, have been transferred to Ectocarpus sp. Growth
of the cell surface can be monitored by loading sticky fluo-
rescent beads on the filament surface. Recording the posi-
tion of the beads as the cell expands (either during growth or
in response to a stimulus) makes it possible to measure the
propensity for deformation of specific cell areas. This mea-
surement provides information on cell mechanical proper-
ties (Rabillé et al. 2018a). Mechanical properties can also be
studied using atomic force microscopy, a biophysical tech-
nique that records how deep a cantilever can plunge into a
cell surface and retract, according to the cell wall stiffness
and adhesion (Gaboriaud and Dufréne 2007). Ectocarpus
sp. is particularly amenable to such approaches, because
its cells are directly exposed to the cantilever (Tesson and
Charrier 2014). This technique helped show that the cells
along the sporophyte filament display different degrees of
surface stiffness (Rabillé et al. 2019b).

2.2.6.3 Maodification of Gene Expression

Attempts to genetically transform Ectocarpus sp. have been
numerous and so far unsuccessful. Agrotransformation,
electroporation, PEG-mediated protoplast or gamete trans-
formation and micro-injection have all been tested and
shown to be inefficient. A major issue is that there is little to
no information on Ecfocarpus sp. gene promoters, and het-
erologous promoters tested so far (e.g. diatom, Ulva, Maize
or Plant virus CaMV35S) have not been shown to be func-
tional (personal communication).

Therefore, “ready-to-use” molecules that can alter the
expression of host genes without relying on the host tran-
scription and translation machinery currently appear to be a
more promising approach. Morpholinos and RNA interfer-
ence have not proven to be efficient enough for routine tran-
sient knock-down experiments (personal communication;
Macaisne et al. 2017).

Efforts are currently being put into the development of
the CRISPR-Cas9 technology (Lino et al. 2018), shown to
be a powerful tool to stably modify the genome of several
marine organisms, including echinoderms (sea urchins; Lin
et al. 2019) and tunicates (Phallusia sp.; McDougall et al.
2021). Because the expression of the guided RNA and the
Cas9 protein from the host genome remains challenging, the
use of pre-assembled guide RNA-Cas9 protein complex, as
illustrated in Brassicaceae plants (Murovec et al. 2018), is
currently considered the most promising strategy.

Emerging Marine Model Organisms

Several morphogenetic mutants have been generated by
UV irradiation, among which some have been genetically
characterized. These mutants are impaired in tip growth
(Le Bail et al. 2011), cell differentiation (Godfroy et al. 2017;
Macaisne et al. 2017; Le Bail et al. 2010), branching and repro-
ductive phase change (Le Bail et al. 2010). In most mutants,
several morphogenetic processes are affected, reflecting the
low level of complexity of Ectocarpus sp. morphogenesis and
suggesting an overlap in genetic functions (see transcriptomic
results previously). Others are impaired in the alternation
of the sporophyte and gametophyte generations (life cycle
mutants: Coelho et al. 2011; Arun et al. 2019) (Figure 2.2).

2.3 SACCHARINA LATISSIMI

2.3.1 NoMmeNcLATURE HisTORY, EVOLUTION,
GEOGRAPHICAL DISTRIBUTION AND USES
2.3.1.1 History of Its Nomenclature

Saccharina latissima (Linnaeus) C.E. Lane, C. Mayes,
Druehl & G.W. Saunders 2006 is a marine photosynthetic
eukaryotic organism with many different common names,
including sugar kelp, sea-belt, kombu, sugar tang, poor man’s
weather glass and so on. Originally, in 1753, Linnaeus con-
sidered it an Ulva species, Ulva latissima, due to its sheet-
like blade, common in the genus Ulva (Linnaeus and Salvius
1753). In 1813, Lamouroux reclassified it as Laminaria sac-
charina (Lamouroux 1813), despite its original genus name
Saccharina given by the botanist J. Stackhouse in 1809. This
genus name was resurrected in 2006 when molecular phylo-
genetics made it apparent that the order Laminariales should
be split into two clades or families (Lane et al. 2006), which
diverged ~25 Mya (Starko et al. 2019). Now, Laminaria spp.
are assigned to the Laminariaceae family, and Saccharina
spp. are part of the Arthrothamnaceae family (Jackson et al.
2017).

2.3.1.2 Evolution and Diversification

Classic taxonomy using morphological or physiological
characteristics is useful for identifying species in the field;
however, in the absence of a genetic approach, they can lead
to long-lasting species confusions.

Among the brown algae, kelps are thought to have
emerged ~75 Mya (Starko et al. 2019). Within the kelps
(order Laminariales), S. latissima belongs to the so-called
“complex kelps” (Starko et al. 2019) and thus shows close
genetic similarity with various genera, allegedly result-
ing from an important upsurge in speciation beginning 31
Mya, concomitant to a massive marine species extinction
due to the cooling of the Pacific Ocean during the Eocene—
Oligocene boundary.

2.3.1.3 Geographical Distribution

Kelps are now almost cosmopolitan species, their pres-
ence ranging from temperate to cold waters on both sides
of the Atlantic and Pacific Oceans (Bartsch et al. 2008).
Saccharina genus appears to have initially emerged in
the Northwest Pacific (North Japan, Russia) (Bolton 2010;



Brown Algae

Luttikhuizen et al. 2018; Starko et al. 2019) and then spread
further to three or four distinct regions of the globe where
different lineages of S. latissima can be traced: in temper-
ate to cold-temperate (sub-Arctic) waters of the Northeast
Pacific, where the early diversification of Laminariales
ancestors took place, and in the Northeast and Northwest
Atlantic (Neiva et al. 2018; Starko et al. 2019). S. latissima is
absent from the southern hemisphere (Bolton 2010).

Even though these populations seem to be considered as
a single species (assumption supported by crosses), barcod-
ing studies (based on the cytochrome c oxidase gene, used
for) indicate high divergence between regions (Neiva et al.
2018). In combination with their morphological divergence
and history of glacial vicariance (Neiva et al. 2018), these
regional groups of S. latissima are clearly differentiating
into separate species.

2.3.1.4 Uses

Individual kelp can become enormous: S. latissima blades
can grow up to 45 m in length (Kanda 1936). As such, kelps
constitute the largest coastal biomass and one of the main
primary producers of the oceans. According to the FAO
(2018), kelps in general, and S. latissima in particular, are
cultivated and consumed mainly in Asia for human suste-
nance as well as for their alginate and iodine contents. In
comparison, European consumption and production are
considerably lower, and wild populations are used for vari-
ous applications, mainly food and feed (Rebours et al. 2014;
Barbier et al. 2019). Recent innovations aim to combine S.
latissima cultivation with salmon aquaculture (integrated
multi-trophic aquaculture) to reduce the impact of fish farms
in Norway (Fossberg et al. 2018). S. latissima has been pro-
posed as a source of bioethanol (Adams et al. 2008; Kraan
2016), and substances such as the sulfated polysaccharides
fucoidans, laminarin and other extracts have demonstrated
antitumoral effects along with anti-inflammatory and anti-
coagulant pharmacological properties (Cumashi et al. 2007;
Mohibbullah et al. 2019; Han et al. 2019; Long et al. 2019).
The number of clinical studies on mice for testing the posi-
tive effects of kelp extracts keeps increasing, as attested by
a simple search in the PubMed scientific literature search
engine.

2.3.2  Lire CycLe

S. latissima is characterized by a highly heteromorphic
haplodiplontic life cycle (Figure 2.4). Meiosis leads to the
haploid gametophytic stage (or generation) of the life cycle,
which, upon fertilization, gives rise to a diploid sporophyte
stage. In S. latissima, and generally in Laminariales, the
sporophyte generation is considerably different morphologi-
cally from the gametophyte generation (Kanda 1936; Fritsch
1945), in contrast to the isomorphic haplodiplontic life cycle
of Ectocarpales, as seen in the previous section (Figure 2.2).
The gametophyte (haploid) is microscopic and slowly grows
into a prostrate filamentous thallus, and the sporophyte (dip-
loid) is large and conspicuous. Upon favorable conditions,
reproduction is initiated by a gradual differentiation of the
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cells of the gametophytic filaments into reproductive cells,
the gametangia—antheridia (male) or oogonia (female)—
a process induced by blue light (Liining and Dring 1972).
Interestingly, this induction is accompanied by changes in
gene expression that are by and large common to female and
male gametophytes, suggesting that the initiation of germ-
line differentiation follows similar general mechanisms
independently of gender (Pearson et al. 2019). That is, tran-
scriptomics studies have revealed enhanced transcriptional
and translational activities as well as metabolic activities
(carbohydrate biosynthesis and nitrogen uptake), suggesting
that gametogenesis is accompanied by an intensification of
primary cellular and metabolic functions. This intensifica-
tion is surprising when weighed against the fact that only
one single gamete is produced by each gametangium. Yet
there are differences between female and male gametogen-
esis proper. A small set of genes display gender-dependent
induction of their expression, seemingly faster in females
than in males (Pearson et al. 2019). Genes involved in basic
cellular function (protein modification, nucleoplasmic trans-
port, intron splicing), energy production and metabolic path-
ways and more specifically in oogenesis (reactive oxidative
species metabolism) are overexpressed during female game-
togenesis, in addition to prostaglandin-biosynthesis genes
(Pearson et al. 2019; Monteiro et al. 2019). In turn, and as
expected, male gametogenesis is accompanied mainly by
the over-expression of “high mobility group” (HMG) genes,
a conserved marker of male gender determination in ani-
mals, fungi and brown algae (Ahmed et al. 2014), which
suppresses the development of female gender, hereby con-
sidered as set by default (Pearson et al. 2019).

In relatively high temperature conditions (20°C), the
male and female gametophytes show more similar transcrip-
tomic patterns, probably indicating a change of focus from
gametogenesis-related genes to resistance to heat stress,
amplified in females (Monteiro et al. 2019).

The oogonium releases an egg, leaving behind an empty
apoplast, a process that is subject to the circadian rhythm
and, in contrast to the formation of gametangia, is inhib-
ited by blue light (Liining 1981). Male gametes swim to
the egg in response to female pheromones (e.g. lamoxiren;
Hertweck and Boland 1997), demonstrating conspicuous
chemotaxis (Maier and Miiller 1986; Maier and Muller
1990; Boland 1995; Maier et al. 2001; Kinoshita et al. 2017).
Upon fertilization, the early sporophyte develops as a pla-
nar embryo. In Saccharina japonica, the ratio of genes spe-
cific to sporophytes or gametophytes is more balanced than
in Ectocarpus sp., with ~4% (about 700 genes) of the total
number of transcripts being specifically expressed in both
phase organisms (Lipinska et al. 2019). This difference in
transcripts can be interpreted as a reflection of the conspicu-
ous morphological differences between these two life cycle
generations in S. latissima, contrasting with the near iso-
morphy in Ectocarpus sp.

The developing diploid sporophyte requires several
months before reaching sexual maturity (Andersen et al.
2011; Forbord et al. 2018, 2019). Then, sori, groups of sacs
(sporangia) of meiospores (swimming spores that are the
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FIGURE 2.4 The heteromorphic halplodiplontic life cycle of Saccharina latissima. The large fertile sporophyte develops sporangia
(located in sori) around and on the soft midrib of the blade. The released haploid meiospores germinate to female or male gametophytes.
If conditions are optimal, the one- to two-celled female gametophytes and the few-celled male gametophytes produce gametes. The
female gamete (egg) is retained on the empty female gametangium. Only one gamete per gametangium is produced in each sex. After
fertilization, the diploid sporophyte begins to develop. After some months, a conspicuous juvenile sporophyte emerges and requires at
least four to five additional months to become fertile and produce meiospores. Note the scale of the different generations and life stages.

product of meiosis) abundantly differentiate on the surface
of the blade, usually on and near the midrib and far from the
basal part of the blade (Drew 1910), suggesting an inhibi-
tory control in this part of the body. In the related species S.

Jjaponica, the two phytohormones auxin and abscissic acid
have opposite effects in the induction of sorus formation;
it was hypothesized that auxin is synthesized in the basal
meristem, allowing sorus differentiation only in the more
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distal, apical areas of the blade (reviewed in Bartsch et al.
2008). Meiospores produced from these sporangia germi-
nate into male or female gametophytes depending on the UV
sex determination type inherited from meiosis (Lipinska et
al. 2017; Zhang et al. 2019). Comparison of the genome of
S. japonica and Ectocarpus sp., together with other brown
algal genomes, shows that the sex determining region has
evolved rapidly through gene loss and gene gain, similar
to organisms with an XY or ZW sex determining system
(Lipinska et al. 2017).

A review of the physiological parameters controlling the
whole life cycle of Laminariales can be found in Bartsch et al.
(2008).

2.3.3 EMBRYOGENESIS

The development of kelps was reported in some detail in the
beginning of the 20th century. Since then, the developmen-
tal and cellular data amassed during the past decades pale
in comparison with the ecophysiological and biochemical
studies on kelps or the bioassays on the positive effects of
their extracts. Especially for S. latissima, the majority of our
knowledge on its development and histology is restricted to
studies from the 19th century. Although detailed in histol-
ogy and anatomy, information regarding the development of
the blade and the stipe (schematized in Figure 2.4) is scarce,
particularly for the earlier stages.

The early embryo has a distinct phylloid shape shared by
most kelp species (Drew 1910; Yendo 1911; Fritsch 1945).
Initially, there is no visible differentiation into stipe or blade,
and the embryos are made of a flat layer of cells (Figure
2.5a—f). However, the proximal ends of these phylloids are
narrower in width than the rest of the flat thallus (Figure
2.5e, f). Nevertheless, cellular divisions occur throughout
the phylloid tissue without any hint of a pending superficial
or intercalary meristem. At a certain point, probably related
to the size of the thallus, the cells of the future stipe (Figure
2.5g, red arrow) divide internally, forming the first four
layers. An increased rate of anticlinal divisions of the two
outer layers and slow growth of the inner layers promote the
formation of a cylindrical tissue (Fritsch 1945). The periph-
eral layer of cells, which are considerably smaller and more
actively dividing than the internal cells, defines the meristo-
derm. The central cells surrounded by the cortex give rise
to the first medullary elements, gradually becoming thin-
ner and elongated, while their cell walls become enriched
in mucilage (Killian 1911; Smith 1939; Fritsch 1945) (sche-
matized in Figure 2.51). At some point, a transition zone
between the lamina and the stipe becomes visible, with the
former being flat (Drew 1910; Yendo 1911).

The lamina becomes progressively polystromatic (sev-
eral layers of cells in width), starting first in the vicinity of
the transition zone and propagating toward the more distal,
apical parts of the lamina (Figure 2.5g). Therefore, gradual
polystromatization is basipetal. In parallel, specific organs
and tissues are formed. In the longitudinal axis, blade, stipe
and haptera differentiate, resulting in a clear apico-basal,
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asymmetrical axis; meanwhile, in the medio-lateral axis,
specific tissues differentiate, mainly in the stipe and blade
(meristoderm, cortex, medulla) (Figure 2.5h, 1).

2.3.4 ANATOMY

The female and male gametophytes develop microscopic fil-
amentous bodies. Only the anatomy of the sporophyte will
be described here. The mature thallus of S. latissima is com-
posed of three main parts, the lamina, the stipe and the hold-
fast (Figure 2.4). The lamina, or blade, is unserrated, flat or
bullate with a potential for growth of up to several meters
(~40 m, according to Kanda 1936). Damage to the lamina
may be irreversible if it exceeds a certain length. Otherwise,
the lamina regenerates and continues growing (Parke 1948).
This process seems to be age and season dependent, with
lower potential for survival and development of a new blade
after the first year of growth (reviewed in Bartsch et al.
2008). The stipe is cylindrical, with a flattened zone at the
top corresponding to a transition zone between the stipe
and the blade (Parke 1948) (Figure 2.5g). At the opposite
end, an intricate structure appears with thick branched and
intermingled protrusions called haptera (pl.) (hapteron [sg.]),
which progressively form the holdfast, an organ anchoring
the thallus to a solid substratum of the seabed (e.g. rocks).
Histological observations show high secretory activity of
adhesive material coming from the epidermal meristem of
the haptera (Davies et al. 1973).

Histologically, the blade and the stipe are not very differ-
ent (Fritsch 1945) (Figure 2.5i). However, the blade shows
a more compressed lateral arrangement of the different
tissues, and the borders of the most internal tissues seem
obscured: the inner cortex is often not distinguishable from
the outer cortex, making the transition to the medulla sud-
den (Figure 2.5h).

On the surface, an epidermal tissue covers the thallus of
S. latissima, consisting of a few layers of small isodiametric
cells (Sykes 1908; Smith 1939; Fritsch 1945) (Figure 2.5h, 1).
This tissue demonstrates high division activity, being respon-
sible for the thickening of the stipe and of the blade to some
extent, especially in the vicinity of the transition zone. This
tissue is defined as the meristoderm, as it is essentially an
epidermal meristem. According to Smith (1939), the blade’s
superficial tissue resembles an epidermis more than a meri-
stoderm, implying the absence of meristematic activity. In
contrast, Fritsch (1945) suggests that cell divisions still occur
from the meristoderm, mostly along the anticlinal plane,
thereby widening the blade. However, its division ceases in
distal and mature regions away above the transition zone.

At the center of the thallus is found the medulla, an intri-
cate network of elongated filamentous cells immersed in
mucilage (Figure 2.5i). This tissue raised high interest in
algal histology in the past (Sykes 1908; Schmitz et al. 1972;
Liining et al. 1973; Sideman and Scheirer 1977; Schmitz and
Kiihn 1982), most likely because of its intriguing structure
but also because of its important physiological role: it offers
structural resistance and is the main transporting tissue for
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FIGURE 2.5 Developmental stages and cross-sectional histology of a Saccharina latissima blade. (a) A polarized zygote; (b) one-
to two-day-old two-cell dividing embryo; (c) three-day-old embryo; (d) average projection from a z-stack of a four-day-old embryo;
(e) average projection from a z-stack of a ten-day-old embryo; (f) focused projection from a z-stack of a three-week-old embryo; (g) a
two-month-old juvenile; (h) cross-section from the middle part of the blade on (g). Red circles: meristodermal layer; black stars: corti-
cal layer; arrows: medullary elements (hyphae-like cell protrusions); (i) schematic of the structure (cross-section) of a stipe or a blade at
mature stages [older than in (g) and (h)]. Peripherally, the cylindrical stipe consists of a thin outer layer of mucilage and several layers of
photosynthetic and actively dividing cells, the meristoderm (m). Inside, layers from large, opaque and highly vacuolated cells constitute
the outer cortex (OC). In the inner cortex (IC), cells are thinner and elongated. The cell wall gradually thickens toward the center of the
stipe; however, this is probably the result of gradual deposition of mucilage that relaxes the cell connections leading to the medulla (me).
Protrusions from the innermost layers of IC already occupy the relaxed and filamentous medulla. Bars: (a-f) 10 pm, (e) 50 um, (f,h) 100
um, (g) 1 cm.
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photoassimilates and nutrients. In recent studies on other
kelp species, the medullary cells seem to have the capacity
to generate turgor through the elastic properties of their cell
walls (as illustrated in the kelp Nereocystis by Knoblauch
et al. 2016a), possibly controlling the flow of the transported
solutions. This and the alginate-rich extracellular matrix of
the medulla make the sieve elements of kelps a study model
for fluid mechanics in transport systems of plant organisms,
since they are easily manipulable (Knoblauch et al. 2016b).

Between the medulla and the meristoderm resides the
cortex (Figure 2.5h, i). It is divided into two parts: the outer
cortex and the inner cortex. The outer cortex is easily distin-
guished from the meristoderm due to its sizable isodiametric
opaque cells with pointy corners. The inner cortex is closer
to the medulla and has elongated, thick-walled cells (closer
to the medulla) with straight edges. At the transition zone
and young parts of the stipe, the outer cortex cells widen and
lengthen following the enlargement of the organ. A gradual
change toward the more elongated cells of the inner cortex is
visible. The innermost cells close to the medulla have protru-
sions on their most internal (proximal) longitudinal cell walls
that may overlap each other, gradually resembling the shape
and size of the medulla cells, as they progressively occupy
this intricate mesh. At the transition zone, both the abun-
dant mucilage deposits and the elongation of the innermost
cells in combination with their growing septate protrusions
“relax” the inner cortex tissue, which gradually differentiates
into medullary cells (Killian 1911; Fritsch 1945). The inner
cortex is supplied with cells from the outer cortex, which
themselves originate from the actively dividing meristoderm.

In summary, growth of the blade and the stipe in the lon-
gitudinal axis is ensured by the transition zone, which fur-
nishes the blade and the stipe with new tissues (Smith 1939;
Fritsch 1945; Parke 1948; Steinbiss and Schmitz 1974).
Therefore, the transition zone is characterized by both cell
division activity in the longitudinal axis, which provides the
cells for the lamina and stipe tissues, and active cell divi-
sion in the peripheral meristoderm, whose role is to renew
and keep providing cells to the transition zone. In this area,
cell division and cell differentiation take place centripetally.
Recently, transcriptomics studies confirmed an increasing
meristematic activity in this location through the upregula-
tion of ribosomal proteins and immediate upright genes a
in the basal part of the blade (Ye et al. 2015), as in juvenile
sporophytes (Shao et al. 2019).

As soon as the blade and the stipe can be identified,
haptera start differentiating in the very basal part of the S.
latissima thallus. These are outgrowths that originate from
the lower end of the stipe, where a disc-like structure ini-
tially forms on top of the rhizoids (Drew 1910; Yendo 1911).
Above this structure, the first haptera start developing.

While it shares the cortex and meristoderm with the stipe,
the medulla of the stipe does not extend into the haptera
(Yendo 1911; Smith 1939; Fritsch 1945; Davies et al. 1973).
Haptera growth seems to be apical, but there is no exten-
sive research on that matter. Haptera cells contribute to car-
bon fixation through photosynthesis, except when sheltered
from light, resulting in cells of the haptera meristoderm
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displaying underdeveloped plastids with a rudimentary thy-
lakoid membrane system (Davies et al. 1973). In addition,
their endomembrane system is very well developed, with
hypertrophied dictyosomes containing cell wall polysaccha-
rides and alginate acid.

2.3.5 GENOMICS

The S. latissima genome sequence is expected to be released
in 2021 (Project “Phaeoexplorer”, led by FranceGenomics
and the Roscoff Marine Station, www.france-genomique.
org/projet/phaeoexplorer/). In the meantime, a draft genome
sequence was published in 2015 for the close relative S.
Jjaponica (Ye et al. 2015), which diverged from S. latissima
only ~5 Mya (Starko et al. 2019). It was enhanced by recent
genome assembly work (Liu et al. 2019), leading to a genome
of 580 Mbp for >35,000 genes.

The S. japonica genome is 2.7 times bigger than that of
Ectocarpus sp. (Cock et al. 2010), and it contains twice as
many genes; as expected, gene length is similar in the two
species (Liu et al. 2019). Average exon lengths (~250 bp)
are similar, but introns are less abundant (only 4.6 per gene
on average in S. japonica vs. 7 in Ectocarpus sp.). Oddly,
because introns are longer (1200 bp vs. 700 in Ectocarpus
sp.), the overall exon:intron ratio per gene remains similar in
Saccharina sp. and Ectocarpus sp. However, a significant dif-
ference lies in the presence of repeated sequences (46% in
S. japonica vs. 22% in Ectocarpus sp.), mainly composed of
class I and class II transposons and microsatellite sequences
(Liu et al. 2019).

A large proportion of the gene content (85%) is distrib-
uted in gene families found in Ectocarpus sp. Nevertheless,
detailed analysis shows interesting differences, in line with
the biology of the organisms. In particular, the high capac-
ity of S. japonica to accumulate iodine is reflected in the
composition of its genome, which displays a very rich group
of vanadium-dependent haloperoxidases (VHPOs), most
likely resulting from gene expansion (Ye et al. 2015; Liu et
al. 2019). Gene expansion may also have led to a significant
increase in cell wall biosynthesis proteins (especially those
involved in the synthesis of alginates), protein kinases and
membrane-spanning receptor kinases. All together, in com-
parison with the Ectocarpus sp. genome, gene expansion
would have been the genetic basis for the diversification of
body plans and more generally of the complex multicellular-
ity of Laminariales (Liu et al. 2019), which, together with
the increased bioaccumulation of iodine, are the main char-
acteristics differentiating Laminariales from Ectocarpales.

Interestingly, compared with other genomes, Ectocarpus
sp. and S. japonica genomes display a significant increase
in gene families (~1200) counterbalanced with a limited
loss (~300), whose functions involve enzyme hydrolysis and
cupin-like proteins (Ye et al. 2015). Although the functions
of the gained gene families are largely unknown due to the
lack of sequence conservation with other organisms, protein
kinase and helix-extended-loop-helix super family domains
have been identified as enriched domains in this group, sug-
gesting a role in cell signaling and cell differentiation.
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2.3.6 FuNcTiONAL APPROACHES: TOOLS FOR
MoLeEcULAR AND CELLULAR ANALYSES

Cultivating macroalgae in laboratory conditions usually
requires extensive experience and skills, because algae can
be extremely sensitive to water and light parameters.

Culture Methods
Cultures of Gametophytes

2.3.6.1
2.3.6.1.1

Cultures of gametophytes can be initiated simply from frag-
ments from an older laboratory culture or from material col-
lected in the wild. This approach can be used for most kelps:
collecting a healthy sporophyte with dark spots (sori) on the
blade (schematized in Figure 2.4). Fertile blades can generally
be found on the coast during the cold months. For example,
in Roscoff and specifically on Perharidy beach (48°43°33.5”N
4°00’16.7°W), mature sporophytes with fully developed sori
can be found from October to late April. Alternatively, frag-
ments of large sporophytes from the intercalary meristem
can be kept in short-day conditions in tanks for at least ten
days to induce sporogenesis (Pang and Liining 2004). Then,
gametophytes will emerge from the released, germinated
spores (Figure 2.4). More details on collecting and isolating
gametophytes, as well as culture maintenance, can be found
in Bartsch (2018). Care should be taken to ensure adequate
temperature and light conditions while keeping the cul-
tures under red light (Liining and Dring 1972; Liining 1980;
Bolton and Liining 1982; Li et al. 2020), as well as in a low
concentration of chelated iron to maintain the gametophytes
in a vegetative state (Lewis et al. 2013). Spontaneous gameto-
genesis can still be observed; however, its rate of occurrence
is low and negligible. Sufficient amounts of biomass should
be secured before beginning any experiments, but because
S. latissima is a slow-growing alga, this can require several
months to one year.

2.3.6.1.2 Gametogenesis

The simplest way to induce gametogenesis is to transfer the
gametophytes into normal light conditions (Bartsch 2018;
Forbord et al. 2018). However, if there is a high density of bio-
mass, this may lead to reduced vegetative growth (Yabu 1965)
and reproduction efficiency (Ebbing et al. 2020). Therefore,
gametogenesis may be facilitated by reducing gametophytic
density before transferring the cultures to normal light.

2.3.6.2 Immunochemistry and

Ultrastructure Protocols

Several older studies that have examined the ultrastructure
of S. latissima sporophytes (Davies et al. 1973; Sideman and
Scheirer 1977; Schmitz and Kiihn 1982), and others have
employed immunochemistry on other Saccharina species
(Motomura 1990; Motomura 1991; Klochkova et al. 2019).
These studies have contributed to a better understanding of the
general structure of the life cycle and histology of Saccharina
spp. and kelps in general. However, there are no recent works
focusing on the development or cytology of S. latissima
despite its high economic and environmental interest.
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These studies clearly demonstrate that S. latissima, as
well as other brown algae, are amenable to fixation in para-
formaldehyde or glutaraldehyde of various concentrations in
seawater or other buffer solutions, such as microtubule stabi-
lization buffer (Motomura 1991; Katsaros and Galatis 1992).
The next step for immunochemistry is the digestion of the cell
wall, which does not seem very challenging for Saccharina
angustata when using abalone acetone powder. Because this
powder has been discontinued, it has become necessary to
test different cell wall digestion mixes, as shown for filamen-
tous brown algal species (Tsirigoti et al. 2014) and green algal
species (Ulva mutabilis) (Katsaros et al. 2011; Katsaros et al.
2017). Cell wall digestion is followed by extraction to remove
most of the chlorophyll and other pigments from the cells.
Triton is most commonly used, but in some cases, DMSO
can be added for more efficient extraction (Rabillé et al.
2018b). This extraction step is carried out to reduce autofluo-
rescence but also to perforate the cellular membrane to allow
for the penetration of fluorescent probes. Motomura (1991)
did not use an extraction step on S. angustata zygotes and
parthenospores but noted increased autofluorescence, which
can be reduced using a combination of filters during obser-
vation. The fluorescent probes, being chemical or primary
and secondary antibodies, are added after the extraction step.
This step can also be optimized, according to the species,
because concentrations and washing steps may depend on the
species and on the extraction step. The whole process can
take two days of work, including observation. An antifade
mounting medium, such as Vectashield or CitiFluor, can
preserve the fluorescence of the samples and protect them
from photobleaching. For transmission electron microscopy
(TEM), there are several studies on S. latissima (Davies et al.
1973; Sideman and Scheirer 1977; Schmitz and Kiihn 1982)
that illustrate the general ultrastructure of the different cell
types. In general, depending on the application, different
fixatives can be chosen, and there are no cell wall digestion
or extraction steps. After fixation, the specimen is post-fixed
in osmium tetroxide and then dehydrated. Depending on the
embedding resin, dehydration can be effected with ethanol
or acetone. After embedding and polymerization of the resin,
the blocks with the samples should be sectioned using an
ultramicrotome. More information on the general consider-
ations to take for TEM as well as the different protocol varia-
tions to use according to the desired application can be found
in the aforementioned articles or in Raimundo et al. (2018)
for a general protocol for seaweeds.

2.3.6.3 Modification of Gene Expression

To date, no genetic transformation protocol is available for S.
latissima, but one was published for its relative S. japonica
(formerly Laminaria japonica) using a biolistic approach
on mature blades, showing transient expression of the GUS
reporter gene (Li et al. 2009). Since then, despite demands
from industry (Lin and Qin 2014; Qin et al. 2005), no addi-
tional studies have built on this technical breakthrough.
Several genetic variants have been produced (reviewed in
Qin et al. 2005).
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2.4 CHALLENGING QUESTIONS IN
BASIC AND APPLIED RESEARCH
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WHy Stubpy BROWN ALGAE?

Advancing Knowledge on Their
Developmental Mechanisms

Brown algae make up a specific phylum of multicellular
organisms. Their phylogenetic position in the eukaryotic
tree (Baldauf 2008), distant from other multicellular organ-
isms, makes them a key taxon for understanding the evo-
lution of complex multicellularity and specific metabolic
pathways. The literature abounds with biological questions
and research topics positioning these organisms as essen-
tial ones to consider in future studies, and, more specifically
related to this chapter, brown algae offer a wealth of candi-
date species to study the evolution of the formation of dif-
ferent body shapes. Furthermore, in contrast to the red and
green algae, there is no representative unicellular species for
brown algae, making the evolutionary scenario of the emer-
gence of their diverse shapes even more intriguing.

However, the knowledge in the fields of evolution and
development is very scarce compared with that on metazo-
ans and land plants. In the following, two examples pertain-
ing to kelp features illustrate the potential brown algae hold
for leading to knowledge breakthroughs in developmental
biology.

First, despite the similarities between brown algal tissues
and complex histological structures in land plants, brown
algal body architecture and shape remain fairly simple. Even
kelps—the most complex brown algae at the morphological
level—develop only a few different organs (blade, stipe and
holdfast), with a limited number of specific tissues and cell
types (i.e. epidermis, cortex, medulla, meristoderm, sorus
[this chapter] and pneumatocysts, receptacles and concepta-
cles in other brown algae [reviewed in Charrier et al. 2012]).
This relative simplicity provides a useful opportunity to
study basic developmental mechanisms based on simple
geometrical rules or morphogen gradients. Although auxin,
the long-standing leading morphogen for land plants, is
present in brown algae and affects morphogenesis of several
morphologically simple brown algae, such as Ectocarpus sp.
and Dictyota sp. (Dictyotales) (Le Bail et al. 2010; Bogaert
et al. 2019), it has no conspicuous effect, nor is it specifi-
cally localized in the apex of Sargassum sp. (Fucales), a
brown alga with relatively high morphological complexity,
including the presence of an apical meristem (stem cell tis-
sue) (Linardi¢ and Braybrook 2017). This result casts doubt
on the consistency of morphogen-mediated control mecha-
nisms in brown algae and presages the identification of new,
alternative growth control mechanisms.

The second example relates to one of the stunning char-
acteristics of some brown algae: their size. How do cells
communicate with each other over such a long distance,
when it comes to organisms among the tallest on earth:
kelps? The transport system in kelps is reminiscent of the
vascular systems of land plants, except that the extracellular
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matrix (alginates) has a specific organization and distribu-
tion and contributes to the flow of photoassimilated prod-
ucts (Knoblauch et al. 2016a, 2016b). Cells connect with
each other through pit structures where the plasmodesmata
(channels or pore connecting two adjacent cells) are con-
centrated. These plasmodesmata are structurally similar to
those in land plants (Terauchi et al. 2015), except for the
absence of desmotubules and the lack of the ability to con-
trol the size of molecules transferred symplastically (Bouget
et al. 1998; Terauchi et al. 2015). Although some kelps (e.g.
Macrocystis spp.) adjust the size of their vascular tissues to
the needs for photoassimilate distribution to “sink” organs
(i.e. meristerm, storage tissues, sori) as land plants do, oth-
ers do not, suggesting again different control mechanisms in
the management of this important function (Drobnitch et al.
2015). One explanation is that larger kelp rely more heavily
on an efficient transport system, especially when source and
sink tissues are physically distant. Relying on a transport
system would call for a regulated developmental process, as
in land plants (Drobnitch et al. 2015).

2.4.1.2

Over the past several decades, S. japonica (known as
“kombu’’) aquaculture in Asia has undergone many improve-
ments at many different levels, because this alga has been
cultivated for human consumption for several centuries.
One improvement lever is breeding, and—beyond empirical
approaches used in the past—genomics can now assist and
speed up breeding programs (Wang et al. 2020), along with
new knowledge on the control of the life cycle, reproduction
and early growth steps (e.g. substrate adhesion, sensitivity to
high density) (reviewed in Charrier et al. 2017). Regarding
more specifically S. latissima cultivated in Europe, its
genome has not yet been sequenced and, other than concerns
on the ecological impact of seaweed aquaculture, the cur-
rent bottlenecks are mainly technical and focused on scaling
up production and reducing cultivation costs (reviewed in
Barbier et al. 2019).

Improving Aquaculture

2.4.2 BiorLoGicAL MoODELS: ECTOCARPUS SP.,
S. LATIssiMA OR ANOTHER BROWN ALGA?

Because Ectocarpus sp. is a morphologically and sexually
simple organism, it is a convenient model for cellular and
molecular studies requiring microscopy, and this asset is
enhanced by the availability of many additional cell biology
tools (e.g. protocols for immunolocalization of the cell wall
and the cytoskeleton, laser capture microdissection, in situ
hybridization, etc.). Therefore, as illustrated in this chapter,
its amenability to laboratory experimentation and its short
life cycle have made it a convenient organism to explore.
However, its low biomass is an impediment for biochemical
research, in addition to its simple morphology, which pre-
cludes the study of complex multicellular mechanisms.
This is how S. latissima landed on the roadmap: based
on the wealth of cultivation practice-based knowledge from
applied phycology and aquaculture R&D laboratories,
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TABLE 2.1
Characteristics of the Two Brown Algal Models Ectocarpus sp. and Saccharina latissima and Suitability for Lab
Experiments

Ectocarpus sp. Saccharina latissima
Life cycle Short, haplodiplontic, dioecious, slightly anisogamous. Long, haplodiplontic, dioecious, strongly anisogamous/

Amenability to lab
conditions
Size

Growth rate

Amenable to research
topics in

Sexual dimorphism

Good.

Microscopic (100 pm—1 cm) (both sporophyte and
gametophyte).

Rapid: Spore to fertile gametophyte: two to three weeks.

Zygote to fertile sporophyte: three to four weeks.

Cell biology, developmental biology, genetics, primary
and secondary metabolisms, microbiome interaction,
cell wall biosynthesis.

Extremely low; absent in the vegetative stage; subtle on

00gamous.

Good, time consuming to establish a stock culture (several
months). Life cycle only partially completed in vitro?

Microscopic (gametophyte: 1 mm)—macroscopic (sporophyte: up
to 3 m).

Gametophyte: extremely slow.

Sporophyte: zygote — fertile sporophyte: five to six months.

Same.

Sex determinism.

Significantly conspicuous in the vegetative and reproductive

(gametophyte phase) fertile organisms (gametophytes).

Genome 214 Mbp, ~17,000 genes, <=28 chromosomes.

Genetic modification Characterized mutants (UV irradiated).

Genetic transformation:

O Stable: No.

O CRISPR: No.

Cell biology techniques  Immunocytochemistry.

In situ hybridization.

Phylogenetic studies
and land plants.

Summary
production.

Key position, as a stramenopile, distant from metazoans

Good for genetics and cytology, not good for biomass

phases (gametophytes).
Not known.
In S. japonica: 580.5 Mbp, 35,725 encoding genes.
Genetic transformation:
[ Stable: No.
O Transient in S. japonica (biolistic).
O CRISPR: No.

Immunocytochemistry.
Same + presenting complex multicellularity.
Good for biomass production, cytology and all kinds of

experimentation taking place at an early developmental
stage (~5 cm long).

fundamental research on S. latissima ramped up in the
2010s. The advent of high-throughput sequencing techniques
(mainly RNA-seq) put the spotlight on this model, leading
to the possibility to address biological questions specific to
kelps with a new angle. Although few labs in the world work
on Ectocarpus spp., those working on Saccharina spp. are
numerous, driven by the potential economic benefit. However,
more efforts are necessary before this model is amenable to
the full range of technical tools required for comprehensive
studies. Table 2.1 summarizes the main features of these two
brown algal models for laboratory research.

Parallel to these avenues of research, studies have also been
carried out on alternative pathways. Dictyota sp. (Dictyotales)
has proved an excellent model for the study of early embryo-
genesis (Bogaert et al. 2016; Bogaert et al. 2017) and thal-
lus dichotomy (reviewed in Bogaert et al. 2020), Sargassum
spp. for the establishment of shoot phyllotaxis (Linardi¢ and
Braybrook 2017) and Fucus spp. for abundant embryogenetic
studies (Brownlee et al. 2001; Corellou et al. 2001). However,
these latter brown algae are relatively difficult to cultivate in
the laboratory, making it impossible to address biological pro-
cesses taking place later in development.

Most likely, the choice of models will continue to grow,
depending on the biological features inherent to each model

and on the biological question to be addressed. In the end, it
is the species the most amenable to genetic transformation
that will dominate the field and become the favored model.
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3.1 INTRODUCTION: UNICELLULAR

RELATIVES OF ANIMALS

All life on Earth has evolved from a common ancestor in
a fascinating chain of events. One of the most pivotal steps
in the history of life was the transition from protists into
multicellular animals. However, how exactly this transi-
tion occurred remains unknown. The only way to unveil
this process is by studying the unicellular relatives of
animals. The Holozoa clade comprises animals and sev-
eral unicellular lineages (known as unicellular Holozoa):
Choanoflagellatea (King 2005), the Filasterea (Shalchian-
Tabrizi et al. 2008), the Ichthyosporea (Mendoza et al. 2002)
and the Corallochytrea/Pluriformea (Torruella et al. 2015;
Hehenberger et al. 2017) (Figure 3.1).

DOI:10.1201/9781003217503-3

The analysis of whole genomes from a wide Holozoa
taxon sampling in a comparative framework has been useful
to reconstruct the genetic content of their common ancestor
(Sebé-Pedros et al. 2017; Grau-Bové et al. 2017; Richter et al.
2018). These phylogenomic efforts have unveiled a unicellu-
lar ancestor of animals equipped with a much more complex
genetic repertoire than previously thought. One remarkable
feature of the ancestor genome is that despite of being uni-
cellular, it already contained many genes whose function is
directly related to multicellular structures. Examples of such
genes are integrins and cadherins, which are directly related
to cell adhesion; tyrosine kinases that mediate signaling in
the context of cell-to-cell communication; and several tran-
scription factors involved in development or proliferation
such as runX, nf-kf3 or myc (Abedin and King 2010; Suga
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Availability of genetic tools for unicellular relatives of animals. Genetic tools are present for each of the lineages of unicel-

lular Holozoa: Salpingoeca rosetta (Choanoflagellatea), Capsaspora owczarzaki (Filasterea), Creolimax fragrantissima and Abeoforma
whisleri (Ichthyosporea) and Corallochytrium limacisporum (Corallochytrea/Pluriformea). Symbols represent transfection techniques
(electroporation or chemical-based transfection), selection agent, genome editing technique (CRISPR-Cas9) and genome integration.
(Phylogenetic tree adapted from Grau-Bové et al. 2017; Lépez-Escardé et al. 2019; Hehenberger et al. 2017.)

et al. 2012; Sebé-Pedros et al. 2017; Richter et al. 2018).
After the initial studies centered in genome content, the
next question was to understand if the genome of unicellular
holozoans contained some of the features of the regulatory
and architectural genome organization observed in Metazoa.
Remarkably, genome organization and some epigenetic sig-
natures are present in at least one filasterean, suggesting that
they were already present in the genome of the unicellular
ancestor (Sebé-Pedrés et al. 2016). Furthermore, since their
isolation, different unicellular holozoans have been culti-
vated, allowing for the first observations and descriptions of
some of their stages and cellular characteristics (Marshall
et al. 2008; Fairclough et al. 2010; Marshall and Berbee

2011; Sebé-Pedros et al. 2013, 2017; Torruella et al. 2015;
Grau-Bové et al. 2017; Tikhonenkov et al. 2020a). From these
studies, we have learned that the four unicellular holozoan
lineages are diverse not only in their morphology but also
in their developmental modes. Interestingly, in all lineages,
there are examples of temporary “multicellular” structures
during their life cycle (Figure 3.2). Choanoflagellates are able
to form colonies through clonal division (Fairclough et al.
2010; Dayel et al. 2011), the filasterean Capsaspora owc-
zarzaki can form cell aggregation (Sebé-Pedrds et al. 2013)
and several ichthyosporeans have a multi-nucleate coeno-
cytic stage that resembles the embryonic coenocyte of some
animals (Suga and Ruiz-Trillo 2013a; Ondracka et al. 2018;
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Dudin et al. 2019). Finally, Corallochytrium limacisporum,
one of the two representatives of Corallochytrea, combines
two different ways to proliferate: through binary fission or
through a multi-nucleated coenocyte (Kozyczkowska et al.
2021).

The data generated so far on these unicellular relatives
of animals suggest they are key to understanding the evo-
Iution from unicellular organisms to multicellular animals.
However, we need to go beyond what the genomes tell us and
look more particularly at functional analyses, and research
efforts in this direction have begun. Genetic tools have been
developed for a handful of unicellular holozoans (Figure
3.1), opening the possibility to experimentally test, in a com-
parative framework, some of the evolutionary hypotheses
that the phylogenomic studies have put on the table. In this
chapter, we provide a broad description of the general char-
acteristics of each unicellular holozoan lineage, followed by
detailed description of the taxa that have been developed
into experimentally tractable organisms. We highlight, as
well, their particularities and emphasize the most important
optimization steps in the different protocols (Figure 3.3).
The aim is to provide an updated reference for the state of
the art of the methods available for the different unicellular
relatives of animals.

3.2 CHOANOFLAGELLATA

Choanoflagellates are the sister-group to animals (Figure 3.1).
There are around 360 species of choanoflagellates described
to date, representing a considerable amount of biodiversity
in life forms (King 2005). Choanoflagellates are bacterivo-
rous, and they are commonly found in both freshwater and
marine environments (Dolan and Leadbeater 2015). A typi-
cal choanoflagellate cell is composed of a single apical flagel-
lum that is surrounded by a collar of microvilli. The currents
created by the flagellum help drive bacteria into the collar,
where they are phagocytized (Clark 1866; Pettitt et al. 2002).
Their morphology and their feeding behavior are also found
in the choanocytes, a highly specialized cell type in sponges.
These similarities have historically inspired theories of a close
evolutionary relationship between animals and choanoflagel-
lates (Clark 1866; Maldonado 2004; Nielsen 2008). However,
several phylogenomic analyses point to the fact that these
similarities are likely the result of convergent evolution and
not shared ancestry (Mah et al. 2014; Sogabe et al. 2019).
Phylogenetic analyses divide choanoflagellates in two major
clades, Craspedida and Acanthoecida (Carr et al. 2008; Dolan
2015; Paps et al. 2013). Accordingly, both clades show different
outer morphologies. In general terms, craspedids form organic
coverings which can include a thecate (a vase-like capsule) or
a glycocalyx (Leadbeater et al. 2009), and acanthoecids are the
species that possess an inorganic extracellular covering made
of siliceous material known as the lorica (Carr et al. 2008).
Monosiga brevicollis and Salpingoeca rosetta, both
belonging to the Craspedida, are the two better-known cho-
anoflagellates (Figure 3.1) (King et al. 2008; Fairclough
et al. 2013). The study of the genome of these two species
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revealed that they contain genes considered animal specific
or involved in multicellular functions, as we will see for
other unicellular holozoans (see next sections). Especially
intriguing is the presence of synaptic proteins, even though
they lack the animal-like mechanism of synapsis (Ryan and
Grant 2009; Burkhardt et al. 2014). Those genomes also
encode genes involved in forming multicellular structures
such as the ones involved in cell adhesion and cell-to-cell
communication, such as cadherins or tyrosine-kinase signal-
ing, for example (Hoffmeyer and Burkhardt 2016; Burkhardt
et al. 2014). Interestingly, these sets of genes are found in
both species independently of their capacity to form multi-
cellular structures, since S. rosetta is able to form colonies
by clonal division (Figure 3.2a and next section), while M.
brevicollis is unicellular throughout its life cycle.

Another important result from the study of the genome
of M. brevicolis and S. rosetta is that they are evolutionarily
close, show low genetic diversity and have retained the few-
est ancestral gene families in comparison with the other cho-
anoflagellate genomes now available (Richter et al. 2018).

3.2.1 SALPINGOECA ROSETTA

So far, efforts to develop a choanoflagellate into an experi-
mentally tractable system have focused on S. rosetta. S.
rosetta presents several advantages among other choano-
flagellates to be developed as a new model organism: it has
a well-annotated genome and a colonial stage. Moreover,
the mechanisms of colonial formation are well understood
(Booth et al. 2018; Wetzel et al. 2018; Booth and King 2020).
Salpingoeca rosetta, first known as Proterospongia sp., was
isolated from a marine sample in the form of a colony (King
et al. 2003). The colonies are formed by serial mitotic divi-
sions starting from a single founding cell, which grows into a
spherical multicellular structure resembling a rosette (Figure
3.2a) (Fairclough et al. 2010). Interestingly, it has been shown
that inside a colony, there are differences between cells con-
cerning their nuclei volume and conformation, the number
of mitochondria or cell shapes named afterward chili or car-
rot cells (Naumann and Burkhardt 2019). These differences
among the cells of the colony suggest that there might be spa-
tial cell differentiation in those rosette colonies. Cells inside
a rosette seem to hold to each other by cytoplasmic bridges,
filopodia and extracellular matrix (ECM; Dayel et al. 2011;
Laundon et al. 2019). Although, as mentioned previously,
the rosette conformation was the original form in which S.
rosetta was isolated from the ocean, soon cultured rosettes
became infrequent and difficult to control under laboratory
conditions, and the single cell became the main form of S.
rosetta in in vitro cultures. Later, experiments of incubation
of S. rosetta together with high densities of Algoriphagus
machipongonensis, the bacteria with which S. rosetta was
co-isolated from the ocean, recovered the formation of
rosettes. Further investigations discovered that this phenom-
enon was induced by a lipid, renamed rosette inducing fac-
tor (RIF; Alegado et al. 2012; Fairclough et al. 2010; Dayel
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etal. 2011; Woznica et al. 2016). In parallel, a forward genetic
screen for mutants unable to form rosettes allowed for the
identification of a genetic factor in S. rosetta, which could
be linked to the rosette phenotype. The recovered rosetteless
mutant encoded a C-type lectin and was not able to develop
rosettes in spite of being exposed to RIFs (Levin et al. 2014).
Although it is not yet fully understood by which molecular
mechanism the C-type lectin establishes the relevant interac-
tions, it has been hypothesized that the function of the C-type
lectin is related to an interaction with the ECM (Levin et al.
2014). Interestingly, colony formation is not the only stage
in S. rosetta’s life cycle governed by bacteria. For instance,
Woznica, Gerdt and collaborators discovered that the bac-
teria Vibrio fischeri was able to induce sexual behavior in
S. rosetta through a secreted product that was conveniently
labeled EroS (Woznica et al. 2017). Interestingly, EroS was
biochemically identified as a chondroitin lyase. This enzyme
is able to digest chondroitin sulfate and initiate mating, bear-
ing some similarities to sperm digestion of the egg cover in
animal reproduction (Miller and Ax 1990).

Under conditions promoting fast growth, S. rosetta is able
to form yet another multicellular form different from the
rosettes. Linear colonies consist of a chain of cells attached
to each other and connected by intercellular bridges and
ECM (Figure 3.2a) (Dayel et al. 2011). In the case of single
cells, S. rosetta can acquire three different forms, which
besides its morphology also present a specific behavior: fast
swimmers, slow swimmers and thecate cells. The main dif-
ference between the different forms of single cell types is
the presence of the theca in thecate cells, which consists of a
vase-like capsule composed of ECM. All forms of S. rosetta
have a flagellum that is used for swimming and orienting the
colony, and fast swimmers and rosette colonies also have
thin filopodia (Dayel et al. 2011).

Regardless of the availability of genetic tools, S. rosetta could
already be considered an emerging model system because sub-
stantial information on its biology had already been obtained.
The rosetteless mutant had been isolated by a forward genetic
screen aiming to isolate defective mutants in rosette develop-
ment (Levin and King 2013; Levin et al. 2014). Moreover, spe-
cific culture conditions were developed to obtain and enrich for
each of the different life forms of S. rosetta (Dayel et al. 2011),
and, finally, by the co-cultivation with specific bacteria, mating
could be induced (Woznica et al. 2016; Woznica et al. 2017).
Nevertheless, tools for direct genetic manipulation, which
would allow us for example to fluorescently tag specific pro-
teins to study their localization and dynamics or to knock out
target genes, were missing. In recent years, Dr. Nicole King’s
research group has successfully developed transfection, selec-
tion and genome editing for S. rosetta, overcoming these limi-
tations. In the following sections, we will briefly summarize the
main steps of these achievements.

3.2.1.1 Transfection and Selection

The transfection protocol for S. rosetta is based on the
Nucleofection technology, developed by Amaxa (Lonza
Cologne AG group) (Figure 3.3a). Nucleofection is a
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specialized electroporation-based transfection technol-
ogy engineered to transfer the DNA into the nucleus. This
technique proved successful in S. rosetta, which can now
be transiently transfected with an average efficiency of 1%,
similar to what has been achieved in other protists (Janse
et al. 2006; Caro et al. 2012).

In order to understand the significance of each optimiza-
tion step, Booth et al. sequentially eliminated them one at a
time and monitored the change in efficiency (Figure 3.3a).
For example, the addition of pure and highly concentrated
carrier DNA (empty plasmid, such as pUCI9), in combi-
nation with the plasmid of interest, was key to optimize S.
rosetta transfection, as observed in other unicellular holo-
zoans (Faktorova et al. 2020; Kozyczkowska et al. 2021).
A second key step to boost transfection in S. rosetta was
priming the cells with a buffer that contains a combination
of a protease, a reducing agent, a chelator and a chaotrope
(Booth et al. 2018). This specific buffer was key in break-
ing down the extracellular coat and significantly improved
the uptake of transfected DNA into the cell. Even though
the extracellular coat is specific for this choanoflagellate,
it could be of inspiration for those working on organisms
that also possess an extracellular coat or wall, which usually
hampers transfection efficiency.

One of the first applications of the developed transfection
in S. rosetta by Dr. Booth and collaborators was the study
of the localization of two septin orthologues, SrSeptin2 and
SrSeptin6 (Booth et al. 2018). Septins are a multigenic fam-
ily involved in highly conserved functions such as cell divi-
sion (Neufeld and Rubin 1994) but also more specialized
functions in multicellular organisms at the level of intracel-
lular junctions and the maintenance of polarity in an epithe-
lium (Spiliotis et al. 2008; Kim et al. 2010). The study of the
involvement of septin orthologues of S. rosetta in these lat-
ter roles can help us understand the contribution of Septins
in the evolution of the epithelia before the onset of animals.

Finally, at the same time as the study of Septins in S.
rosetta, the newly developed transfection technique also
proved significant for the characterization of additional
rosette defective mutations (Wetzel et al. 2018). In addition,
in this study, researchers went one step further by applying
selection with the antibiotic puromycin. Selection is very
useful in order to enrich the population in a greater propor-
tion of transfected cells Figure 3.3a) (Wetzel et al. 2018). A
public protocol for transfection and selection of S. rosetta
is available at Protocols.io; dx.doi.org/10.17504/protocols.
10.h68b%hw

3.2.1.2 Plasmids

As a first step to develop transient transfection, researchers
cloned putative endogenous promoters from the elongation
factor 1, efl, B-actin, act, o-tubulin, tub and histone H3
genes from S. rosetta. Two different reporter genes, nanoluc
(monitored through a luciferase assay) and mwassabi (moni-
tored through expression of green fluorescence), were cho-
sen to test the newly cloned promoters and used to fine-tune
the transfection protocol (Booth et al. 2018).
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Besides the battery of transfection plasmids generated to
monitor transfection carrying the previously mentioned pro-
moters and reporter genes, researchers engineered plasmids
targeting key subcellular structures for future studies on the
cell biology of choanoflagellates. With this purpose, they
fluorescently tagged the filopodia, cytoskeleton, endoplas-
mic reticulum, plasma membrane, mitochondria, cytoplasm
and nuclei, using specific commercial, highly conserved
peptides and protein sequences, known to localize in these
cellular compartments (Booth et al. 2018).

Septin orthologues were visualized by the expression of
plasmids containing SrSeptin2 and SrSeptin6 fused to the
fluorescent reporter mTFP1 (Ai et al. 2006) under the actin
promoter.

Finally, from all of the plasmids available for transfection
in S. rosetta, we want to highlight the possibility of includ-
ing the puromycin-resistant gene pac in order to select for
puromycin-resistant cells (de la Luna S et al. 1988), since
wild type S. rosetta shows certain susceptibility to this anti-
biotic (Wetzel et al. 2018).

3.2.1.3 Genome Editing; CRISPR-Cas9

Engineering genome editing from de novo requires not only
designing the biochemical strategy that will most likely
work in the chosen organism but also, and very importantly,
pinpointing a good target. The ideal target should, once
being edited in the transfected cells, give a phenotype that
would allow further selection of those cells that have been
genetically modified; antibiotic resistance or susceptibility
is especially useful in this case. To illustrate this concept, we
can take as an example the first attempts in genome editing
in S. rosetta (Booth and King 2020). The first approach for
using the developed CRISPR/Cas9 tools for S. rosetta was
to introduce a mutation to the rosetteless gene, which had
been isolated by a forward genetic screen (see previously)
and encodes a C-type lectin protein that is involved in the
formation of the rosette phenotype (Levin et al. 2014). The
unsuccessful outcome of this first approach was likely due
to a low efficiency of the genome editing procedure, which
even if it worked correctly could not be detected. A solu-
tion to overcome this obstacle is to be able to select the few
events of edited cells in the transfected culture by enriching
successively in positively transfected cells. Booth and col-
laborators engineered an alternative CRISPR/Cas9 strategy
to confer cycloheximide resistance as an initial step and, in
this manner, optimizing the genome editing protocol in S.
rosetta.

In terms of the molecular reagents needed for CRISPR/
Cas9, the researchers decided to use a ribonucleoprotein
(RNP) composed of the expressed Cas9 of Streptomyces
pyogenes together with the in vitro—produced single guide
RNAs, sgRNA, to direct SpCas9 to the nicking position.
There is a double advantage of using an RNP instead of
plasmids for the expression of the different components
involved in the editing: on one hand avoiding the necessity
of having an endogenous RNA polymerase III promoter in
order to express the sgRNAs and on the other avoiding the
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possible cytotoxicity and off-target problems from uncon-
trolled Cas9 protein expression (Jacobs et al. 2014; Jiang
et al. 2014; Shin et al. 2016; Foster et al. 2018; S. Kim et al.
2014; Liang et al. 2015; Han et al. 2020). Moreover, parallel
to transfecting the RNP, a DNA repairing template should be
added if the desired mutation is other than a deletion. In the
case of S. rosetta, Booth and collaborators discovered that
S. rosetta was able to use a variety of different templates,
single and double strand. The addition of the repair template
also improved genome editing efficiency. The percentage of
genome editing was very similar to transfection efficiency,
pinpointing the transfection technique as the limiting factor
(Booth and King 2020). Nevertheless, if a good selection
strategy exists, the edited cells should be efficiently recov-
ered with this transfection rate with no difficulty.

S. rosetta is the first unicellular holozoan to be genome
edited. The protocol developed by Dr. Booth and collabora-
tors represents a technical breakthrough that will undoubt-
edly enhance the possibilities to perform functional studies in
this organism. Needless to say, the advances in S. rosetta have
and will keep inspiring the development of genetic tools and
genome editing approaches in other closely related lineages.

3.2.2 Prospects

There is no doubt that the technical advances that we have
here reported for S. rosetta will open new venues to func-
tional approaches that had been hampered until now. We
would also like to stress the importance of this organism
beyond now being a genetically tractable organism. The
importance of S. rosetta to address the origin of metazo-
ans has already been broadly explained (Richter et al. 2018).
Moreover, the highly organized and structured rosette colo-
nies provide researchers with an ideal model to understand
the origins of spatial cell differentiation (Naumann and
Burkhardt 2019). Finally, the demonstrated influence of
specific interactions with bacteria on essential life events or
the transition to multicellular stages of S. rosetta provides a
unique opportunity to study the interactions between bacte-
ria and eukaryotes (Woznica et al. 2016, 2017).

3.3 FILASTEREA

Filasterea is one of the latest lineages of unicellular holozo-
ans that has been described to date. Filasterea is the sister
group to Choanoflagellata and Metazoa, all together forming
the Filozoa clade (Shalchian-Tabrizi et al. 2008; Torruella
et al. 2012, 2015) (Figure 3.1).

There are five species known to belong to Filasterea:
Capsaspora owczarzaki, Ministeria vibrans, Pigoraptor
vietnamita, Pigoraptor chileana and the recently described
and potentially filasterean Tunicaraptor (Figure 3.1)
(Owczarzak et al. 1980b; Hehenberger et al. 2017; Parra-
Acero et al. 2018; Tikhonenkov et al. 2020b). Besides
the endosymbiont C. owczarzaki, the flagellated species
Pigoraptor vietmanita and Pigoraptor chileana are preda-
tory (Hehenberger et al. 2017; Tikhonenkov et al. 2020a),



54

(a) Salpingoeca rosetta

A/? ------------- >
S|0w
Swimmer Chain Colony*..
RIF-1
Thecate
j Cell
Rosette

Fast Calany -
Swimmer

Coenocytic cell*

Coenocytic ceII
(cellularized nuclel)

Dispersive
amoebas

Amoebas release .

Emerging Marine Model Organisms

(b) Capsaspora owczarzaki

Aggregative cells*

Cystic cells

Filopodiated cells

(d) Corallochytrium limacisporum

Coenocytic

22 .""'Dispersive cell*
<’ Wamoebas

:\_’/

Coenocytic growth
Cell prior ¥:
: Q cytokinesis -

Uni-nucleate CD
». daughter cells
Bi-nucleate :

cell
Binary fission

FIGURE 3.2 Models of the life cycle of unicellular relatives of animals. (a) Salpingoeca rosetta, (b) Capsaspora owczarzaki, (c) Creolimax

fragrantissima, (d) Corallochytrium limacisporum. Arrows depict observed and inferred transitions between life stages partially
described in the main text. Life cycles of unicellular holozoans are diverse but share an important feature: a temporary multicellular-like
stage resembling those present in animals (multicellular-like stage indicated with *).

and Ministeria vibrans is a free-living heterotroph (Tong
1997; Cavalier-Smith and Chao 2003; Shalchian-Tabrizi
et al. 2008). Filastereans have been isolated from both
marine an fresh water environments. For instance, M.
vibrans has been isolated from samples of marine coastal
waters. It has been successfully grown in the laboratory but
only in the presence of bacteria, making investigations more
difficult. M. vibrans is a spherical amoeboid (aprox. 4 pm)
with a stalk falgellum, surrounded by fine and long radiating

arms of equal length (Torruella et al. 2015), making a char-
acteristic vibrating movement before attaching to a substrate
(Cavalier-Smith and Chao 2003). Interestingly, it has been
described that this species is capable of forming aggregative
cell clumps (Mylnikov et al. 2019).

Pigoraptor vietnamica and Pigoraptor chileana are two
filasteran species isolated from freshwater environments
(Hehenberger et al. 2017). Both species have an elongated-oval
shape with an average size of 5-14 pm long, have predatory
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behavior and display a very similar life cycle. A detailed
description of their complex life cycle can be found in the work
done by Tikonhenko et al. (2020a). We would like to highlight
that both Pigoraptor species can aggregate during their life
cycle, as has been described for M. vibrans as well as for the
best-studied filasterean, C. owczarzaki (see the following).

3.3.1 CAPSASPORA OWCZARZAKI

First reports of C. owczarzaki appeared from investigations
on the susceptibility of the fresh-water snail Biomphalaria
glabrata to be infected by the parasite Schistosoma man-
soni. Studying the possible factors underneath the resis-
tance to infection, Stibbs and collaborators isolated a small
amoeba of 3—5 um in diameter from pericardium and mantle
explants from three different strains of B. glabrata, two of
them resistant to Schistosoma infection (Stibbs et al. 1979).
The ability to grow C. owczarzaki in axenic cultures allowed
researchers to test the interaction between the amoeba and
the parasite. These works demonstrated that C. owczarzaki
amoebas were able to adhere to and kill the sporocists of S.
mansoni, resulting in a high proliferation of C. owczarzaki.
H. Stibbs and A. Owczarzaki were the first ones to describe
C. owczarzaki and set the initial culture conditions.

The initial stage of the life cycle of C. owczarzaki consists
of crawling filopodiated amoebas that grow exponentially.
Once the culture is saturated and nutrients become limit-
ing, amoebas retract their filopodia and encyst in a round
and compact cell, and their growth stabilizes. At this point,
encysted cells can attach to each other, forming compact
cell aggregates of different sizes (Figure 3.2b). C. owczar-
zaki cell aggregates can happen spontaneously or can also be
induced by agitation with specific parameters (Sebé-Pedrds
et al. 2013). Most importantly, electron microscopy analyses
revealed that cells in the aggregates are glued together by
cohesive extracellular material, which provides the aggre-
gate with consistency but keeps cells individually separated.
RNA-seq analyses demonstrated an upregulation of the
expression of key genes involved in cell-to-cell communica-
tion and cell adhesion, such as the tyrosine kinase signaling
pathway and the integrin adhesome (Sebé-Pedrds et al. 2013).

The study of C. owczarzaki has not only provided knowl-
edge about its biology but also about the wider question of
animal origins. For example, analysis of its genome revealed
several genomic features previously thought to be animal spe-
cific (Suga et al. 2013; Sebé-Pedrds et al. 2017). C. owczarzaki
contains a complete integrin adhesome necessary to mediate
the interaction between the cell and the ECM (Suga et al. 2013;
Parra-Acero et al. 2020). Moreover, C. owczarzaki also con-
tains a set of proteins, including transcription factors (TFs),
known to be involved in developmental pathways in animals;
NF-«b, Runx and T-box; and others involved in cell motility
and proliferation such as Brachyury and MYC (Mendoza and
Sebé-Pedrods 2019). Additionally, components of different sig-
nal transduction pathways have an unexpected conservation,
with examples such as JAK-STAT, Notch, TGFp or tyrosine
kinases in general (RTKSs) (Suga et al. 2012).
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It is clear that C. owczarzaki was an ideal species to be
developed into a genetically tractable organism in order to
further investigate the different hypotheses drawn from the
genomic content and signatures, as well as to plunge into
the terrain of cell biology to enrich the investigations of the
evolutionary path shared among holozoans.

3.3.1.1 Transfection

The first attempts to transfect a new organism fail the vast
majority of times. For C. owczarzaki, the first protocols
to be tested were based on different technologies such as
electroporation, magnetofection and lipid-based transfec-
tion methods. However, these tests yielded either no posi-
tive cells or very low transfection efficiencies, hampering
reproducibility (Suga and Ruiz-Trillo 2013; Ensenauer et al.
2011; Parra-Acero et al. 2018). The technology that ended
up being efficient enough to be further optimized into a reli-
able transfection protocol was the classical calcium phos-
phate precipitation method (Figure 3.2b) (Graham and van
der Eb 1973). Here we highlight the steps that turned out
to be crucial to improve the efficiency of the transfection
protocol (Parra-Acero et al. 2018). One of the factors that
is important to maximize efficiency is to use cells at the
exponential growth phase. The stage in which C. owczar-
zaki is growing exponentially is the adherent stage. Cells
from a fresh culture at 90/95% confluence from the adher-
ent stage were the ones with higher transfection efficiency.
The size of the crystals from the DNA and the precipitates
of calcium phosphate also proved important to improv-
ing the efficiency of transfection. The authors determined
that the smaller the crystals, the better, as shown for other
organisms such as D. discoideum (Jordan and Wurm 2004;
Gaudet et al. 2007). In order to achieve a smaller crystal
size, it is important to keep the same ratio for DNA/calcium
and phosphate when preparing the DNA mix to transfect.
The stability of the DNA/calcium ratio once the DNA mix
was added to the media also depended on the amount of
phosphate in the transfection media, which also needed to
be taken into account. Similarly, the pH of the final solution
should be controlled to avoid changes in the solubility of the
precipitates. The last touch to further improve transfection
efficiency was to expose cells to an osmotic shock, which
would permeate the cell membrane for a short period of
time. This technique is also used in a variety of eukaryotic
cells with the application of glycerol or DMSO (10-20%)
(Grosjean et al. 2006; Gaudet et al. 2007; Guo et al. 2017).
In the case of C. owczarzaki, a 10% glycerol shock dur-
ing one minute was good enough (Figure 3.3b). Finally, as
in any transfection protocol, it is important to be able to
identify those cells where the DNA has successfully entered
the nucleus and is being expressed. The identification of
transfected cells can be done by enriching the transfected
population using an antibiotic or a specific drug to which
wild type cells (non-transfected cells) are susceptible or
by inspecting the expression of a fluorescent protein using
fluorescence microscopy. Because C. owczarzaki seems to
be resistant to different antibiotics, pesticides or cytostatic
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drugs that are commonly used for selection, the initial plas-
mids that were designed and transfected into C. owczar-
zaki contained genes encoding small fluorescent proteins.
These fluorescent proteins, such as mVenus and mCherry,
were expressed in the cytosol of transfected cells. Besides
the microscopy observations, efficiency of transfection was
also analyzed using flow cytometry by comparing the popu-
lation of transfected cells with cells from a negative control
population. Note that it is important to take into account the
possible phenomenon of auto-fluorescence for some types
of cells. Efficiency of transfection was on average around
1.132% + 0.529 (mean = s.d.), which might seem low for
researchers working with transfection in other eukaryotic
systems, but it is sufficient to efficiently further select trans-
fected cells and proceed with downstream experiments
(Parra-Acero et al. 2018).

Co-transfection is known to increase efficiency of the
transfection per se, and it is also very useful in order to
deliver two different constructs simultaneously. Dr. Parra-
Acero and collaborators tested in which proportion two
different plasmids were uptaken by the cells when co-trans-
fected in order to use co-transfection to visualize simultane-
ously more than one subcellular structure. Co-transfection
resulted, with a rate of incorporation of both constructs
almost equally (72.909% + 5.468) in C. owczarzaki (Parra-
Acero et al. 2018).

Although stable transfection has not yet been developed
in Capsaspora, plasmids delivered by transient transfection
were shown to be expressed inside the cells for up to ten
days. The life cycle of Capsaspora is much shorter than ten
days, and therefore this protocol allows for the interrogation
of the reporter expression at the different life stages of the
organism.

3.3.1.2 Plasmids

The reporter plasmids (pONSY-mVenus and pONSY-mCherry)
for optimizing transfection and calculating efficiency were
already designed using the endogenous promoter and ter-
minator sequences of the elongation factor 1-a gene (EF1-a)
of Capsaspora (Parra-Acero et al. 2018). Besides the engi-
neered plasmids to visualize the cytosol, the researchers went
one step further in order to get insights into the cell biology
of this species. For this reason, they designed plasmids to
fluorescently label the different subcellular structures. For
example, the endogenous histone 2B (H2B) gene was fused
to mVenus to highlight the nucleus (pONSY-CoH2B:Venus),
and the plasma membrane was visualized by cloning the
N-myristoylation motif (NMM) of the endogenous Src2
tyrosine kinase gene, which is known to localize at mem-
branes and filopodia (pONSY-CoNMM:mCherry) (Sigal et
al. 1994; Parra-Acero et al. 2018). Finally, in order to visual-
ize the cytoskeleton, a small peptide (17 amino acid) named
lifeAct known to bind filamentous actin (Riedl et al. 2008)
was fused to mCherry (pONSY-Lifeact:mCherry) to visual-
ize the actin cytoskeleton and filopodia of transfected cells.
Detailed observations using confocal microscopy of single
and co-transfected C. owczarzaki cells with these plasmids
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revealed the targeted structures explaining, among others,
the hollow basket structure from the actin bundles around
the cell body or the dynamics of the filopodia along the dif-
ferent life stages (Parra-Acero et al. 2018).

3.3.2 Prospects

C. owczarzaki, in addition to its key phylogenetic position,
its well-annotated genome and the number of “multicel-
lular” genes its genome encodes, is also able to form cell
aggregates during its life cycle (Figure 3.2b), making it an
ideal organism to analyze the origin of animals.

Finally, the fact that this organism is able to attack and
feed on S. mansoni sporocysts (Stibbs et al. 1979; Owczarzak
et al. 1980a) also makes it a potential candidate for disease-
control strategies, even though the specific interaction of
C. owczarzaki with the snail B. glabrata remains unclear.
Interestingly, C. owczarzaki exhibits high resistance to
antibiotics and harsh mediums, suggesting its potential in
medical applications in the case that was finally selected to
control schistomiasis (Parra-Acero et al. 2018).

3.4 ICHTHYOSPOREA

Ichthyosporea is the sister-group to Corallochytrea, as well
as to the Filozoa (Choanoflagellata, Filasterea and Metazoa)
(Mendoza et al. 2002). All described ichthyosporeans are
osmotrophs and have multiple life stages that vary greatly
in shape and motility and in most cases contain a cell wall
of variable composition. The developmental mode of ich-
thyosporeans is complex and contains multinucleated stages
such as a coenocyte (Figures 3.1 and 3.2¢).

Ichthyosporeans received this name because the early
identified representatives were all parasites of fish (Cavalier-
Smith 1998). Later phylogenomic analyses of rDNA with
newer representatives expanded the group in two internal
classes, the Dermocystida, which are exclusively parasites
of vertebrate hosts, and the Ichthyophonida, which can
parasitize a variety of host species (Mendoza et al. 2002;
Marshall et al. 2008). In accordance with their habitat, only
representatives of Ichthyophonida can be cultured in labora-
tory conditions (J@stensen et al. 2002; Marshall et al. 2008).
Interestingly, the motile representatives of Dermocystida
are equipped with a flagellum, while the ichthyophonids are
motile amoebas. Maybe related, it has been shown by electron
microscopy studies that representatives of Ichthyophonida
have a spindle pole body (Marshall et al. 2008), which
would nicely correlate with the disappearance of centrioles
and the flagellum as a consequence (Marshall and Berbee
2011). On the other hand, centrioles have been described for
members of Dermocystida such as Dermocystidum percae
(Pekkarinen 2003). In the coming years, further investiga-
tions on other key biological questions will be possible once
experimentally tractable organisms will be developed for
both subclasses. For instance, investigations on the micro-
tubule organizing centers and the nature of the mitosis
(whether it is open, closed or somewhere in between) would
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be of great interest and could provide further insights on the
evolutionary history of both subclasses.

3.4.1 ABEOFORMA WHISLERI

A. whisleri was isolated from the digestive track of the filter-
ing mussel Mytilus (Figure 3.1) (Marshall and Berbee 2011).
In culture, A. whisleri grows axenically in artificial Marine
Broth (MB; GIBCO) at 13°C. Cultures can be seeded at low
density 10*/mL and reach confluence in approximately two
weeks.

A. whisleri presents a vast myriad of cell shapes, which
makes it difficult to reconstruct a possible life cycle from
simple optical microscope observations. In a regular A.
whisleri culture, one can observe mobile amoebas of differ-
ent shapes, hypha-like stages, plasmodia cell shape, cells of
different length and bigger and rounder multinucleated cells
that correspond to coenocytes. Through live observations,
researchers have witnessed the release of amoebas from the
rounded coenocytic cells as well as vegetative reproduction,
which can take place from sporadic budding of the plasmo-
dium. For a thorough description of different cell shapes of
A. whisleri, see Marshall and Berbee (2011).

All forms of A. whisleri cells are quite delicate even
though it has been reported that all of them have a cell
wall (Marshall and Berbee 2011). Interestingly, embedded
membrane-bound microtubules (MBTS) were described for
several of the morphologically different forms of A. whisleri
cells. MBTs could be instrumental for equipping A. whisleri
with the high membrane flexibility that it exhibits while
having a cell wall. This could also be the reason behind
the strong sensitivity that A. whisleri cells show when con-
fronted with chemical, physical or electric shocks to create
membrane pores in order to achieve transfection.

3.4.1.1 Transfection and Selection Protocol

One of the first steps toward developing genetic tools in A.
whisleri was to test a wide battery of drugs for susceptibil-
ity in order to identify a selective agent (Faktorova et al.
2020). Puromycin resulted in the most promising acting as a
cytostatic agent when assayed between 100 and 500 micro-
grams/mL, opening the possibility to use the resistance
gene for puromycin activity (pac) (Luna et al. 1988) and the
following protocol at Protocols.io: www.protocols.io/view/
testing-selective-agents-for-the-icthyosporeans-ab-z5nf85e).

To achieve insertion of DNA inside A. whisleri nuclei, a
battery of transfection protocols based on different meth-
ods were tested. Initially, electroporation with the Neon
electroporation system (Invitrogen) was successful, but
the resulting efficiency and reproducibility of this pro-
tocol did not allow for a regular establishment of trans-
fection. During this time, researchers working on the
choanoflagellate S. rosetta achieved promising results
with another electroporation-based system, Nucleofection
(Lonza), which was also more efficient and reproduc-
ible for A. whisleri (Figure 3.3c) (Booth et al. 2018;
Faktorova et al. 2020; and Protocols.io: www.protocols.io/
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view/abeoforma-whisleri-transient-transfection-protocol-
zexf3fn). In summary, the key steps to significantly improve
efficiency and reproducibility were as follows: washing the
cells with 1X PBS—which should be completely eliminated
prior to re-suspension with transfection buffer—was impor-
tant to maintain the low salt concentration for applying the
electric shock. Small variations in this sense would make
A. whisleri cells very susceptible to electric shock, explod-
ing easily. On the other hand, immediate re-suspension of
the cells with MB after the application of the electric cur-
rent was key to obtaining the best cell recovery possible.
The addition of high-concentration and high-quality carrier
DNA (empty pUCI19) was key to increasing the number of
transfectants up to an order of magnitude. Finally, the best
parameters for transfection were the combination of the buf-
fer P3 in the middle of the scale of stringency and the elec-
troporation code EN-138 (all provided by Lonza) (Figure
3.3¢). After 24 h, ~1% of the culture was transformed based
on the fraction of cells expressing mVFP (venus fluorescent
protein) in the nucleus.

As an example of successful transient transfection for
A. whisleri, Figure 3.4a shows the result of transfecting
AwH?2BmVenusTer. Several positive cells were observed
with specific mVenus expression in the nuclei, demonstrat-
ing that the AwH2BmVenusTer plasmid was correctly deliv-
ered. Nevertheless, cells did not progress with cell division,
suggesting that the expression of the fusion protein mVenus-
H2B might be excessive, thus making the cells susceptible to
the high levels of histone protein (Singh et al. 2010).

3.4.1.2 Plasmids

In order to deliver exogenous DNA into A. whisleri with the
possibility to obtain transcription and protein expression,
constructs with fluorescent proteins such as mCherry and
mVenus (Shaner et al. 2004) (Nagai et al. 2002) were engi-
neered using endogenous promoters to drive transcription.
The actin promoter was chosen as one of the constitutive
promoters widely used in molecular biology and therefore
likely to work. Signatures from endogenous genes were
selected in order to drive the fluorescence to a subcellular
structure that could be easily identified, such as the nucleus
(AwH2BmVenusTer) (Figure 3.4a) or the cytoskeleton
(ApmCherryTubulinaTer, ApmCherry Actina Ter), all under
the A. whisleri actin promoter and terminator (Faktorova
et al. 2020). Moreover, a construct from which puromy-
cin resistance could be delivered was also engineered
in order to achieve stable transfected lines in the future
(ApmCherryPuromycinaTer).

3.4.1.3 Prospects

In the near future, combined efforts to achieve stable trans-
fection in A. whisleri under the effect of puromycin, together
with simultaneously improving transient transfection toxic-
ity, will be implemented. Because of the rich complexity in
morphology of A. whisleri cells, achieving stable transfected
lines with differently labeled subcellular components will
be instrumental to study the sequence and diversity of its
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life stages and to be able to reconstruct its life cycle and the
regulation of their transition.

3.4.2 CREOLIMAX FRAGRANTISSIMA

C. fragrantissima was the first unicellular holozoan to be
transiently transfected (Suga and Ruiz-Trillo 2013a), and
it is so far the ichthyosporean with the greatest aptitude
for being turned into a model organism (Figure 3.1). Most
importantly, C. fragrantissima has been isolated a consid-
erable number of times, and most of them have been suc-
cessfully cultured in the laboratory. Besides having been
isolated from a myriad of invertebrates belonging to four
different phyla, the isolated C. fragrantissima strains were
highly similar at both the molecular and morphological level
(Marshall et al. 2008). The observed uniformity of the dif-
ferent strains implies relevance of the obtained results for a
wide range of organisms, which is definitely desirable for a
model organism.

C. fragrantissima is an osmotroph organism with an
apparent asexual linear life cycle (Figure 3.2c¢). Cells
are small and round, uni- or bi-nucleated, with a smooth
cell wall and central vacuole, which pushes the nuclei to
the cell periphery. There is no sign of flagella, hypha or
budding behavior. The round cell grows from 6-8 mm
in diameter to a mature multinucleated coenocyte of
30-70 mm in diameter, from which motile amoebas will
burst from several pores of the parental coenocyte wall.
Crawling uni-nucleated amoebas 12 mm long and 4.5-5
mm wide with erratic movement will become round and
encyst after exploring a certain distance in various direc-
tions and finally setting, becoming round cells again, the
cysts (Suga and Ruiz-Trillo 2013a; Marshall et al. 2008).
The release of already round encysted cells has also been
documented, as well as endospores that manage to grow
without ever exiting the parental cell (Marshall et al.
2008). Fusion of cells is not observed, although clumps of
cysts getting together are often found in regular cultures.
The whole life cycle takes about 44 hours, where the mat-
uration of the amoebas inside the coenocyte corresponds
to 2-3 hours (Figure 3.2¢).

3.4.2.1 Transfection

C. fragrantissima was the first unicellular holozoan in
which transient transfection was achieved, allowing for the
first investigations on its life cycle and initial characteriza-
tion of life stages at the cellular level (Suga and Ruiz-Trillo
2013). Moreover, C. fragrantissima is the only unicellular
holozoan for which morpholino RNA silencing has been
successful (Suga and Ruiz-Trillo 2013).

The initial transformation protocol was based on elec-
troporation performed inside the solution of the cell sus-
pension using a wire-type electrode (Kim et al. 2008).
With this protocol, the authors reported a remarkable
transfection efficiency of 7% (Suga and Ruiz-Trillo 2013).
Despite the transfection being transient, the introduced
plasmid allowed for expression of the tagged protein during
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a two-day period. This was sufficient for the plasmid to be
passed on to the next generation, enabling for the first time
the description of some of the life stages of C. fragran-
tissima. The authors of the study specifically labeled the
nuclei by fusing the H2B gene of either C. fragrantissima
or the close relative Sphaeroforma arctica (Figure 3.1)
with a fluorescent protein mCherry (see Figure 3.4b for an
example of C. fragrantissima transfected with an equiva-
lent plasmid specifically expressing mVenus in the nuclei
of a coenocyte). These positively transfected cells allowed
researchers to determine through time-lapse experiments
the synchronicity of the nuclear divisions in the C. fragran-
tissima coenocytes.

These first transformation experiments in C. fragrantis-
sima also opened the door to the possible direct manipula-
tion of the organism by performing gene silencing. In the
scenario where no transgenic organisms can be engineered,
the alternative to transient gene silencing by either interfer-
ing with transcription or translation with antisense RNA
matching the right targets can be an alternative functional
approach. The fact that the cell wall of C. fragrantissima
seems to be the thinnest and least complex of the known
ichthyosporeans might have facilitated the success of this
approach (Marshall et al. 2008). The authors chose morpho-
linos (i.e. synthetic small interfering RNAs, or siRNAs) to
proceed with gene silencing of the transformed recombi-
nant proteins. Because the effect of silencing was directly
related to the efficiency of the transfection, an internal con-
trol needed to be established. For this reason, the authors
first obtained the correlation between the intensities of the
different fluorescent markers mCherry and mVenus. The
transfections always proceeded with the corresponding anti-
sense RNA targeting the gene of interest fused to mCherry
together with a plasmid that expressed the cytoplasm fluo-
rescent marker (mVenus). The decrease in mCherry fluo-
rescence compared with the main intensity of the mVenus
would give the percentage of achieved silencing. By repeat-
ing the experiments with siRNAs containing mismatches
as a control, the authors were able to demonstrate that their
functional RNAi approach was specific (three mismatches
were enough to abolish the silencing effect on the mCherry
expression). Interestingly, the authors also demonstrated that
the silencing effect could be achieved by using this transfec-
tion method to block translation. In this case, the antisense
RNA was directed to the 5’UTR region of one of the con-
structs. The results were similar, but in this case, five mis-
matches were necessary to lose sequence specificity (Suga
and Ruiz-Trillo 2013a).

Further steps on the development of genetic tools in C.
fragrantissima have been hampered by the lack of a suit-
able selective agent with a known resistance gene to achieve
stable transfection. We and other researchers are working
on this matter in order to be able to genetically modify C.
fragrantissima. Previous research on this organism has
unveiled a number of undoubtedly interesting avenues that
will be possible to investigate after the development of more
advanced genetic tools.



60

3.4.2.2 Plasmids

The expression cassettes reporting transfection were con-
structed using the endogenous f3-tubulin promoter of C.
fragrantissima to drive expression of a fluorescent protein,
either mCherry or mVenus. For nuclei labeling, the cassette
fused the mCherry fluorescent protein to the endogenous
histone 2B (H2B) gene of C. fragrantissima. Interestingly,
a fusion to the S. arctica h2B gene was also functional in
C. fragrantissima. For cytoplasm labeling, the authors
co-transfected the H2B-mCherry construct with a vector
expressing the mVenus fluorescent protein driven by the
same f3-tubulin promoter from C. fragrantissima (Suga and
Ruiz-Trillo 2013).

3.4.3 PROSPECTS

Interestingly, for both C. fragrantissima and also for S. arc-
tica (see the following), a subset of long non-coding RNAs
are specifically regulated for some life stages (de Mendoza
etal. 2015; Dudin et al. 2019). Being able to study this mech-
anism of specific gene regulation in more depth could be of
relevance to elucidate the initial steps of cell specialization.

On the other hand, investigating the dynamics of cell
division during the coenocytic stage of C. fragrantissima in
depth will help us to understand the similarities and differ-
ences with the coenocytes of some animal species’ embryos
(Figure 3.2d) (de Mendoza et al. 2015; Ondracka et al. 2018).

As a conclusion, C. fragrantissima is one of the known
ichthyosporeans that could be a more fruitful model organ-
ism in the near future for many reasons. First, it is easily
cultivated and manipulated in laboratory conditions; second,
it presents an apparently linear life cycle and a fairly good
description of its different life stages, and third, it has a rela-
tively compact and well-annotated genome, and lastly there
is a reasonable availability of genetic tools. All together, this
makes C. fragrantissima a very good candidate for the study
of the evolution of the holozoa clade but also for addressing
several open questions concerning the evolution toward mul-
ticellularity in animals.

3.4.4 SPHAEROFORMA ARCTICA

Although genetic tools are yet to be developed for
Sphaeroforma arctica, we thought it important to briefly
introduce this organism in this chapter. Recently, two
reports have unveiled insightful information on the cellular-
ization and the nuclear division during the coenocytic stage
of S. arctica (Ondracka et al. 2018; Dudin et al. 2019). These
new findings will undoubtedly open new research avenues
for all ichthyosporeans, and S. arctica will be considered a
good candidate for future studies, especially those address-
ing questions of general interest for eukaryote biology and
evolution.

S. arctica was first isolated from an artic marine amphi-
pod, cultivated in the laboratory and described by J@stensen
and collaborators (2002). The authors also analyzed the
chemical composition of its cell wall in order to find specific
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adaptations to cold water. Its cell wall presents a high con-
tent of polyunsaturated fatty acids (more than 70%), suggest-
ing that they contribute to survival in cold waters (Jgstensen
et al. 2002). S. arctica grows in laboratory conditions at
12°C in MB through a linear vegetative life cycle that is
completed in approximately 48 hours. Briefly, small round
newborn cells proliferate in a multinucleated coenocyte
through several rounds of synchronous nuclear divisions,
which cellularize at the moment of newborn cell release by
bursting from the parental coenocyte (Jgstensen et al. 2002;
Ondracka et al. 2018). The absence of alternative stages such
as flagellated motile amoebas, budding or hyphal forms
makes the S. arctica life cycle ideally simple for some stud-
ies. In addition, its genome and transcriptome as well as an
accurate phylogenetic placement have been obtained for this
species (de Mendoza et al. 2015; Torruella et al. 2015).

These features make S. arctica an ideal species for fur-
ther investigations. Indeed, recent studies have unveiled the
patterns of cellularization and control of cell division that
were previously unknown outside animal lineages. The S.
arctica cellularization process shares some mechanisms
and regulatory pathways with the one present in animals,
and it also presents some specific players likely shared with
the rest of ichthyosporeans (Figure 3.1) (Dudin et al. 2019).
Similarly, detailed studies of nuclear division in S. arctica
cultures demonstrated that the timing of nuclear division is
not affected by cell size or growth rate and is highly syn-
chronous (Ondracka et al. 2018). This feature distinguishes
S. arctica from filamentous fungi and more resembles the
early divisions of animal embryos.

The main drawback of turning S. arctica into a model
organism is mainly the difficulty of finding a feasible trans-
fection method. So far, a variety of methods based both on
chemical and physical approaches, such as electroporation,
lipid-based methods and calcium precipitate protocols, have
been tried without success (dx.doi.org/10.17504/protocols.
i0.z6ef9be). A hard cell wall being already present when
the new generation of cells is expelled from the coenocyte
is likely the main obstacle to efficiently introducing foreign
DNA into the organism. Nevertheless, the fact that new
model organisms are now being successfully developed
using different strategies is promising for S. arctica to be an
experimentally tractable organism in the near future.

3.5 CORALLOCHYTREA/PLURIFORMEA

The Corallochytrea clade is also known as Pluriformea
because of the great variety of forms exhibited during
the life cycles of the organisms composing this lineage
(Hehenberger et al. 2017). Corallochytrea is the fourth clade
of unicellular Holozoa, a sister-group to Ichthyosporea and in
a key phylogenetic position for researchers to study the evo-
Iution from unicellular to multicellular organisms (Figure
3.1). To date, this lineage is composed of only two described
species: Corallochytrium limacisporum and Syssomonas
multiformis (Raghu-kumar 1987; Hehenberger et al. 2017,
Tikhonenkov et al. 2020a). Intriguingly, C. limacisporum
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FIGURE 3.4 Live imaging of transfected cells of Abeofroma whisleri, Creolimax fragrantissima and Corallochytrium limacisporum.
Images are complemented with diagrams of transfection cassettes. Abeoforma whisleri, nuclei labeling: mVenus fluorescent protein
fused to endogenous Histone 2B under the actin promoter and terminator. Creolimax fragrantissima, nuclei labeling: mVenus fluorescent
protein fused to endogenous Histone 2B under the tubulin promoter and terminator. Corallochytrium limacisporum, nuclei labeling:
mVenus fluorescent protein fused to endogenous Histone 2B under the actin promoter and SV40 terminator. Plasma membrane labeling:
tdTomato fluorescent protein fused to the endogenous N-myristoylation motif of the src gene (see main text) under the actin promoter

and SV40 terminator. Reported transfection efficiency only for Abeoforma whisleri and Coralochytrium limacisporum from our own
experiments. Scale bars (a) and (c) 5 um, (b) 50 um.
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contains a complete flagellar toolkit (Torruella et al. 2015),
but its flagellated forms occur sporadically in our culture
conditions, whereas in contrast, the most commonly occur-
ring stage of S. multiformis consists of flagellated forms
(Tikhonenkov et al. 2020a). Both representatives of this
clade show some morphological resemblance in their life
cycle, S. multiformis being the one with a greater variety of
forms. As an example, both organisms have active amoe-
boid forms and also present complex multicellular stages
(Figure 3.2d) (Tikhonenkov et al. 2020a; Kozyczkowska
et al. 2021).

In addition to its key phylogenetic position, C. limacispo-
rum has many of the desirable features for an organism to be
developed as genetically tractable (see next section). On the
other hand, unfortunately, cultures of S. multiformis are no
longer available, and therefore it is difficult to speculate on
the possibility of this organism becoming an experimentally
treatable organism.

3.5.1 CORALLOCHYTRIUM LIMACISPORUM

C. limacisporum is a small, marine, free-living corallochy-
trean isolated from coral reefs of India and Hawaii (Raghu-
kumar 1987). This taxa possesses numerous features that
make it an attractive candidate for further functional anal-
ysis. It grows very fast and under axenic conditions, and
most importantly, it is able to grow in both liquid and agar
media, allowing for easy screenings and selection of indi-
vidual transformed clones. Moreover, it is the only coral-
lochytrean with a completely sequenced and well-annotated
genome (Grau-Bové et al. 2017). Finally, besides these
technical advantages, C. limacisporum has a peculiar and
understudied biology, with a complex life cycle and, as we
mentioned before, some fungal-like features. For all these
reasons, developing genetic tools in this fascinating unicel-
lular organism will for sure be useful for several scientific
questions/fields.

3.5.1.1 Transfection and Selection

Different antibiotics, antifungals and herbicides had been
tested in C. limacisporum, and the antibiotic puromycin was
selected as the most adequate for its efficiency and apparent
low toxicity (Kozyczkowska et al. 2021). In addition to selec-
tion by antibiotics, it would be ideal to have a double selection
system that would also allow us to screen transfected cells by
fluorescence microscopy. Therefore, a dual selection system
based on resistance to puromycin and mCherry expression was
set up. Two recombinant plasmids, CAMP (Corallochytrium
Actin Mcherry Pac) and CTMP (Corallochytrium Tubulin
Mcherry Pac), were used for optimizing the transfection
parameters (see also “Plasmids” section).

Different methods of transfection that had worked for
other protists, yeast or eukaryote cells in general based on
chemical or physical methods were tested, but only electro-
poration was successful. Initially, positive results using an
in electrode apparatus from Invitrogen, the Neon system,
which allows modifying the electric pulse and the duration
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of the pulse (dx.doi.org/10.17504/protocols.io.hmwb47e),
were obtained. Nevertheless, this protocol did not have
enough reproducibility to carry out downstream applica-
tions, and we selected the electroporator 4D-Nucleofector
from Lonza, which was being used with greater effi-
ciency in other protists (Figure 3.3e) (Kozyczkowska et
al. 2021 and Protcols.io: dx.doi.org/10.17504/protocols.
i0.r5ud86w; see sections for S. rosetta, A. whisleri and C.
fragrantissima).

One of the important factors was the cell density and age
of the starting culture to maximize efficiency. Similarly to A.
whisleri, the cells should be washed with 1X PBS to remove
the culture media. Co-transfection of highly pure and highly
concentrated carrier plasmid DNA (empty pUCI9) was
another key factor that significantly increased efficiency.
In general, some fluorescent cells could be observed after
24 hours post-transfection, although there was always a
significant increase in positive cells after 48 hours, after
which puromycin was added. In the case of C. limacispo-
rum, the combination of buffer P3 and code EN-138 from
the 4D-Nucleofector (Lonza) proved the most optimal
for successful transfection (Figure 3.3e) (Kozyczkowska
et al. 2021). Clonal lines can be obtained by plating a dilu-
tion of the cells in MB agar plates containing puromycin
(Kozyczkowska et al. 2021).

As an immediate contribution from these developed
genetic tools, the description of the life cycle of C. lima-
cisporum and the unraveling of some unexpected traits,
was possible. It has been discovered that C. limacisporum
has two different paths for cell division, binary fission and
coenocytic growth (Figure 3.2d), demonstrating that the C.
limacisporum life cycle is non-linear and more complex than
previously thought (Raghu-kumar 1987). Additionally, some
particular features of C. limacisporum not commonly found
in eukaryotes were described: first the decoupling of cyto-
kinesis and karyokinesis in binary fission and second the
observation of some examples of asynchronous nuclei divi-
sions during coenocytic growth. The possibility to expand
functional studies of these features in C. limacisporum will
undoubtedly contribute to a better characterization of this
unicellular holozoan.

3.5.1.2 Plasmids

As mentioned, a double selection system was engineered. The
CAMP plasmid contained the pac gene to provide drug resis-
tance (Luna et al. 1988) and the mCherry gene to produce
fluorescence in the positively transfected cells. In order to
drive transcription with endogenous promoters, the upstream
non-coding sequence of the actin and tubulin genes from C.
limacisporum and the 3’UTR terminator of the actin gene
from the ichthyosporean A. whisleri were cloned in order
to avoid homologous recombination at the actin locus. The
CAMP and CTMP plasmids were indistinguishable in their
phenotype, fluorescent labeling of the cytoplasm in C. lima-
cisporum revealing a “crescent moon-like” shape produced
by the presence of a large vacuole that occupies the 65% of
the cell’s volume (Kozyczkowska et al. 2021).
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Progress into understanding the cell biology of C. lima-
cisporum (see transfection section) was possible through the
generation of constructs tagging sub-cellular components,
such as the plasma membrane, cytoskeleton, cytoplasm and
nucleus (Kozyczkowska et al. 2021). To construct the pact-
NMN-tdTomato plasmid, the predicted N-myristoylation
motif (NMM) from the Src tyrosine kinase orthologue
(Gene ID Clim_evm93s153) was used. This motif has been
successfully used in C. owczarzaki to direct the fusion pro-
tein to the plasma membrane (Parra-Acero et al. 2018). Our
results show that this motif was also plasma membrane spe-
cific in C. limacisporum and therefore might also be useful
in other organisms (Figure 3.4c) (Kozyczkowska et al. 2021).
To visualize the cytoskeleton, the 17-amino acid peptide
LifeAct that binds specifically to filamentous actin (ibidi)
was fused to the mCherry protein pact-LifeAct. Finally, the
construct pact-H2B-mVenus contains the endogenous gene
of C. limacisporum (Gene ID Clim_evm20sl) fused to the
mVenus fluorescent protein. In addition, the construct con-
tains the actin promoter, with the dual system of puromy-
cin resistance as well as fluorescence (Kozyczkowska et al.
2021).

3.5.2 Prospects

The development of specific recombinant plasmids together
with stable transfection in C. limacisporum has provided
insightful information about the biology of this organism
while also providing the initial tools to set up functional
experiments. Importantly, now C. limacisporum provides
the opportunity to further investigate which are the fac-
tors behind different developmental routes (binary fission
or coenocytic growth), as well as a promising model to
study the mechanisms behind the decoupling of karyokine-
sis from cytokinesis and the basis of asynchronous nuclear
division.

Besides the previously mentioned advances, developing
CRISPR/Cas9 genome editing in C. limacisporum is cur-
rently ongoing. The establishment of genome editing in the
future will allow us to understand, among others, the pos-
sible ancestral role of some genes related to multicellular
functions in Metazoa.

3.6 CONCLUDING REMARKS

We have here described the most recent advances in the
handful of model organisms available among unicellular
holozoans (Figure 3.1). These model organisms belong to all
four clades of unicellular relatives of animals, constituting a
functional platform to experimentally address many of the
hypotheses regarding the evolution of genes and cellular fea-
tures along the Holozoa tree. We are eager to see how evo-
lutionary cell biology will take advantage of all those new
emerging model systems to address the function of ancestral
genes and protein domains, as well as for the conservation or
innovation of cell biological processes.
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4.1 HISTORY OF THE MODEL (called pores of ostia) which are present on the surface of adult

Sponges (Porifera) have fascinated scientists for at least
150 years, with two key subjects of investigation remain-
ing vibrant until today and additional areas of research
emerging recently. The first of the original subjects is the
relationship between sponges, other animals and protists,
both in terms of their relative phylogenetic positions and the
homology between body plans and cell types. The second
stems from the remarkable ability of sponges to regenerate:
not only by restoring lost body parts but also by completely
rebuilding bodies from dissociated cells. Why can sponges
do that and we cannot? While 19th- and early 20th-century
biologists were equipped only with microscopes, current
scientists have harnessed the power of modern genomics
and gene expression analysis to address these fundamen-
tally interesting questions. This section of the chapter sets
the stage for sponges as models for biological research by
(briefly) reviewing findings and opinions of 19th-century
scientists on the position of sponges in the tree of life and the
discoveries of sponge regenerative capacity in the early 20th
century. The following sections cover modern approaches to
both subjects, concluding with discussion of the most recent
advances and forecasting future directions of research uti-
lizing sponges as models.

But what are sponges, actually? Perhaps surprisingly, this
simple question continues to generate heated arguments,
with various answers offered (but never universally agreed
on) throughout the past centuries. Are they animals of cel-
lular grade of organization (Parazoa), with a unique body
plan and independently evolved cell types? Or are they true
animals, with germ layers homologous to our endoderm and
ectoderm? Are they living fossils, retaining features of our
distant ancestors?

When Robert Grant gave sponges the name “Porifera”
(= pore bearing), he referred to the numerus tiny openings

DOI:10.1201/9781003217503-4

sponges and which lead to (more or less complex, depend-
ing on the body plan; see Section 4.5) system of canals and
chambers (Grant 1825, 1836) (Figure 4.1). The innermost
surface of sponges, an epithelial layer called choanoderm, is
composed of choanocytes (collar cells), which are equipped
with flagella propelling water through the body. Choanocyte
collars capture food particles—often bacteria—and the fil-
tered water is then expelled through a larger opening (or
openings) called osculum (plural oscula). All other surfaces
of sponges (the outer, the basal and lining of the canals) are
composed of flat cells called pinacocytes. In between those
two epithelial layers lies the non-epithelial mesohyl layer,
containing motile amoeboid cells, cells producing skeletal
elements, gametes and—in viviparous sponges—embryos.
With these basic building blocks, sponges form a variety
of body plans, which are discussed further in Section 4.5
(Figure 4.1). Although Linnaeus listed sponges as ‘“vegeta-
bles”, Grant considered them animals.

Few decades later, the striking similarity between cho-
anocytes and choanoflagellates, which are single-cell
and colonial protists, noticed by James-Clark in 1868 and
Saville-Kent in 1880, was interpreted to indicate strong
affinity between sponges and protists, in effect relegating
sponges from the animal kingdom. Intriguingly, all mod-
ern phylogenies place choanoflagellates as the nearest rela-
tives (the sister group) of animals, and the majority of the
genome-based phylogenies place sponges as the earliest
branching animal lineage (Figure 4.1), consistent with the
position of sponges as the link between protists and “true
animals” (Eumetazoans).

Ernst Haeckel, considered by many the father of evolu-
tionary developmental biology, noted similarities between
body plans of sponges, in particular calcareous sponges,
and cnidarians, especially coral polyps. According to his
views, the sponge choanoderm was homologous to the coral
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choanocyte - choanoderm
amoeboid cell - mesohyl
pinacocyte - pinacoderm

pore (ostium)

Choanoflagellata

Demospongia  Calcispongia Cnidaria Bilateria
x_,
FIGURE 4.1 Phylogenetic position, major cell types and body plans of sponges. Dashed lines with arrowheads indicate direction of

movement of food particles and waste products; gray color marks cells and tissues involved in food capture and digestion. (Modified

from Adamska 2016.)

gastrodermis, the sponge pinacoderm to the ectoderm, and
the osculum to the polyp mouth (Figure 4.1). Haeckel cred-
ited the development of the gastrea theory (stating that all
animals evolved from a gastrula-like pelagic animal), and
more broadly recognition of homology of germ layers, to
his observations of calcareous sponges and their develop-
ment (Haeckel 1870, 1874). Following the reasoning of
James-Clark and Haeckel, poriferan-grade body organiza-
tion appears to represent a clear transition stage between the
colonial protists and complex animals. However, phyloge-
netic position of sponges, as well as the nature of the simi-
larity between sponge choanocytes and choanoflagellates
on the one side and the gut enterocytes on the other side of
the transition (e.g. Pefia et al. 2016), remain far from being
settled, as discussed again in Section 4.8.

While phylogenetic position and the relationship between
sponge cell types and those of other animals might be dis-
puted (Simion et al. 2017; Whelan et al. 2017), the obser-
vations of the regenerative abilities of sponges, originally
made in the early 20th century, remain as true and fasci-
nating now as they were then. Wilson (1907), working on a
marine demosponge, Microciona prolifera, discovered that
it was capable of forming new, functional bodies after being
dissociated into single cells. His experiments were soon
reproduced using other sponge species, including freshwa-
ter sponges by Muller (1911a, 1911b) and the calcareous
sponge Sycon raphanus by Huxley (1911, 1921), demon-
strating that this remarkable ability is widespread among
sponges. Intriguingly, it appears that the cellular mecha-
nisms of sponge regeneration differ significantly across the
phylum, and the molecular mechanisms are only beginning
to be discovered. We will return to this topic, covering the
intriguing recent discoveries and future research avenues, in
Sections 4.7 and 4.8.

4.2 GEOGRAPHICAL LOCATION

Sponges are found in virtually all marine environments,
from cold, deep waters surrounding the poles to shallow
tropical environments (van Soest et al. 2012). One lineage
of sponges evolved the ability to occupy freshwater environ-
ments, with species noted in lakes, rivers and creeks across
the globe (Manconi and Pronzato 2002).

Sponges are notoriously difficult in lab cultivation—no
sponge species can currently be reliably cultivated through-
out its entire lifecycle, and the cell culture methods have only
started to be established (Schippers et al. 2012; Conkling
et al. 2019). This challenge in combination with interest
in sponge biology resulted in proliferation of sponge mod-
els, representing all four evolutionary lineages of sponges
(Figure 4.2).

From over 9,000 species of marine sponges, laborato-
ries in Europe, North America, Asia and Australia have
thus been selecting their model systems focusing attention
on species which are easily accessible (abundant in shallow
waters or appearing in local aquaria) and relatively robust
(permitting transport to laboratories and short-term culture),
in addition to possessing unique biological features mak-
ing them particularly interesting or tractable. This chapter
focuses on knowledge obtained using representatives of
two lineages: calcareous sponges, especially those from the
genus Sycon (the same that inspired Haeckel’s theories), and
demosponges, especially Amphimedon queenslandica (the
first sponge to have its genome sequenced). Sponges from the
relatively small (but fascinating) lineage of Hexactinellida
(glass sponges, a sister group to demosponges) are gener-
ally restricted to deep waters, making them difficult to
access. However, a few species, such as Oopsacas minuta,
have been found in relatively shallow cave environments,
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Sycon ciliatum (Northern Atlantic),
[~ S. coactum (Northern Pacific), S. raphanus (Mediterranean Sea)
S capricorn (East Coast of Australia including Great Barrier Reef)

= Leucosolenia complicata (Northern Atlantic)

Homoscleromorpha

|__ Oscarella lobularis (Mediterranean Sea),
O. carmela (Northern Pacific)

Hexactinellida

= Oopsacas minuta (Mediterranean Sea)

Demospongia
Amphimedon queenslandica (Great Barrier Reef)

Ephydatia fluviatils, E. mulleri, Spongilla lacustris
(freshwater species, worldwide)

Halisarca dujardini (Northern Atlantic)

FIGURE 4.2 Phylogenetic position and geographic location of
major sponge model systems.

allowing researchers to study their development leading
to formation of syncytial adult body (Boury-Esnault et al.
1999; Leys et al. 2016). The highly derived genomes of
Hexactinellids will be mentioned in Section 4.6. Chapter 5
focuses on Homosclermorph sponges, which are the sister
group to Calcisponges.

4.3 LIFE CYCLE

Like many marine invertebrates, the majority of sponges
have a biphasic life cycle, including motile, pelagic larvae
and sessile, benthic adults (Figure 4.3). This lifestyle likely
reflects the lifestyle of the first animals (Degnan and Degnan
2006) or perhaps even our protistan ancestors (Adamska
2016b). While very few sponge species (such as Tetilla
Jjaponica) secondarily lost the motile larval stage, becoming
direct developers, a spectacular diversity of developmental
modes and larval types has been described in sponges (Leys
and Ereskovsky 2006; Ereskovsky 2010; Maldonado 2006).

Sponges can be either oviparous (that is, releasing gam-
etes to the surrounding water, with the fertilization and sub-
sequence development occurring in the water column) or
viviparous, with embryogenesis occurring within the mater-
nal tissues. The majority of sponge species used as models
for developmental biology research are viviparous and her-
maphroditic. In particular, all homoscleromorph sponges,
including Oscarella lobularis (see Chapter 5), and all cal-
cisponge species (including Sycon sp.) brood their larvae
within maternal tissues (Figure 4.3c, d; see also Section 4.4);
in both cases, the embryos developing in the mesohyl (the
non-epithelial layer sandwiched between pinacoderm and
choanoderm) are distributed across the body of the adult.
In contrast, in Amphimedon queenslandica, the embryos
develop in specialized brood chambers, generally found
close to the basal region of the sponge (Figure 4.3k). In both

69

scenarios, mature larvae (Figure 4.3e, k) leave the mother
sponge through the osculum and, after a period of swim-
ming, settle and metamorphose on suitable substrate.

During metamorphosis, larval cells undergo major rear-
rangement, differentiation and transdifferentiation; begin
production of skeletal elements (spicules, which are built of
calcite in the calcisponges, and from silica in all other sponge
classes); form the first choanocyte chambers; and finally
open ostia and oscula to become feeding juveniles (Figure
4.3f-h, m—o). The juvenile of calcareous sponges from the
genus Sycon represents one of the simplest body plans found
in the animal kingdom: a cup-shaped body composed of two
epithelial layers, which are connected by the ostia, with a
narrow mesohyl layer containing spicule-producing cells
(sclerocytes) and a single apical osculum (Figure 4.3h). This
body plan is referred to as the asconoid grade of organiza-
tion. As development progresses, new radial chambers form
to surround the original radial chamber, which becomes the
atrium of the emerging syconoid body plan (Figure 4.3i;
see schematic representation in Figure 4.1). Despite this
substantial change of the body plan, the radial symmetry
of the body, with a single osculum, is maintained in many
species, including Sycon ciliatum (Figure 4.3b). In contrast,
the juvenile form of demosponges, such as Amphimedon
queenslandica, is of leuconoid grade (multiple choanocyte
chambers connected by series of canals), with a single api-
cal osculum (Figure 4.30; see schematic representation in
Figure 4.1). As the animal grows, the leuconoid body plan is
maintained, but additional oscula are formed, disrupting the
original symmetry of the body plan (compare Figure 4.3j).

The life span of sponges also varies significantly across
the species. Sycon ciliatum can be considered an annual spe-
cies in the Norwegian fjords. The larvae settling in sum-
mer grow through the autumn and resume growth in the
spring before they enter the reproductive stage in late spring,
with larval release and death of the majority of the post-
reproductive specimens in summer (Leininger et al. 2014).
In contrast, Amphimedon queensladica can live many years
based on the apparent growth rate and the size of individuals
found in nature (author’s personal observations). The most
extreme case of sponge longevity on record is a Hexactinellid
sponge, Monorhaphis chuni, estimated to live 11,000 (yes,
eleven thousand!) years (Jochum et al. 2012).

4.4 EMBRYOGENESIS

Sponge embryogenesis utilizes a mind-boggling array of
cellular mechanisms, including individual and collective
movement, differentiation and transdifferentiation, leading
to development of very diverse larval types. A significant
body of literature has been produced on this topic, including
a dedicated book, The Comparative Embryology of Sponges,
covering all sponge lineages in fine detail (Ereskovsky 2010).
Embryonic development of Amphimedon queenslandica, the
first sponge to have its genome sequenced, received extensive
additional attention (recently summarized by Degnan et al.
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FIGURE 4.3 Sponge life cycle. Adults (a, b, j), embryos within maternal tissue (c, d, k), larvae (e, 1), postlarvae (f, g, m, n) and juveniles
(h, i) of two sponge model systems: the calcareous sponge Sycon ciliatum (a—i) and the demosponge Amphimedon queenslandica (j—o).
(a) Multiple sponge specimens growing together on Laminaria sp.; (j) individual sponge on coral rubble. (d) Fixed slice of tissue with
spicules removed to reveal embryos; the remaining samples are live specimens or their fragments. See text for description of embry-
onic development and metamorphosis. Scale bars: (b, j): 5 mm; (e, 1): 50 um. ([a—i] Reproduced from Leininger et al. 2014, [j—o] from

Adamska et al. 2007.)

2015). In this species, embryonic development occurs in a
brood chamber, containing a mix of embryos of all stages,
from eggs to ready-to-release larvae, with the younger stages
close to the edge of the chamber and more mature ones at
the center (Figure 4.3k). The embryos are approximately 0.5
mm in diameter and yolky, with a cell division pattern best
described as asynchronous and anarchic, leading to forma-
tion of a solid, spherical morula composed of cells of differ-
ent sizes and differing by pigmentation level. Extensive cell
movements result in development of a bi-layered, polarized
embryo (referred to as gastrula in the original publication
describing development of this species; Leys and Degnan
2002, but see Nakanishi et al. 2014 for a different view on
the same process). Pigmented cells coalesce at one pole of the
embryo to first form a spot and then a ring (Figure 4.3k). This
ring, known to be a photosensory steering organ positioned
at the posterior pole of the Amphimedon larva (Leys and
Degnan 2001), is characteristic of parenchymella-type larvae
of many other demosponges (Maldonado et al. 2006). There
can be an extensive number of cell types present in mature

parenchymella type larvae, including sclerocytes (cells pro-
ducing spicules), archaeocytes (stem cells) and, in some cases,
fully differentiated choanocytes and pinacocytes (e.g. Saller
1988).

One of the best studied of the larval types among sponges
are the amphiblastula larvae of Calcaronean sponges, the
lineage of calcisponges that includes Sycon ciliatum and
related species (Franzen 1988). The other lineage of calcare-
ous sponges, the Calcineans, has calciblastula larvae very
similar to cinctoblastula found in Homoscleromorph sponges
(Chapter 5), although it is not clear whether this similarity
reflects shared ancestry (as Homoscleromorpha and sister
group to the Calcispongiae) or is a result of convergence.

The amphiblastula larva forms through a highly stereo-
typic series of division followed by differentiation of only
three cell types, which further undergo clear differentiation
pathways upon metamorphosis. The oocytes are found uni-
formly distributed across the mesohyl of mature specimens.
In the case of Sycon ciliatum in the Norwegian fjords, the
development is synchronous through the local populations,
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with the first round of oocyte growth and fertilization occur-
ring in the late spring (Leininger et al. 2014). Cleavage is
complete, with the first two planes of division perpendicular
to each other and the plane of the pinacoderm, thus divid-
ing the zygote into four equal blastomeres. The subsequent
divisions are oblique, resulting in formation of a cup-shaped
embryo, with larger cells (macromeres) closer to the cho-
anocytes and smaller cells (micromeres) facing pinacocytes
(Figure 4.1). The embryonic cavity communicates with the
lumen of the radial chamber, and through this opening, the
embryo inverts itself so that the flagella of the micromeres
(which originally form on the inner surface of the embryo)
point outward.

In addition to the flagellated micromeres and larger,
non-flagellated macromeres, the larva contains two other
cell types: cross cells and maternal cells (Figure 4.1b). The
cross cells (four in each larva) are of embryonic origin and
differentiate from the outer “corners” of the four original
blastomeres, with their final positions forming a cross at the
equator of the larvae, conveying tetra-radial symmetry to
the larva (Figure 4.1a). The function of these cells remains
enigmatic, but they have been proposed to have sensory role
and, consistent with this notion, express a number of genes
known from other animals to be involved in specification
of sensory cells and neurons (Tuzet 1973; Fortunato et al.
2014). Intriguingly, cross cells, along with maternal cells,
which migrate inside of the embryo after inversion, degener-
ate during metamorphosis and do not contribute to forma-
tion of the juvenile body (Amano and Hori 1993).

As the larva settles on its anterior pole, the macromeres
envelop the micromeres without losing epithelial character
and differentiate directly to pinacocytes. The micromeres

early late
cleavage cleavage

e~

postinversion

preinversion

(@)

larva

solid
postlarva

asconoid
juvenile

hollow
postlarva

FIGURE 4.4 Schematic representation of embryonic devel-
opment (a) and metamorphosis (b) in calcaronean sponges. In
(a), the top row shows cross-sections of embryos surrounded by
maternal tissues (pinacoderm and choanoderm); the bottom row is
a top view of isolated embryos. Thick lines indicate macromeres
and pinacocytes; thin lines indicate micromeres and choanocytes.
Embryonic/larval cross cells and the cytoplasm of cleavage stage
embryo destined to become cross cell are shaded gray.
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undergo epithelial-to-mesenchymal transition and become
amoeboid cells. After a period of movement (hours to
days, depending on species), the micromeres differentiate
into choanocytes and other juvenile cell types, including
sclerocytes (spicule producing cells) (Figure 4.4b). Finally,
the osculum opens at the apical pole and ostia form across
the surface, resulting in formation of a functional, juvenile
sponge of asconoid grade of organization. The source of
porocytes is unclear, but it is likely that they differentiate
from pinacocytes.

4.5 ANATOMY

All sponges (with the notable exception of carnivorous
sponges, which secondarily lost choanocytes; Vacelet and
Boury-Esnault 1995; Riesgo et al. 2007) are built of the
same basic building blocks: choanocytes forming cho-
anoderm of the radial chambers, the pinacoderm lining all
remaining surfaces, with varying types and numbers of cells
inhabiting the mesohyl. The mesohyl can be very cell poor
and narrow (for example, in the Homoscleromorph sponges;
see Chapter 5) or constitute most of the body of the sponge,
as in many Demosponges. Traditionally, the body plans are
divided into three major types. The simplest is asconoid,
as described for Calcaronean juveniles (Figure 4.3h, 4.4b),
with many calcisponge species retaining this body organi-
zation, with branching and anastomosing tubes forming as
the body enlarges. The second type is syconoid, as in cal-
cisponges from the genus Sycon (Figure 4.1, Figure 4.3b,
¢, 1), with radial choanocyte chambers surrounding endop-
inacocyte-lined atrial cavity. The most complex, and the
most common among sponges (being the typical body plan
of Demosponges, the most speciose of the sponge lineages),
is the leuconoid body plan composed of choanocyte cham-
bers linked by an intricate network of endopinacyte-lined
canals (Figure 4.1 and 4.3j, o). Two lesser-known sponge
body plans should also be mentioned. One is the syllei-
bid body plan found in Homoscleromorph sponges, which
can be considered a link between the syconoid and leuco-
noid body plans, with multiple syconoid-level units con-
nected to the atrium. The most recently described sponge
body plan, solenoid, is found in some Calcinean species and
can be best described as a complex system of anastomosing
tubes of the asconoid grade embedded in a thick mesohyl
layer (Cavalcanti and Klautau 2011).

In the majority of sponges, the epithelial and mesen-
chymal layers are supported by organic and/or inorganic
skeletons. The spongin-based organic skeletons of the
genus Spongia and related species are well known as bath
sponges—although, after the natural populations have been
virtually exterminated by combination of harvest and pol-
lution of the habitat, natural bath sponges have been all but
replaced by artificial ones (Pronzato and Manconi 2008).

The majority of sponges produce inorganic skeletal ele-
ments, called spicules, which were traditionally the key to
sponge taxonomy, given the paucity of other characters avail-
able until the advent of molecular phylogenies (Uriz 2006;
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Diactine formation

FIGURE 4.5 Spicule formation in calcareous sponges.
Thickener cells (t) are dark gray, founder cells (f) are light gray.
(Modified from Voigt et al. 2017, with the schematic representa-
tions re-drawn from Minchin 1908.)

van Soest et al. 2012). The spicules are of two types—built
of calcite in the calcisponges and of silica in the remaining
three lineages. Not only the material but also the cellular
mechanism of spicule synthesis and subsequent positioning
differs. The demosponge spicules are produced intracellu-
larly, within vacuoles, and are subsequently moved to their
final position by a concerted action of carrier cells (Mohri et
al. 2008; Nakayama et al. 2015). In contrast, calcareous spic-
ules are produced by groups of cells, the numbers of which
depend on the type of the spicule and tend to remain in situ,
without subsequent movement. For example, single-rayed
spicules (diactines) are secreted by two cells, one known as
the founder cell and the other as the thickener cell. On the
other hand, the tri-radial triactines are produce by sextets of
cells, with three founder cells and three thickener cells work-
ing together to produce one spicule (Minchin 1908; Voigt et
al. 2017) (Figure 4.5). Different types of spicules form sup-
porting structures along the body, with the long, slender di-
actines often found forming a crown or a collar around the
osculum (Figure 4.3b).

4.6 GENOMIC DATA

The first insight into gene content of sponges was provided
by transcriptome rather than genome analyses. Most signifi-
cantly, the analysis of developmental regulatory genes in the
transcriptome of the homoscleromorph sponge Oscarella
carmela revealed that sponges possess multiple components
of developmental signaling pathways used by animals to
regulate their development (Nichols et al. 2006). However,
the complete developmental regulatory gene repertoire of a
sponge could only be fully appreciated by whole genome
sequencing. The first sponge for which this was achieved
was the demosponge Amphimedon queenslandica, a spe-
cies inhabiting reefs fringing the Heron Island of the Great
Barrier Reef (Srivastava et al. 2010). This was not only the
first but also likely the last sponge genome sequenced using
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the traditional Sanger method. Amphimedon genome analysis
revealed that for the overwhelming majority of developmen-
tal regulatory gene families, whether signaling molecules or
transcription factors, Amphimedon possesses fewer family
members than the more complex animals (Cnidarians and
Bilaterians). This pattern, perhaps expected, was consistent
with the notion that a simple animal would have a simpler
regulatory gene repertoire.

It was therefore surprising when analysis of the second
sponge species to be sequenced—the calcareous sponge
Sycon ciliatum—revealed developmental gene family
sizes on a par with those found in bilaterians. For example,
while humans have 19 Wnt ligands and Amphimedon has 3
(Adamska et al. 2007), Sycon has 21 (Leininger et al. 2014).
Even more strikingly—and controversially—the Sycon
genome appears to possess a ParaHox gene, Cdx, which is
clearly absent from the Amphimedon genome (Larroux et
al. 2007; Fortunato et al. 2014). A systematic comparison
of transcription factors present in Amphimedon and Sycon
demonstrated that genomes of calcisponges and demo-
sponges underwent independent events of gene loss and
family expansions (Fortunato et al. 2015).

Gene content analysis of two Hexactinellids (glass
sponges) revealed a different kind of surprise—it appears
that neither Oopsacas minuta nor Aphrocallistes vastus
possesses key components of the Wnt signaling pathway
(Schenkelaars et al. 2017). As this pathway is used across
the animal kingdom (including other sponges; See section
4.7) to pattern the major body axis, this finding is another
key indication that insights from one lineage of sponges
cannot be assumed to reflect the genome composition of
all sponges—and of the last common ancestor of all ani-
mals. Instead, it thus appears that, since the divergence
approximately 600 million years ago, sponge gene reper-
toires underwent dramatic changes, in contrast to the body
plans which remained apparently stable throughout this
time.

But sponge genomes can provide insight into more than
just gene content: a gateway to understand evolution of
genome function in animals. One of the mechanisms known
to regulate gene expression in vertebrates (but not in the
majority of invertebrates) is DNA methylation. However,
the evolutionary history of this mechanism is not well
understood. A recent study revealed that—in parallel to the
differences found in gene content—sponge genomes are
methylated to very different levels. While the Amphimedon
genome is highly methylated (in striking similarly to ver-
tebrate genomes), methylation in Sycon is more moderate,
consistent with independent acquisition of genome methyla-
tion in sponges (de Mendoza et al. 2019).

Gaiti and colleagues (2017) used the Amphimedon
genome find out whether two other regulatory features of
animal genomes are found in sponges: the posttranslational
modifications of histone H3 (linked to precise regulation of
gene expression in animals) and micro-systenic units har-
boring distal enhancers of developmental regulatory genes.
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Perhaps surprisingly, both features were found, demonstrat-
ing that they predate (and were perhaps the key to) diver-
gence of animal lineages (Gaiti et al. 2017).

The very recent advances in genome sequencing tech-
nologies, allowing relatively cheap generation of (almost)
chromosomal-level assemblies, opened the way to compar-
ing large-scale synteny (gene order) analysis in addition
to micro-synteny studied before. The first sponge genome
to be assembled to this contiguity level, that of Ephydatia
mulleri, demonstrated strong synteny conservation between
this freshwater demosponge and other animals but not with
choanoflagellates (Kenny et al. 2020). Time (and ongoing
sequencing efforts) will tell if genomes of sponges repre-
senting other lineages also maintained this conservation or
whether they hold further surprises.

4.7 FUNCTIONAL APPROACHES: TOOLS FOR
MOLECULAR AND CELLULAR ANALYSES

Evolutionary genomics and developmental biology strive to
go beyond cataloguing genes, attempting to reveal the links
between gene expression and function. Decades of research
revealed that across the animal kingdom, key developmental
events, such as establishment of germ layers and polarity of
embryos, as well as cell fate specification, are governed by
a conserved set of regulatory genes. As soon as homologues
of these genes were uncovered in sponge transcriptomes and
genomes, in situ hybridization methods were developed,
allowing interrogation of expression patterns of the candi-
date genes (Larroux et al. 2008).

One of the key examples of pan-metazoan functional
conservation is the role of the Wnt pathway in specifica-
tion of the primary body axis, with Wnt ligands expressed
in the posterior poles of cnidarian and bilaterian embryos,
as well as the apical region of cnidarian polyps. In several
sponge species, Wnt ligands are expressed in the posterior
pole of sponge larvae and around the osculum of sponge
adults (Figure 4.6), suggesting that this role is conserved
in sponges and therefore predates animal divergence
(Adamska et al. 2007; Leininger et al. 2014; Borisenko
et al. 2016). Similarly, genes involved in specification of
animal sensory cells, such as components of the Notch
pathway and the transcription factor bHLHI (related to
atonal and neurogenin in bilaterians), are expressed in
the sensory cells of Amphimedon larvae (Richards et al.
2008).

However, gene expression patterns, while certainly sugges-
tive, still do not demonstrate gene function. Disappointingly,
functional gene expression analysis—through interference
with gene function by morpholino or RNAi, or genera-
tion of transgenic animals to understand effects of gene
overexpression—is still not a routine methodology in
sponges. This is despite multiple efforts, some giving tan-
talizing results, such as successful generation of transgenic
sponge cells, although with a success rate in the range of 1 in
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10,000 cells (Revilla-I-Domingo et al. 2018), or downregula-
tion genes targeted by RNAI, although with change level that
required qPCR to demonstrate it (Rivera et al. 2011). Despite
this limited success so far, efforts to establish robust func-
tional genomics strategies continue in many sponge labora-
tories across the world. In the meantime, biologists utilize a
range of other methodologies to gain functional insights into
sponge development. For example, taking a drug interfer-
ence approach, Windsor Reid and Leys (2010) demonstrated
that the Wnt pathway is involved in specification of the main
body axis of the demosponge Ephydatia mulleri.

4.8 CHALLENGING QUESTIONS BOTH IN
ACADEMIC AND APPLIED RESEARCH

Perhaps surprisingly, the two major topics that attracted
biologists to sponges in the 19th century, namely origin of
the animal body plan and regeneration, continue to provide
background for vibrant research programs in many labora-
tories—and ongoing debates in the research field. Until very
recently, the relationship between sponge cell/tissue types
and body plan organization was interrogated using the can-
didate gene approach. As discussed in Section 4.7, results
of these analyses are consistent with homology of the major
body axis (specified by the Wnt pathway) in sponges and
cnidarians, therefore suggesting that the first animals also
used the Wnt pathway to pattern their bodies (reviewed by
Holstein 2012). Moreover, subsequent gene expression anal-
yses focusing on genes involved in specification of animal
endomesoderm, revealing that these genes are expressed in
sponge choanocytes, are also consistent with Haeckel’s idea
that the sponge choanoderm is homologous to the cnidar-
ian gastrodermis (Leininger et al. 2014; Adamska 2016a,
2016b). However, the fact that sponge cell fate specification
is unusually fluid, allowing choanocytes to transdifferenti-
ate into pinacocytes (thus apparently changing germ layer
identity), makes some researchers unwilling to accept that
notion (Nakanishi et al. 2014). While the question of cell
type homology between sponges and other animals remains
open for now, a novel approach based on expression of
genes with conserved microsynteny yielded results consis-
tent with the proposed homology of choanocytes and cells
involved in cnidarian digestion (Zimmermann et al. 2019;
Adamska 2019).

On the other side of the evolutionary transition leading
from protists to complex animals, the similarity between
choanocytes and choanoflagellates, understood to indi-
cate homology of the collar apparatus throughout the 20th
century, has become controversial again (Mah et al. 2014).
Some authors take evidence of morphology, function and
molecular composition of collars and flagella in choanocytes
and collar cells as strong support for the proposed homol-
ogy (Pena et al. 2016; Brunet and King 2017). Yet others
used comparison of Amphimedon cell-type gene expression
with cell-state gene expression data from choanoflagellates
and a range of other protists to suggest that choanocyte
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FIGURE 4.6 Expression of Wnt ligands in sponges. (a—c) Larvae of the calcareous sponge Sycon ciliatum. (d—f) Oscular regions of
S. ciliatum (* indicates higher magnification; dashed lines delineate transparent tissues). (g, h, i) The demosponge, Halisarca dujardini:
larva, the osculum and regenerating epithelium, respectively. Larval posterior and osculum are at the top of each image. Scale bars:
(a—c): 10 um, (d—f’): 100 um, (g): 50 um, (h—i): 3 mm. ([a—f] Reproduced from Leininger et al. 2014, [g—i] from Borisenko et al. 2016.)
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morphology evolved independently from choanoflagel-
lates (Sogabe et al. 2019). That these seemingly academic
questions are also exciting to the general audience is evi-
denced by popular science magazines covering this debate
(Cepelewicz 2019).

Less “academic”, as understanding of sponge regeneration
capacity might potentially be applicable to human regenera-
tive medicine, is the question of how sponges regulate their
spectacular regenerative capacities. Recent research reveals
that some of the regeneration mechanisms might indeed be
shared between sponges and other animals, as many of the
developmental signaling pathways known to be involved in
mammalian regenerations are also activated during regener-
ation of sponges, including re-building of bodies from disso-
ciated cells (Soubigou et al. 2020). The most exciting aspect
of sponge regeneration appears to be the capacity of sponge
cells to directly transdifferentiate upon injury (Ereskovsky
et al. 2015; Ereskovsky et al. 2017; reviewed by Adamska
2018). Would it be possible to utilize mechanisms involved
in transdifferentiation of sponge cells to reprogram mam-
malian cells for therapeutic purposes?

The pharmaceutical industry has been investigating
sponges as potential sources of bioactive compounds, with
great success, for over 50 years. In 1969, the first sponge-
derived anti-cancer drug, cytarabine (also known as Ara-
C, Cytosar-U or Depocyst), originally extracted from the
Caribbean demosponge Tectitethya crypta, was approved
by the Food and Drug Administration (FDA). In 1976, the
FDA also approved vidarabine (Ara-A, Vira-A) as an anti-
viral drug derived from the same sponge species (reviewed
by Brinkmann et al. 2017). More recently, eribulin mesylate
(E389, Halaven), an analog of halichondrin B isolated from
Japanese demosponge Halichondria okadai, was approved
as treatment for metastatic breast cancer (reviewed by
Gerwick and Fenner 2013).

In addition to being useful, the secondary metabolites
found in sponges are all the more fascinating as they are in
fact produced by microbes living in close symbiosis with their
poriferan hosts. The study of sponge microbiomes revealed
essential roles in nutrient cycling and production of vitamins
in addition to the secondary metabolites likely responsible
for protection of sponges from potential predators and foul-
ing organisms (see Reiswig 1981; Maldonado et al. 2012).
It appears that the complex, species-specific assemblages
of bacteria can be transmitted both horizontally (from the
surrounding water) and vertically (from mother to larvae)
(e.g. Schmitt et al. 2008; Webster et al. 2010). However, the
molecular mechanisms involved in establishment and main-
tenance of these symbioses are not understood and remain
an area of open and exciting investigations.
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5.1 HISTORY OF THE MODEL

Oscarella lobularis (Schmidt 1862) was first described as
Halisarca lobularis Schmidt 1862 (Schmidt 1862). Later
Oscarella lobularis became the type species of the genus
Oscarella Vosmaer, 1884 (Vosmaer 1884), genus, classified
until 2012 (Gazave et al. 2012) within the class Demospongiae,
subclass Tetractinellida, due to the shared presence of sili-
ceous tetractinal-like calthrops spicules (Levi 1956). Despite
its reported cosmopolitan distribution (uncommon in sponges
because of the low dispersal capacity of most sponge larvae)
and the observation of a large variety of colors (Figure 5.1c),

DOI:10.1201/9781003217503-5

O. lobularis was long considered the only species of the genus
Oscarella. Accordingly, all species of the Oscarella genus
reported between 1930 and 1990 were probably wrongly
assigned to O. lobularis (Lage et al. 2018; Pérez and Ruiz
2018).

The cosmopolitan status of Oscarella lobularis began
to be questioned in 1992. Several color morphs assigned
to the species O. lobularis (Schmidt 1862) living in sym-
patry in the west Mediterranean area were compared for the
first time using a combination of characters: morphological
characters, cytological characters and electric mobility of 12
protein markers. This study evidenced the presence of two

79


https://doi.org/10.1201/9781003217503-5

80

distinct species. The morphs with soft consistency were then
referred to O. lobularis, while those with cartilaginous tis-
sues were renamed as O. tuberculata (Boury-Esnault et al.
1992). The lack of a mineral skeleton (spicules) in the genus
Oscarella was probably in part at the origin of species mis-
identification, because spicules were at that time commonly
used in sponge systematics (Boury-Esnault et al. 1992).
Since then, the development of multi-marker approaches
(genetic, chemical, cytological, embryological characters) in
conjunction with the effort deployed to explore more habitats
have allowed a significant improvement in our knowledge
of Oscarella species diversity (Bergquist and Kelly 2004;
Ereskovsky 2006; Ereskovsky et al. 2009a; Ereskovsky
et al. 2017b; Gazave et al. 2013; Muricy and Pearse 2004;
Muricy et al. 1996; Pérez and Ruiz 2018; Pérez et al. 2011).
There are so far 21 described species in the genus Oscarella
(Table 5.1); this represents about 16% of the diversity of the
Homoscleromorpha lineage (Van Soest et al. 2021).
Another major revolution in the taxonomic history of O.
lobularis was the rise of Homoscleromorpha (previously con-
sidered a family, suborder or subclass within Demospongiae;
Lévi 1973) to an upper taxonomic level. Different studies
showed that Homoscleromorpha represents a fourth dis-
tinct class among Porifera (Borchiellini et al. 2004; Feuda
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et al. 2017; Francis and Canfield 2020; Gazave et al. 2012;
Hill et al. 2013; Philippe et al. 2009; Pick et al. 2010; Pisani
et al. 2015; Redmond et al. 2013; Simion et al. 2017; Thacker
et al. 2013; Whelan et al. 2017; Worheide et al. 2012) (Figure
5.1a). Homoscleromorpha is the smallest sponge class of
Porifera, with only 130 exclusively marine valid species
(Van Soest et al. 2021). This class is split into two families,
Plakinidae Schulze, 1880, and Oscarellidae Lendenfeld,
1887 (Gazave et al. 2012) (Figure 5.1b). Oscarella lobularis
belongs to the family Oscarellidae, a family defined by no
skeleton; a variable degree of ectosome development; syllei-
bid-like or leuconoid organization of the aquiferous system,
with eurypylous or diplodal choanocyte chambers; and the
presence of the mitochondrial fatC gene (Gazave et al. 2010;
Gazave et al. 2013; Wang and Lavrov 2007) (Figure 5.1b).
Therefore, the definition of Homoscleromorpha as a
class, along with the three traditional ones Demospongiae,
Hexactinellida and Calcarea (Brusca et al. 2016), shed
light on homoscleromorph sponge species and evidenced
the usefulness of studying and comparing these species to
trace back character evolution during Poriferan evolutionary
history. In accordance with the growing awareness in the
evo-devo community of the need to develop studies on non-
bilaterian and non-conventional animal models (Adamska

TABLE 5.1

List of Oscarella Species

Rank Name Original Description
Class Homoscleromorpha Bergquist (1978)

Order Homosclerophorida Dendy (1905)

Family Oscarellidae Lendenfeld (1887)
Genus Oscarella Vosmaer (1884)

Species Oscarella balibaloi Pérez et al. (2011)

Gazave et al. (2013)
Muricy and Pearse (2004)
Carter (1876)

Oscarella bergenensis
Oscarella carmela

Oscarella cruenta

Pérez and Ruiz (2018)
Muricy et al. (1996)
Gazave et al. (2013)

Oscarella filipoi
Oscarella imperialis
Oscarella jarrei
Oscarella kamchatkensis Ereskovsky et al. (2009a)
Schmidt (1862)

Hentschel (1909)

Muricy et al. (1996)
Gazave et al. (2013)
Bergquist and Kelly (2004)
Muricy and Pearse (2004)

Oscarella lobularis
Oscarella membranacea
Oscarella microlobata
Oscarella nicolae
Oscarella nigraviolacea

Oscarella ochreacea

Oscarella pearsei Ereskovsky et al. (2017b)
Oscarella rubra Hanitsch (1890)

Oscarella stillans Bergquist and Kelly (2004)
Oscarella tenuis Hentschel (1909)
Oscarella tuberculata Schmidt (1868)

Oscarella viridis Muricy et al. (1996)
Oscarella zoranja Pérez and Ruiz (2018)

Remarks Geographical Location

diagnosis in: Gazave et al. (2012) Cosmopolitan

diagnosis in: Gazave et al. (2012) Cosmopolitan
diagnosis in: Gazave et al. (2013) Cosmopolitan
Cosmopolitan
Western Mediterranean
Southern Norway
Northern California
South European Atlantic
Shelf
Eastern Caribbean
Western Mediterranean
accepted as Pseudocorticium jarrei Western Mediterranean
Boury-Esnault et al. (1992)
Kamchatka Shelf and Coast
Mediterranean
South West Australia
Western Mediterranean
Southern Norway
East African
North east Pacific
Northern California
accepted as Aplysilla rubra (Hanitsch 1890) Celtic seas
North Borneo
South West Australia
Mediterranean
Western Mediterranean
Eastern Caribbean
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FIGURE 5.1 (a) The phylogenetic positions between Porifera and all other Metazoa and between Homoscleromorpha (to which Oscarella
lobularis pertains) and other Poriferan classes. (b) The class Homoscleromorpha is split into Oscarellidae (to which Oscarella lobularis
belongs) and Plakinidae, clearly distinguished by metabolomic, genetic and anatomical synapomorphies. (c) Oscarella lobularis harbors
a high color polymorphism from yellowish to dark purple or blue; the color is unrelated to individual microbial community. Oscarella
lobularis (red arrows) often lives in sympatry with other Oscarella species (White arrows), in particular its sister-species O. tuberculata.
Scale bars represent 1 cm; photo credit: Dorian Guillemain. (d) Oscarella lobularis is now considered to have a geographic distribu-
tion restricted to the Mediterranean Sea. (e) Oscarella lobularis very often inhabits the Coralligenous habitat. Scale bar: 20 cm; photo
credit: Frederic Zuberer. ([a] Borchiellini et al. 2004; Feuda et al. 2017; Francis and Canfield 2020; Gazave et al. 2012; Hill et al. 2013;
Philippe et al. 2009; Pick et al. 2010; Pisani et al. 2015; Redmond et al. 2013; Simion et al. 2017; Thacker et al. 2013; Whelan et al. 2017;
Worheide et al. 2012; [b] Boury-Esnault et al. 2013; Gazave et al. 2010; Gazave et al. 2013; Ivanisevi¢ et al. 2011; [c] Gazave et al.
2012; Gloeckner et al. 2013; [d] Van Soest et al. 2021; [e] Bertolino et al. 2013.)

2016; Adamska et al. 2011; Colgren and Nichols 2019; Jenner 5.2 GEOGRAPHICAL LOCATION

and Wills 2007; Lanna 2015; Love and Yoshida 2019), Homoscleromorpha, including species of the genus Oscar-

Oscarella lobularis in Europe and O. pearsei (Ereskovsky et ella, have a worldwide distribution, with three oceanic
al. 2017b) in America began to be studied from an evo-devo regions representing current hotspots of diversity (or hot-
perspective (Fierro-Constain et al. 2017; Gazave et al. 2008;  ¢hot5 of descriptions of new species): the Mediterranean
Gazave et al. 2009; Lapébie et al. 2009; Miller et al. 2018;  Sea (Ereskovsky et al. 2009b; Lage et al. 2018), the tropical
Mitchell and Nichols 2019; Nichols et al. 2006; Nichols etal.  western Atlantic Ocean (Domingos et al. 2016; Ereskovsky
2012; Schenkelaars et al. 2015; Schenkelaars et al. 2016a). et al. 2014; Pérez and Ruiz 2018; Ruiz et al. 2017; Vicente
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etal. 2016) and the Pacific Ocean (Bergquist and Kelly 2004;
Ereskovsky 2006; Ereskovsky et al. 2009a; Lage et al. 2018;
Muricy and Pearse 2004). In contrast, O. lobularis is found
from the Gibraltar Strait to the eastern Mediterranean, includ-
ing the Adriatic Sea, and is therefore presently considered a
species endemic to the Mediterranean Sea (Ereskovsky et al.
2009b) (Figure 5.1d). Indeed, the other locations previously
reported (for instance, Madagascar or the Manche Sea) were
shown to be misidentifications (Lévi and Porte 1962; Muricy
and Pearse 2004; Van Soest et al. 2007).

In Mediterranean ecosystems, sponges represent one of
the main animal groups: a study by Coll et al. (2010) esti-
mated that Porifera represent about 12.4% of the animal
diversity (a proportion in the same range as that of verte-
brate species diversity). Among the 681 poriferan species
present in the Mediterranean (Coll et al. 2010), only 25
species (about 3% of the sponge species diversity) belong
to Homoscleromorpha (Lage et al. 2019). Among them, O.
lobularis is one of the most common and abundant species
in some places (Ereskovsky et al. 2009b).

O. lobularis is mainly located in shallow waters from 4 to
35 m and in sciaphilic hard substratum communities includ-
ing semi-dark and dark submarine caves (Ereskovsky et al.
2009b). In particular, O. lobularis is one of the 273 sponge
species involved in coralligenous accretion (Bertolino et
al. 2013) (Figure 5.1e). The infra- and circalittoral coral-
ligenous habitats (first defined by Marion 1883) are now
recognized as one of the main Mediterranean biocoenoses.
In these habitats, unlike bioeroding Clionidae, O. lobularis
usually grows on top of other sponges or on cnidarians (such
as sea fans), bryozoans, annelid tubes, mollusk shells or
lithophyllum; it is therefore usually considered an efficient
space competitor (Garrabou and Zabala 2001).

5.3 LIFE CYCLE

Like many other sponges whose life cycles have been
described (Ereskovsky 2010; Fell 1993), Oscarella lobularis
is capable of both sexual and asexual reproduction. These
types of reproduction alternate naturally during the same
year (Figure 5.2).

5.3.1 AsexuAL REPRODUCTION: FRAGMENTATION

AND BUDDING

The timing and process of asexual reproduction in Oscarella
lobularis have been described in several complementary
studies (Ereskovsky 2010; Ereskovsky and Tokina 2007
Fierro-Constain 2016; Rocher et al. 2020). O. lobularis uses
two modes of asexual reproduction: fragmentation and bud-
ding (Figure 5.2a and b).

Like sexual reproduction (see next section), fragmenta-
tion occurs once a year and often concerns most individuals
of the same population. This event may be correlated with
the switch to a short-day photoperiod and/or the decrease
of water temperature (Fierro-Constain 2016; Rocher et al.
2020). At fall (October—November), adult individuals tend to
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elongate their tissues, and fragments seem to “dribble” until
they separate totally (Figure 5.2b). The fate of the set-free
fragments has not been monitored by any study yet, but it is
supposed that these fragments can fall on a deeper substrate
or be transported by the water flow; then some of them may
be able to settle on rocks and develop into whole individuals.

In contrast, budding seems to occur at different periods
during the year, between October and April (Figure 5.2b).
This event appears not to be synchronized between individ-
uals of the same natural population. It is therefore difficult
to extrapolate the parameters triggering budding in the sea.
Interestingly, budding can be triggered in vitro in O. lobu-
laris by a mechanical stress, allowing for the monitoring and
description of the whole process under laboratory conditions
(Rocher et al. 2020).

The genesis and development of buds differ among sponge
species (Ereskovsky et al. 2017a; Singh and Thakur 2015).
In O. lobularis, the budding is performed in three key steps
observed in a comparable manner during lab-induced bud-
ding in vitro and during natural budding of individuals in
situ (Ereskovsky and Tokina 2007; Rocher et al. 2020). The
budding process involves the evagination of adult tissues. The
first step of budding is characterized by a transition from a
smooth surface to an irregular surface. In the second step,
small protrusions, responsible for this irregular aspect, grow
apically to form branched finger-like structures at the surface
of the adults. The third step consists of the swelling of pro-
truding tissues and the release of free spherical buds. Once
free, buds are able to float in the water flow and, in vitro, they
have a much longer longevity than larvae: up to three months
for Oscarella buds (Rocher et al. 2020 and for the buds of
other species Maldonado and Riesgo 2008) versus a few days
for larvae (Ereskovsky et al. 2009b; Ereskovsky et al. 2013a;
Maldonado and Riesgo 2008). In standardized lab conditions,
spherical buds develop outgrowths involved in the fixation to
the substrate in a couple of days and an exhalant tube (oscu-
lum) in about one week, and settled juveniles can be obtained
after one month (Rocher et al. 2020). These juveniles have
a similar anatomy to that of juveniles resulting from sexual
reproduction (Ereskovsky and Tokina 2007; Ereskovsky et al.
2007; Rocher et al. 2020) (Figure 5.2a).

We speculate that all together, the high number of buds
produced by the same adult (mean 450 buds/cm? of adult tis-
sue) with the floating properties of buds and their longevity
(Rocher et al. 2020) make budding a crucial reproductive
event in the O. lobularis life cycle (Fierro-Constain 2016).
Asexual reproduction by budding must play an important
role in the dispersion and population dynamics in natu-
ral habitats in O. lobularis, as proposed in demosponges
(Cardone et al. 2010; Singh and Thakur 2015).

5.3.2  SexuaL RepRODUCTION, GAMETOGENESIS
AND INDIRECT DEVELOPMENT
Sexual reproduction takes place once a year (Figure 5.2b).

A first analysis of 303 individuals of O. lobularis sampled
monthly between 2006 and 2009 (Ereskovsky et al. 2013a)
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revealed that spermatogenesis occurred between June
and August, differentiation of oocytes started in May and
occurred until mid-August and embryogenesis occurred
from mid-July to the beginning of September. A more
recent study (2014-2015) based on both histological section
observations and the detection of germline gene expression
by in situ hybridization enabling a more efficient detection
of earlier stages of gametogenesis allowed extension of the
gametogenesis period from May—August to April-October
(Fierro-Constain 2016; Fierro-Constain et al. 2017; Rocher
et al. 2020). Nevertheless, the latter study was performed on
only six individuals of a population, this population being
different from that considered in the previous study. This
therefore does not preclude the differences observed between
these studies being caused either by variations between
populations or by different climatic conditions between the
years considered.

Spermatogenesis and oogenesis co-occur from May to
the beginning of September (Figure 5.2b), which provides
an opportunity to decipher whether O. lobularis is a gono-
choristic or hermaphroditic species. The in sifu monitoring
of localized and identified individuals in a small population
suggests that O. lobularis is a hermaphrodite proterogyn
(Fierro-Constain 2016; Fierro-Constain et al. 2017). Both
spermatocysts and oocytes were observed in the same indi-
vidual as already shown in the early 20th century (Meewis
1938), and oogenesis starts earlier (April) than spermatogen-
esis (May). In contrast, the study of Ereskovsky et al. (2013a)
suggested that this species is gonochoristic. This discrep-
ancy may be explained by the fact that the number of oocytes
and spermatocysts varies from one individual to another
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Stage 3
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(Fierro-Constain 2016) and between years (Ereskovsky et
al. 2013a). Nevertheless, to solve this uncertainty, we suggest
that applying Fierro-Constain’s approach to a higher number
of individuals of different populations would be useful.
Oscarella lobularis, like all other sponges, lacks gonads
as well as germ cell lineage (reviewed in Ereskovsky 2010;
Leys and Ereskovsky 2006; Simpson 1984). In this context,
gametes form by transdifferentiation from somatic cells with
stemness properties. In O. lobularis, both oocytes and sper-
matocysts are formed by the transdifferentiation of somatic
cells involved in filtration, the choanocytes (Ereskovsky
2010; Gaino et al. 1986a; Gaino et al. 1986¢). It has been
shown that 11 genes of the germline multipotency program
(GMP) are expressed during both the spermatogenesis and
oogenesis of O. lobularis, suggesting that the RNAs and pro-
teins encoded by these genes are involved in gametogenesis,
as described in bilaterians (Fierro-Constain et al. 2017).
Concerning spermatogenesis, all choanocytes of the same
choanocyte chamber transdifferentiate into sperm cells, and
the previous choanocyte chamber becomes a spermatocyst
(Figure 5.2b). Not all choanocyte chambers are concerned
in the same individual, enabling the reproductive adult to
continue filter feeding. Spermatocysts (size ranging from 50
to 150 pym) are randomly distributed in mesohyl and pro-
duce several asynchronous generations of male germ cells.
Spermatogonia derive directly from choanocytes and will
develop to produce spermatozoa by a process of centripetal
differentiation, as in many other animals. During this pro-
cess, spermatogonia lose morphological characteristics and
histological attributes of the choanocytes (Ereskovsky 2010;
Ereskovsky et al. 2013a). Spermatozoa harbor a long flagella

(c) Embryogenesis

S

Pre-larva

FIGURE 5.2 (A) Developmental stages from the release of free-buds to a settled juvenile (Rocher et al. 2020). Scale bars represent
500 um (stage 1 to 4). Blue and yellow arrows indicate, respectively, outgrowths and osculum. (b) The three modes of reproduction of
Oscarella lobularis during a year: asexual reproduction by fragmentation (scale bar: 1 cm) or budding (scale bar: 1 mm) and sexual
reproduction: oogenesis (scale bar: 50 pm); spermatogenesis (scale bar: 25 um); embryogenesis (scale bar: 1 mm). Swimming larva scale
bar: 150 um. Free bud scale bar: 200 um. (c) Developmental stages occurring in the adult tissues from the zygote (resulting from internal
fertilization) to the cinctoblastula pre-larva. Scale bar represents 200 pm. (1): Four-cell stage; (2): morula stage; (3): coeloblastula stage;
(4): cinctoblastula pre-larva. Scale bars represent 50 pm (Stages 1 to 4).
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and a slightly elongated head with an acrosome and a large
mitochondrion (Ereskovsky 2010; Ereskovsky et al. 2013a;
Gaino et al. 1986a). Spermatozoa are released into the sur-
rounding water by the oscula via the exhalant canals.

Concerning oogenesis, a few choanocytes migrate into
the mesohyl and transdifferentiate into oocytes (Figure
5.2b). The size of the young spherical oocyte corresponds
to the size of one choanocyte (7-10 pm) without flagel-
lum, microvilli and basal filopodia. This size increases
significantly during vitellogenesis, although the final size
of a mature oocyte is different, according to the authors
(Ereskovsky 2010; Ereskovsky et al. 2013a; Fierro-Constain
2016). In this species, the great amount of vitellus (poly-
lecithal eggs), uniformly distributed in the ooplasm (iso-
lecithal), is produced by endogenous synthesis (Ereskovsky
2010; Ereskovsky et al. 2009b; Gaino et al. 1986b), unlike
the other sponges with polylecithal oocytes in which vitel-
logenesis occurs by phagocytosis of somatic cells and/or
bacteria (Maldonado and Riesgo 2008). Mature oocytes,
located in the basal zone of the choanosome, are enclosed by
endopinacoderm to form a so-called follicle. Before the clo-
sure of the follicle, maternal symbiotic bacteria and several
maternal cells penetrate in the space between the oocyte and
the follicle (Ereskovsky and Boury-Esnault 2002). Vertical
transmission of symbionts from embryo to juvenile has been
well documented in sponges (Boury-Esnault et al. 2003;
Ereskovsky 2010; Ereskovsky and Boury-Esnault 2002;
Ereskovsky et al. 2007; Ereskovsky et al. 2009b). Moreover,
the penetration of maternal vacuolar cells inside of follicles
was described in many investigated sponge species from the
classes Demospongiae, Calcarea and Homoscleromorpha
(Ereskovsky 2010). The oocytes remain in the adult tissue,
meaning that O. lobularis performs internal fertilization. As
fertilization per se has never been observed in this species,
it is unknown whether it relies upon a carrier-cell system, as
described in Calcaronea species (first described by Gatenby
in 1920; reviewed in Ereskovsky 2010).

5.4 EMBRYOGENESIS

5.4.1 CLEAVAGE AND FORMATION OF COELOBLASTULA

Like many sponge species described so far, Oscarella lobu-
laris undergoes indirect development (Ereskovsky 2010).
Additionally, as a direct consequence of internal fertiliza-
tion, O. lobularis is a “brooding” sponge. This means that
the development from a zygote to a fully developed larva
(cinctoblastula) occurs within the adult tissue (Figure 5.2¢):
swimming larvae are then released in the surrounding water
(Figure 5.2b).

The embryonic development of O. lobularis is similar
to other species of the genus Oscarella. The main steps
of this embryonic development have been described so
far only by classical histological approaches on fixed indi-
viduals (Ereskovsky 2010; Ereskovsky and Boury-Esnault
2002; Ereskovsky et al. 2009b; Ereskovsky et al. 2013a;
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Ereskovsky et al. 2013b; Leys and Ereskovsky 2006). As
in all Metazoa, the first developmental step consists of the
cleavage of the zygote. The zygote being isolecithal (see
previous section on oogenesis), this cleavage is holoblastic.
The first two divisions (until the four-cell stage; Figure 5.2c)
are equal and synchronous. Then the cleavage becomes
irregular and asynchronous from the third division. After
six divisions, the morula stage is reached: the morula is
composed of 64 undifferentiated blastomeres (Ereskovsky
and Boury-Esnault 2002; Ereskovsky et al. 2013a; Leys and
Ereskovsky 2006) (Figure 5.2¢c). As cleavage progresses, the
blastomeres reduce in size, and the volume of the embryo
remains unchanged.

From the 64-cell morula stage, the blastomeres at the
surface of the morula divide more actively, while inter-
nal blastomeres migrate to the periphery of the embryo
through a process of multipolar egression (Ereskovsky 2010;
Ereskovsky and Boury-Esnault 2002; Ereskovsky et al.
2013a; Leys and Ereskovsky 2006) to form a monolayered
coeloblastula with a central cavity (Figure 5.2c). This cen-
tral cavity has been described as containing the maternal
symbiotic bacteria and maternal vacuolar cells (see previ-
ous section on oogenesis). The role and fate of these latter
have not been explored and will have to be with modern
molecular and cellular tools (Boury-Esnault et al. 2003;
Ereskovsky and Boury-Esnault 2002; Ereskovsky et al.
2007; Ereskovsky et al. 2013a), but they seem to degenerate
during metamorphosis of the larvae (personal observations).

Unlike in the three other sponge classes, the coeloblas-
tula of Oscarella exhibits a monolayer columnar epithelium.
This epithelium fits all classical criteria of the definition
of epithelia in Bilaterians (Ereskovsky et al. 2009b; Leys
and Riesgo 2012; Leys et al. 2009; Tyler 2003; Renard et al.
2021). i) Cells are highly polarized: cilia develop at the api-
cal cell pole; ii) cells are tightened by specialized intercel-
lular junctions, similar to adherens junctions, in the apical
domain; and iii) cells are lined at their basal pole by a base-
ment membrane consisting of collagen I'V (Boute et al. 1996;
Ereskovsky and Boury-Esnault 2002; Boury-Esnault et al.
2003). The establishment of this columnar epithelium at the
coeloblastula stage is the first sign of cellular differentia-
tion processes. Note that, even if the term “coeloblastula”
was used in the literature because of the presence of a cen-
tral cavity, this organization is not the result of the same
processes (cleavage only) as in other metazoans (Boury-
Esnault et al. 2003; Brusca and Brusca 2003; Ereskovsky
2010; Ereskovsky and Boury-Esnault 2002; Ereskovsky
and Dondua 2006; Leys 2004; Leys and Ereskovsky 2006;
Maldonado and Riesgo 2008; Worheide et al. 2012). For this
reason, some authors prefer the use of the term “prelarva” or
“cinctoblastula prelarva” (Ereskovsky 2010). Unfortunately,
this complex terminology makes comparison with other
metazoans very difficult, and none of the embryological
descriptions of embryological development available so far
in sponges are based on live observations and cell tracking
experiments.
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5.4.2 MORPHOGENESIS OF THE CINCTOBLASTULA
LARVA AND LARVAL METAMORPHOSIS

Cells continue to divide, thus increasing the cell surface
area. Because of the limited space in the follicle, the external
epithelium becomes folded (Figure 5.2c). The central cavity
is progressively filled by collagen fibrils, and a pronounced
antero-posterior polarity is acquired: the ciliated cells
contain various cytoplasmic inclusions and present a vari-
able nucleus position according to their position along the
anterior—posterior axis, unlike in coeloblastula larva of other
sponges (Boury-Esnault et al. 2003; Ereskovsky 2010; Leys
and Ereskovsky 2006). The cellular mechanisms by which
pre-cinctoblastula larvae are transferred from the mesohyl
to the exhalant canal was described in Boury-Esnault et al.
(2003) and involves a fusion between the endopinacoderm
forming the follicles and the endopinacoderm lining the
canals. Finally, a free-swimming cinctoblastula larva is
released from the adult sponge through the exhalant canals
and the osculum. Larvae are uniformly flagellated (despite
the presence of few scattered non-ciliated cells) and pres-
ent a polarity: the anterior pole is larger than the posterior
one, and the posterior pole is pigmented (pink pigments in
O. lobularis) and rich in symbiotic bacteria and maternal
vacuolar cells in the central cavity. The pigments are prob-
ably involved in the observed larval phototaxis behavior, as
evidenced in the demosponge Amphimedon queenslandica
(Degnan et al. 2015; Leys and Degnan 2001; Rivera et al.
2012).

The larva can swim in the water column for several days
before settlement. The larva attaches to the substrate by the
anterior pole thanks to mucus secretion, then undergoes
metamorphosis (Figure 5.3a). Therefore, the A/P axis of
the larva corresponds to the baso-apical axis of the juvenile
sponge.

During metamorphosis, the larva undergoes radical mor-
phological and physiological changes. The metamorphosis
of the larva represents a second phase of reorganization of
cell layers and corresponds to the acquisition of the typi-
cal sponge bauplan with a functional aquiferous system.
The formation of the two main epithelial layers, namely the
pinacoderm and the choanoderm, occurs through the trans-
differentiation of the larval epithelium (fully detailed in
Ereskovsky 2010; Ereskovsky et al. 2007; Ereskovsky et al.
2010).

The steps of larval metamorphosis have been described
as variable and independent of environmental factors
(Ereskovsky et al. 2007). However, the origin of this poly-
phenism is unknown. In most cases, the metamorphosis of
O. lobularis larvae begins by a basal invagination (Figure
5.3a). In parallel to this invagination, several lateral cells
ingress into the cavity. The lateral then sides fold up with the
subsequent involution of marginal sides. At this stage, the
future juvenile is composed of two cell layers, an external
layer, from which the future exopinacoderm will originate,
and an internal layer. The cells of this internal layer become
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flat, thereby increasing the tissue surface, which itself results
in folding. This inner folded epithelium gives rise to the
aquiferous system: the endopinacoderm is derived from the
proximal parts of the internal cell layer, while the choano-
cyte chambers develop from distal parts of the internal folds
(Figure 5.3a). The inhalant pores, ostia, and the exhalant
pores, osculum, are formed secondarily. A settled filtering
juvenile is finally formed, usually called a “rhagon”.

5.4.3 MoLecULAR CONTROL OF DEVELOPMENT

The molecular mechanisms controlling the previously
described developmental events are still unknown. As
sexual reproduction occurs only once a year and embryos
are not observed every year in sampled adults, and further-
more the embryos are intimately embedded in the adult tis-
sues, their dissection and manipulation are rather tricky.
Therefore, only two studies so far report gene expression
patterns during embryogenesis. Due to the key role of the
WNT pathway in axial patterning across the animal king-
dom, several studies have investigated the pattern of Wnrt
gene expression during sponge development or during other
morphogenetic processes (Adamska 2016; Adamska et al.
2007; Adamska et al. 2010; Adamska et al. 2011; Borisenko
et al. 2016; Degnan et al. 2015; Lanna 2015; Leininger et al.
2014; Richards and Degnan 2009). In Oscarella lobularis,
nine Wnt genes were found, as well as their target genes
(Lapébie et al. 2009; Schenkelaars 2015). Even though
most Wnts and Fzds genes are uniformly expressed during
early stages of embryogenesis without apparent gradient or
asymmetry, one Wnt gene is clearly localized at one pole of
the embryos before any morphological polarity is observed
(Schenkelaars 2015). This latter observation is in agreement
with results obtained in other sponge lineages (Calcarea
and Demospongiae), where WNT ligands and downstream
genes are expressed in the posterior region of the embryos or
larvae (Adamska 2016; Adamska et al. 2007; Adamska et al.
2010; Borisenko et al. 2016; Degnan et al. 2015; Leininger
et al. 2014). These expression patterns tend to support a
putative involvement of WNT pathways in patterning of the
major sponge body axis. In addition, Fierro-Constain et al.
(2017) showed that 11 genes of the GMP are expressed dur-
ing embryogenesis (including the most famous piwi, vasa,
nanos, Pl10 genes). This finding agrees with observations in
other animals. Interestingly, among these genes, nanos har-
bors a highly polarized pattern in the prelarva: with a much
higher expression level at the anterior pole. Such a polarized
pattern was also observed in the calcarean sponge Sycon cil-
iatum (Leininger et al. 2014) and in other metazoans, but the
role of this gene in axis patterning is unclear (Kanska and
Frank 2013).

5.5 ANATOMY

As previously explained, developmental processes follow-
ing both sexual and asexual (by budding) reproduction result
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(a) Larval metamorphosis

Posterior Pole

Basal Pole

(b) Anatomy

Type II vacuolar cell / Type I vacuolar cell
Archeocyte

FIGURE 5.3 (a) Schematic of the steps occurring during the metamorphosis process from the free cinctoblastula larva to the settled
juvenile (rhagon). The cells of the posterior pole and the posterio-lateral cells are indicated in black and dark gray. The cells of the ante-
rior pole and the anterio-lateral cells are indicated in light gray and white. (b) Anatomy of Oscarella lobularis at the adult stage observed
on scanning electron microscopy (SEM) sections: respective position of the mesohyl and the main parts of the aquiferous system and of
the different cell types. Scale bar represents 43 pm. Scale bars: 8.6 um (1); 5 pm (2); 7.5 pm (3); 13.6 um (4); 4.3 pm (5, 6). Cc: choanocyte
chamber; Ec: exhalant canal; Enp: endopinacoderm; Exp: exopinacoderm; Ic: inhalant canal; M: mesohyl; Os: ostium.
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in the formation of sessile juveniles of Oscarella lobularis
with a clear baso-apical polarity and a simple but functional
aquiferous system. Juveniles differ in size (small, about 2
mm in length and height), color (whitish) and shape (more
or less conic instead of asymmetric and multilobated)
compared to adults but harbor the same main features as
observed at the adult stage (Figure 5.3b).

As is the case for all other sponges, whatever their class,
the adult stage of O. lobularis is devoid of organs, with no
neuron, no muscle and no digestive cavity. O. lobularis
adults, like most other sponges (except in the case of carniv-
orous demosponges; Vacelet and Boury-Esnault 1995) are
sessile filter-feeders organized around a circulatory aquif-
erous system with a sylleibid organization (Figure 5.3b).
Water flow enters through the incurrent or inhalant pores,
named ostia, and is transported via the inhalant canals to
the choanocyte chambers. In the choanocyte chambers, the
beating of choanocyte flagella is responsible for the internal
water flow, and the apical microvilli collar of choanocytes
capture unicellular organisms. Trapped food particles are
then phagocytized by choanocytes. The filtered water leaves
choanocyte chambers via exhalant or excurrent canals and
finally exits from the sponge by a large exhalant tube named
the osculum.

The tissues of Oscarella lobularis consist of two epi-
thelial cell layers: the pinacoderm and the choanoderm.
These two layers rest on a basement membrane composed
of type IV collagen (and probably of tenascin and laminin
as well, as suggested in the sister species O. tuberculata;
Humbert-David and Garrone 1993), and the epithelial cells
are connected by junctions histologically similar to adher-
ens junctions, like in the larvae (Boury-Esnault et al. 2003;
Boute et al. 1996; Ereskovsky 2010; Ereskovsky et al. 2007,
Ereskovsky et al. 2009b; Leys and Riesgo 2012; Leys et al.
2009) and like in buds (Rocher et al. 2020). Between these
two epithelial layers, there is a loose mesenchymal layer, the
mesohyl.

5.5.1 THE PINACODERM

In Oscarella lobularis, the pinacoderm is composed of
pinacocytes organized in a monolayered squamous cili-
ated epithelium (Figure 5.3b). This epithelium is covered
by glycocalyx and mucus layers secreted by pinacocytes.
Depending on their localization, different types of pinaco-
cytes are distinguished: the endopinacocytes line all inhal-
ant and exhalant canals, the exopinacocytes compose the
outermost layer of the body and the basopinacocytes are
involved in the attachment to the substratum. According to
the previously described embryology of this species, basopi-
nacoderm and exopinacoderm originate from the same
external layer of the rhagon, whereas endopinacoderm origi-
nate from the inner one.

In adults, no study has examined whether the pinaco-
cyte cilia are motile or non-motile; in contrast, the beat-
ing of exopinacocyte cilia has been evidenced at the bud
stage (Rocher et al. 2020). The authors demonstrate that a
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directional flow of particles (microfluorescent beads in that
case) on the surface of the body is directly correlated with
the exopinacocyte cilia beating. Indeed, a nocodazole treat-
ment, well known to be a microtubule inhibitor, stops both
cilia beating and the bead flow. We can extrapolate that a
similar process acts at the adult stage and that the direc-
tional flow of particles (probably trapped by the external
mucus) may help their convergence to the ostia and hence
their absorption in the aquiferous system. Such a mechanism
is akin to the ciliary-mucoid feeding process described in
other suspension feeder animals (Riisgard and Larsen 2017).
This hypothesis still remains to be tested by live physiologi-
cal experiments.

5.5.2 THE CHOANODERM

In Oscarella lobularis, as in other sponges with leuconoid or
sylleibid aquiferous systems, the choanoderm is organized
in a multitude of hollow spheres named choanocyte cham-
bers (Figure 5.3b). The choanoderm is formed by a cell type,
the choanocyte, the key player of water filtration thanks to
its typical microvilli collar and flagellum (whose orthology
with choanoflagellate cells has been debated; Adamska 2016;
Brunet and King 2017; Colgren and Nichols 2019; Dunn et
al. 2015; King 2004; Laundon et al. 2019; Mabh et al. 2014;
Maldonado 2004; Nielsen 2008; Pozdnyakov et al. 2017;
Sogabe et al. 2019). Like the pinacoderm, the choanoderm
is a monolayered epithelium. In contrast to pinacocytes,
choanocytes are conic cells. The filtering activity has been
shown to be an active process in the bud, based on flagella
beating, the arrest of beating (by nocodazole) resulting in
the absence of particle absorption (Rocher et al. 2020). This
observation is easily transposable to the adult stage because
of previous studies in other sponges (Leys and Hill 2012;
Leys et al. 2011; Ludeman et al. 2017). As in demosponges,
choanocytes, even though they are a highly specialized cell
type, have stemness properties: dividing activity, expres-
sion of GMP genes and capability of transdifferentiation
into other cell types (Ali€ et al. 2015; Borisenko et al. 2015;
Fierro-Constain et al. 2017; Funayama 2013; Funayama
2018; Funayama et al. 2010; Sogabe et al. 2016).

The choanocyte chambers have large openings (eurypy-
lous choanocyte chambers), and the opening toward exhal-
ant canals is surrounded by a particular type of cell, named
apopylar cells, which harbors an intermediate morphology
between endopinacocytes and choanocytes. This cell type
has been supposed to play an important role in controlling
water flow in the aquiferous system (Hammel and Nickel
2014; Leys and Hill 2012).

5.5.3 THE MESOHYL

The mesohyl is a mesenchymal layer. It is the inner part
of the sponge body, never in direct contact with the water
flow. Extracellular matrix is the main component of this
layer. Extracellular bacteria are found in this internal com-
partment. Studies carried out by transmission electronic
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microscopy (TEM), by denaturating gradient gel electro-
phoresis (DGGE) or by 16S sequencing have shown that
O. lobularis is a low microbial abundance (LMA) sponge
(Gloeckner et al. 2013; Vishnyakov and Ereskovsky 2009). Its
phylum-level microbial diversity is represented by three bac-
terial phyla with a large dominance (76%) of Proteobacteria.
Phylogenetic analysis revealed four sequences affiliated
with Verrucomicrobia, three with Gammaproteobacteria
and two sequences with Bacteroidetes, and the 16 remain-
ing sequences were affiliated with Alphaproteobacteria.
Moreover, microbial diversity is neither significantly dif-
ferent between color morphs nor between individuals of
different locations or depths (Gerge et al. 2011; Gloeckner
et al. 2013). More recently, metagenomic analyses sug-
gest that the main bacterial symbiot of O. lobularis is an
Alphaproteobacteria of the Rhodobacteriaceae family. This
new species was named Candidatus Rhodobacter lobu-
laris, it is about 20-fold more numerous than sponge cells in
the mesohyl and its draft genome is available (Jourda et al.
2015). Even though no physiological studies have yet been
performed to identify the mutual benefits of this association,
members of the Rhodobacter group often perform aerobic
anoxygenic photoheterotrophy (Labrenz et al. 2009; Pohlner
et al. 2019; Sorokin et al. 2005); we therefore suggest that
hosting such Rhodobacter species may supply O. lobularis
with carbon.

In addition, several sponge cell types are present in the
mesohyl (Figure 5.3b). Classically, photonic and electronic
observations have defined two cell types: type I vacuolar
and type II vacuolar (Boury-Esnault et al. 1992; Ereskovsky
et al. 2009b). Type I vacuolar cells are characterized by two
to four large empty vacuoles and a small nucleus placed lat-
erally, and their role is unknown. Type II vacuolar cells are
amoeboid cells with numerous filopodia, numerous small
vacuoles and a large nucleus with a nucleolus. Because
of these cytological features and the fact that these cells
express 11 genes of the GMP program, they were supposed
to correspond to what are defined as archaeocytes in other
sponges (Fierro-Constain et al. 2017). Comparative single-
cell transcriptomic data are now awaited to establish homol-
ogy between cell types between sponge species and to make
clearer the sponge cell type terminology only based on cell
morphology (De Vos et al. 1991; Musser et al. 2019; Rocher
et al. 2020; Sogabe et al. 2019). Interestingly, the use of
scanning electron microscopy and immunofluorescent tech-
niques resulted in the identification of at least one additional
cell type in the mesohyl of O. lobularis bud: a third vacuolar
cell type (Rocher et al. 2020). Additionally, numerous, pre-
viously undescribed, tiny anucleate cell-like structures were
interpreted as apoptotic extracellular vesicles (EVs) (Rocher
et al. 2020). Because buds originate directly from adult tis-
sues (see previous sections), we do not believe that these type
III vacuolar cells and EVs are bud specific but rather that they
were not observed on adults until now because of technical
limitations. These recent findings highlight the subjectivity
of cell type definition, and again, much is expected from
ongoing single cell transcriptomic approaches to define cell
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types on the basis of a shared regulatory network (Arendt
et al. 2016).

5.6 TRANSCRIPTOMIC AND GENOMIC DATA

Since the first genome of the demosponge Amphimedon
queenslandica was published (Srivastava et al. 2010), sponge
genomic resources have significantly increased (for review,
see Renard et al. 2018 and references included, plus Kenny
et al. 2020). These data revealed that sponges have a genome
size and number of genes comparable to those of most inver-
tebrates. In addition, these studies indicate striking genome
feature differences between sponge species even within the
same class: differences in predicted genome size (from 57 to
357 Mb) in agreement with very variable DNA content evi-
denced by old cytogenetic approaches; differences in ploidy
(diploidy or probable tetraploidy in Calcarea), amount and
length of non-coding regions and genes present, among others
(Kenny et al. 2020; Renard et al. 2018; Santini et al. in prep).

Concerning Oscarella lobularis, a genome draft was
sequenced with illumina technology (Belahbib et al. 2018);
ongoing additional sequencing efforts are expected to
improve the assembly of this genome in a near future. At
present, the predicted length of the genome of O. lobularis
is 52.34 Mb (Belahbib et al. 2018); this is even smaller than
what was predicted for O. pearsei (57.7 Mb; Nichols et al.
2006). If confirmed when a better assembly is obtained,
this genome would represent the smallest sponge genome
reported so far. This genome is predicted to contain 17,885
protein-coding genes (Belahbib et al. 2018). This is surpris-
ingly low compared to demosponges: Ephydatia muelleri
is supposed to harbor 39,245 protein-coding genes (Kenny
etal.2020), Amphimedon queenslandica 40,122 (Fernandez-
Valverde et al. 2015) and Tethya wilhelma 37,416 (Francis
et al. 2017). We are expecting a better genome assembly for
both O. pearsei and O. lobularis in order to be able to deci-
pher whether these small genome sizes and low numbers of
genes are due to sequencing pitfalls or represent a common
feature of Oscarellidae genomes.

To date, only one study has used this genomic data to
compare epithelial genes of O. lobularis to other sponges
(Belahbib et al. 2018). All other comparative molecu-
lar studies published so far were either based on PCR
approaches (Gazave et al. 2008; Lapébie et al. 2009) or on
transcriptomic data obtained by 454 sequencing technol-
ogy performed on a mixture of developmental stages (adult,
embryos and larvae) to maximize the representativity of this
transcriptome (Fierro-Constain et al. 2017; Schenkelaars
et al. 2015; Schenkelaars et al. 2016a).

These transcriptomic and genomic studies published thus
far have focused on genes involved in epithelial functions, in
Notch and WNT signaling and genes pertaining to the GMP.
As far as the GMP and the canonical WNT pathways are
concerned, genes present in O. lobularis are not different
from what is found in other sponge classes (Fierro-Constain
et al. 2017; Lapebie 2010; Lapébie et al. 2009; Schenkelaars
2015; Schenkelaars et al. 2015). When comparisons are
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made at the level of gene content only, O. lobularis, like all
other sponges, possesses all nine genes coding for proteins
involved in the establishment of the CRUMBS, PAR and
SCRIBBLE complexes of bilaterians needed to establish cell
polarity, as well as all three genes encoding proteins needed
to establish the cadherin-catenin complex (CCC) required for
the formation of adherens junctions (namely alpha, beta and
delta catenins as well as classical cadherin) (Belahbib et al.
2018). However, key functional domains and motif sequences
are amazingly more conserved in O. lobularis than they are
in other sponge classes. For example, PatJ protein (one of the
three components of the crumbs polarity complex containing
Crumbs, MPP5 and PatJ) binds MPP5 via the L27 domain:
The L27 domain sequence is more conserved in O. lobularis
compared to the other sponges (Belahbib et al. 2018). It is the
same for cadherin/B-catenin/a-catenin complex. The com-
parison of the E-cadherin cytoplasmic tail, which contains
the conserved specific binding domain for delta-catenin and
[B-catenin, is more conserved in O. lobularis than in other
sponges relative to bilaterian sequences (Belahbib et al. 2018).

Concerning pathways commonly involved in epithelial
patterning, it was shown that O. lobularis possesses all
the core gene encoding for proteins needed to establish a
planar cell polarity (PCP) pathway. Indeed, Strabismus
(Stbm)/Van Gogh (Vang), Flamingo (Fmi), Prickle (Pk),
Dishevelled (Dsh) and frizzled (Fzd) proteins are present in
O. lobularis (Schenkelaars 2015; Schenkelaars et al. 2016a),
whereas other sponges lack either one or several members
of this pathway (Fmi, Fzd and/or Vang) (Schenkelaars 2015;
Schenkelaars et al. 2016a) (Figure 5.4a). This finding chal-
lenged previous studies in Ctenophora and Porifera suggest-
ing that the PCP pathway arose in the last common ancestor
of Parahoxozoa (Bilateria, Cnidaria and Placozoa) (Adamska
et al. 2010; Ryan et al. 2013), meaning that the PCP pathway
may date back to the emergence of Metazoa. This unex-
pected result calls for functional studies in O. lobularis: Is
this pathway involved in the coordination and orientation
of exopinacocyte cilia (Figure 5.4b and c) in the same way
it is in other animals (Devenport 2014; Schenkelaars et al.
2016a; Wallingford 2010)?

Other key genes considered absent in other sponge
classes are present in O. lobularis. This is notably the case
for the Hes gene belonging to group E bHLH transcrip-
tion factors. To date, only Hey genes have been reported
in Demospongiae and Calcarea (Fortunato et al. 2016;
Simionato et al. 2007; Srivastava et al. 2010); in contrast,
O. pearsei and O. lobularis possess bona fide Hes (Gazave
2010; Gazave et al. 2014) (Figure 5.4d). This means that this
gene was ancestrally present in the last common ancestor of
Porifera and was lost in other sponge classes. This finding
offers additional possibilities to test the respective roles of
canonical and non-canonical Notch signaling pathways in
Metazoa and notably to explore the role of Notch signaling
in animals devoid of neurons (Layden et al. 2013).

Despite a lack of neurons and conventional neurotrans-
mitters, sponges perceive and respond to a large range of
stimuli. In animals, Glutamate is the principal excitatory
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neurotransmitter in the central nervous system. All sponges
have a number of metabotropic glutamate (mGlu) and
GABA receptors, suggesting that glutamatergic signaling
is common in sponges (Leys et al. 2019). In contrast, the
ionotropic glutamate receptor iGluR gene is found only in
calcareous sponges and homoscleromorphs (Figure 5.4e)
(Ramos-Vicente et al. 2018; Renard et al. 2018; Stroebel
and Paoletti 2020). However, the localization and function
of these receptors remain to be identified in these animals
devoid of neurons and synapses.

Much remains to explore in the transcriptome and
genome of O. lobularis; nevertheless, according to the pres-
ent knowledge, compared to other sponge classes, the homo-
scleromorph sponges O. pearsei and O. lobularis seem to
exhibit the most complete and conserved bilaterian gene
repertoire (Babonis and Martindale 2017; Fortunato et al.
2015; Gazave et al. 2014; Renard et al. 2018; Riesgo et al.
2014; Schenkelaars et al. 2016a).

5.7 FUNCTIONAL APPROACHES: TOOLS FOR
MOLECULAR AND CELLULAR ANALYSES

5.7.1 DEeVELOPMENTAL AND NON-DEVELOPMENTAL

MORPHOGENETIC CONTEXTS ACCESSIBLE

Embryos and larvae are accessible only once a year between
August and October, and the reproductive effort is vari-
able from one population to another and from one year to
another (Ereskovsky et al. 2013a). Therefore, because sexual
reproduction cannot be triggered in the laboratory, so far,
the access to embryonic developmental processes remains
very limited.

To compensate for this difficulty, experimental protocols
were designed to access non-developmental morphogenetic
processes (Table 5.2). Wound healing experiments have
already been successfully used at the adult stage (Ereskovsky
et al. 2015; Fierro-Constain et al. 2017); wound-healing
and regenerative experiments are now also mastered at the
bud stage: stage 3 with osculum regenerates an osculum in
less than four days (Rocher et al. 2020); cell-dissociation/
reaggregation experiments resulting in neo-epithelialized
primmorphs (in less than three days) can be performed
both on adults (unpublished data) and on buds (Rocher et al.
2020; Vernale et al. in press).

5.7.2 PoLYMERASE CHAIN REACTION AND RELATIVES

As in the case of other sponge species studied for evo-devo
purposes, the first molecular studies undergone on Oscarella
lobularis were performed using the polymerase chain reac-
tion (PCR) technique. This resulted in the description of
the phylogenetic relationships among Homoscleromorpha
(described in the first section), including O. lobularis
(Borchiellini et al. 2004; Gazave et al. 2010; Gazave et
al. 2012; Gazave et al. 2013). The main pitfall faced dur-
ing this simple classical PCR/cloning/sequencing was at
the step of DNA extraction. For O. lobularis, as for other
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ented beating of the cilia on the exopinacoderm was evidenced at the bud stage thanks to the monitoring of fluorescent beads. Scale bar:
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in the Oscarella genus only. (e) The ionotropic Glutamate receptors (i

GluR) are split into four families (in Metazoa): the Glu L family is

sponge specific, the Glu E family gathers all ctenophore iGluRs and genes present in cnidarians and deuterostomes and GluN genes are
characterized in ctenophores and sponges but are found in all cnidarians and bilaterians, whereas the Glu AKD family is present from

sponges to vertebrates (except ctenophores). Among sponge classe
([a] Schenkelaars et al. 2016a; [c] Rocher et al. 2020; [d] Fortunato et a
Gazave et al. 2014; Simionato et al. 2007; [e] Stroebel and Paoletti 20

Oscarella species, ethanol preservation of samples resulted
in improving PCR results, probably by limiting the presence
of pigments and secondary metabolites (Boury-Esnault et al.
2013; IvaniSevi¢ et al. 2011) in the tissues that might inter-
fere with the PCR.

In parallel, a degenerated primer approach was used
to search for sequences of homeobox genes encoding for
transcription factors of the antennapedia (ANTP) class.
This approach failed to retrieve the famous hox genes, as
in other sponges, but NK-related genes were characterized
(Gazave et al. 2008). Because of the usually high sequence
divergence between sponge and bilaterian sequences, this
PCR-based approach had low efficiency. The acquisition

s, Homoscleromorpha and Calcarea only have iGluR receptors.
1. 2016; Gazave 2010; Gazave and Renard 2010; Gazave et al. 2009;
20.)

of expression sequence tag (EST) libraries (Lapébie et al.
2009; Philippe et al. 2009) and of a 454 transcriptome effec-
tively made finding a candidate gene much easier (Fierro-
Constain 2016; Gazave 2010; Lapebie 2010; Schenkelaars
2015). As far as PCR techniques are concerned, real-time
PCR (or quantitative RTPCR [RT for reverse transcription])
was launched more recently, thereby providing the possibil-
ity of studying the expression of several genes in various
conditions (Fierro-Constain et al. 2017). For this sponge
species, the mitochondrial gene Cytochrome Oxidase sub-
unit 1 (CO I) and the nuclear genes Elongation Factor 1
(EFI) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) are effective reference genes, because they have



Oscarella lobularis

stable expression during their life cycle (Fierro-Constain et
al. 2017) but also under contaminant exposure conditions (de
Pao Mendonca, unpublished data).

5.7.3 IN Situ HYBRIDIZATION

The in situ hybridization (ISH) technique is also mastered
in Oscarella lobularis, thereby allowing access to qualita-
tive data (localization) in addition to quantitative expres-
sion gene information provided by the previously mentioned
real-time PCR. The first ISH data were acquired in 2008
(Gazave et al. 2008; Lapébie et al. 2009), and the proto-
col was subsequently improved (Fierro-Constain et al.
2017; Fierro-Constain et al. 2021). The ISH can be per-
formed at all stages (adult, bud, larvae) on sections or in
whole mounts. Fluorescent ISH (FISH) is also in progress
(Priinster, unpublished data). For colorimetric ISH, 5-brom-
4-chloro-3’-indolyphosphate p-toluidine salt/nitro blue tet-
razolium chloride (BCIP/NBT) was successfully used as
a chromogenic phosphatase substrate for the detection of
alkaline phosphatase labeled probes (with better results
than BM-purple, for example). The automating of the whole
mount ISH on an Intavis pro device increased the output and
replicability of the technique (detailed protocols provided in
Fierro-Constain et al. 2021).

5.7.4 FLUORESCENT IMMUNOLOCALIZATION

Fluorescent immunolocalization (IF) can be performed
either on paraffin sections of adults and buds (unpublished
data) or on whole mount on buds thanks to their transparency
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(Rocher et al. 2020) (Table 5.2). Unsurprisingly, the use of
paraffin sections not only takes much longer to achieve
but also can result in losing antigenic reactivity, as often
observed in other tissues (Krenacs et al. 2010); for this rea-
son, most IF experiments are performed on whole mounted
buds or juveniles. The IF protocol used in O. lobularis
buds is a classical one (Rocher et al. 2020; detailed proto-
col provided in Borchiellini et al. 2021). Nevertheless, the
main difficulty faced is the divergence of sponge antigen
sequences relative to vertebrate antigens. Most commer-
cialized antibodies, designed against vertebrate proteins,
are therefore unusable, except for highly conserved pro-
teins. For instance, we successfully used antibodies against
alpha-tubulin (Sigma) and acetylated alpha-tubulin (Sigma),
phospho-histone H3 (Abcam) (Rocher et al. 2020). For other
proteins, specific antibodies were raised against peptides of
interest, for example, against type IV collagen (Rocher et al.
2020; Vernale et al. in press); other specific antibodies are
currently under testing.

5.7.5 CeLL ViaBiLity, CELL APOPTOSIS AND
CeLL PROLIFERATION ASSAYS

During the study of morphogenetic processes or for ecotoxi-
cological purposes, being able to measure and compare cell
viability and cell activity can be useful.

Cell viability/death can be estimated very quickly (a
couple of minutes) in O. lobularis (Table 5.2), on both disso-
ciated cells (see next sections) or whole buds, by using prop-
idium iodide (PI) staining on dead cell nuclei in orange and
fluorescein diacetate (FA) staining on live cell cytoplasm

TABLE 5.2

Tools for Cellular and Molecular Analyses Available in Oscarella lobularis

Resources/Techniques Availability in O. lobularis

Transcriptome X
Mitochondrial genome X
Genome Ip*
Single-cell transcriptome 1p*
PCR, real-time PCR X
In situ hybridization X
Section 1.01 Immunolocalization X

RNA interference
Morpholino

Plasmid expression
Pharmacological approach
Cell proliferation assays
Cell death assays

oKX X

Cell staining methods

>

Wound healing

e

Regeneration
Cell dissociation/reaggreagation X

References

For review Renard et al. (2018)
Gazave et al. (2010)
Belahbib et al. (2018), Renard et al. (2018)

Gazave et al. (2008, 2010, 2013), Fierro-Constain et al. (2017)
Gazave et al. (2008), Lapébie et al. (2009), Fierro-Constain et al. (2017),
Fierro-Constain et al. (2021)

Boute et al. (1996), Rocher et al. (2020)

Rocher et al. (2020)

Rocher et al. (2020)

Rocher et al. (2020)

Lapébie et al. (2009)

Ereskovsky et al. (2015), Rocher et al. (2020)

Rocher et al. (2020)

Ereskovsky et al. (2015), Rocher et al. (2020), Borchiellini et al. (2021)

Ereskovsky et al. (2015), Rocher et al. (2020)
Rocher et al. (2020)
Rocher et al. (2020), Vernale et al. (in press)

* P = in progress
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in green, following Sipkema’s protocol (Rocher et al. 2020;
Sipkema et al. 2004). As for other sponges, Trypan blue
assays were not successful.

TUNEL is a classical method for detecting DNA frag-
mentation, used to quantify apoptotic cells, and EdU tech-
nology is also a classical way to estimate the rate of DNA
synthesis (Gorczyca et al. 1992; Salic and Mitchison 2008).
Both methods are now mastered on buds of O. lobularis, and
EdU assays were also performed successfully on adult sec-
tions during wound healing and on buds of different stages
(Ereskovsky et al. 2015; Rocher et al. 2020; detailed proto-
col in Borchiellini et al. 2021). EAU provides more readable
information than antibodies against Phospho-histone H3
to estimate cell proliferation because of the low rate of cell
division at that stage.

5.7.6  CELL STAINING AND TRACKING

All embryogenetic and morphogenetic processes in O. lobu-
laris were so far described on fixed samples and therefore
on the interpretation of static pictures (Boury-Esnault et al.
2003; Ereskovsky and Boury-Esnault 2002; Ereskovsky
et al. 2007; Ereskovsky et al. 2013a; Ereskovsky et al. 2015;
Rocher et al. 2020). As mentioned in Section 5.4, this type of
description results in an incomplete understanding of events
occurring during the time course of the morphogenetic
process. Therefore, means to stain and track cells are now
under development (Table 5.2). Buds, again, because of their
abundance and transparency, are suitable to test such tech-
niques. In order to monitor epithelial morphogenesis, means
to stain and track choanocytes (choanoderm epithelium) and
pinacocytes (exo- and endopinacoderm epithelia) have been
the subject of research. Choanocytes can be efficiently and
specifically stained by using lipidic markers (CM-Dil dye),
by labeled lectins (PhaE, Gsl 1 for instance) or by using their
capacity of particle phagocytosis (Indian ink or fluorescent
microbeads) (Ereskovsky et al. 2015; Rocher et al. 2020).
Because these are non-toxic staining methods, they allow
cell tracking along the time course of the process for several
hours or days (Indian ink and lectins allow cell tracking after
up to five days) (Ereskovsky et al. 2015; Rocher et al. 2020;
Vernale et al. in press). A short incubation with wheat germ
agglutinin (WGA) was also used to stain exo- and endopi-
nacocytes (Rocher et al. 2020). Unfortunately, at present, no
staining methods are available to stain embryo blastomeres
or bud mesohylar cells. Because of pigmentation, an adult is
much less suitable to perform live cell staining and tracking.

5.7.7 Loss-0OF-FUNCTION APPROACHES

Loss-of-function (LOF) approaches are required to study
gene functions (Weiss et al. 2007; Zimmer et al. 2019). The
first way to interact with gene functions was to use phar-
macological approaches via small-molecule inhibition, but
more recently, other knockdown (morpholino- and RNAi-
mediated methods) and knockout (TALEN- and CRISPR/
Cas9-mediated methods) techniques have been developed
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and are used successfully in various model organisms.
Among Porifera, both pharmacological and RNAi tech-
niques are so far mastered in the demosponge Ephydatia
muellieri only (Hall et al. 2019; Rivera et al. 2011; Rivera
et al. 2013; Schenkelaars et al. 2016b; Schippers et al. 2018;
Windsor Reid and Leys 2010; Windsor Reid et al. 2018;
http://edenrcn.com/protocols/#invertebrate), and a Crispr-
Casl2 approach is recently developed in Geodia (Hesp et al.
2020). In Oscarella lobularis, pharmacological approaches
were performed successfully and allowed to interfere with
WNT signaling (Table 5.2). This approach showed that
WNT signaling is involved in epithelial morphogenetic
processes in O. lobularis, as is the case in other animals
(Lapébie et al. 2009).

More recently, siRNA and morpholino molecules were
efficiently transfected into choanocytes (Rocher et al. 2020).
Nevertheless, to date, there is neither evidence of interfer-
ence efficiency (with transcription and transduction, respec-
tively) nor of phenotypic effect. This is presently the main
challenging objective O. lobularis must reach to become a
bona fide model organism, as is also the case for the famous
marine demosponge Amphimedon queenslandica.

5.8 CHALLENGING QUESTIONS BOTH IN
ACADEMIC AND APPLIED RESEARCH

5.8.1 FINDING NEw BIOACTIVE SECONDARY METABOLITES

The pharmaceutical research field is still searching for new
natural drug candidates. Among marine organisms, marine
sponges represent one of the most important sources of
diverse natural chemicals with potential therapeutic prop-
erties (Ancheeva et al. 2017, Genta-Jouve and Thomas
2012; Rane et al. 2014; Santhanam et al. 2018; Zhang et al.
2017). Indeed, most sponge species synthesize secondary
metabolites, and this is interpreted to play a major role in
these sessile animals as chemical defense against predators,
overgrowth by other organisms and competition for space
(Proksch 1994). Studies aiming to characterize these natural
compounds therefore represent one of the main domains of
applied research performed on sponges. Oscarellidae species
have received less attention for this purpose until recently
(IvaniSevi¢ et al. 2011). Among them, Oscarella species, in
particular O. lobularis, display a high diversity of apolar
compounds (Aiello et al. 1990; Aiello et al. 1991; Cimino
et al. 1975; IvaniSevi¢ et al. 2011). Oscarella species are
the most bioactive species compared to other homosclero-
morph sponges: the EC50 values (measured on crude extract
effect on the metabolism of the bioluminescent bacterium
Vibrio fischeri) range from 36 to 111 pg/mL (61 pg/mL for
O. lobularis). The authors suggest a correlation between the
secondary metabolite diversity and the estimated bioactivity
(IvaniSevi¢ et al. 2011). Lysophospholipids (lyso-PAF and
LPE C20:2) are the major metabolites identified in O. lobu-
laris (also found in its sister species O. tuberculata) (Aiello
et al. 1990; Aiello et al. 1991; Cimino et al. 1975; IvaniSevié¢
et al. 2011). The origins (from sponge cells or bacterial cells)
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of these compounds and their individual bioactive properties
have not been characterized yet.

5.8.2 UNDERSTANDING HOST—SYMBIONT INTERACTIONS

Thanks to molecular techniques, the microbial community
of Oscarella lobularis is now well described (Gloeckner et
al. 2013; Jourda et al. 2015). It has been described that (at
least part of) this microbiont is vertically inherited (from
parent to offspring) both during sexual and asexual repro-
duction (Boury-Esnault et al. 2003; Ereskovsky and Boury-
Esnault 2002; Ereskovsky and Tokina 2007; Ereskovsky et
al. 2007). But, as for many sponges, the exact nature and
mutual benefits of this biotic association are not determined
yet and for now remain hypothetical. Because of recent
findings on the variation of the bacterial community dur-
ing the life cycle in other sponges (Fieth et al. 2016), of
potential metabolic complementarity between bacteria and
the sponge host (Gauthier et al. 2016), evidence of bacteria—
sponge horizontal gene transfers (Conaco et al. 2016) and
now that metagenomic data are acquired for O. lobularis,
we should take advantage of these data to explore by experi-
mental approaches the ecological and physiological roles of
these associations (resource partitioning/supplying between
bacteria and sponge host) but also the potential impact of
the microbial community on the developmental processes of
the sponge as recently observed in marine cnidarians (Tivey
et al. 2020; Ueda et al. 2016).

5.8.3 DECIPHERING THE ORIGIN AND
EvoLuTiON OF METAZOAN EPITHELIA

Epithelia are considered one of the four fundamental tis-
sue types of animals (Edelblum and Turner 2015; Lowe and
Anderson 2015; Yathish and Grace 2018). Epithelia cover
body surfaces, organs and internal cavities, and they are
essential for controlling permeability and selective exchanges
between internal and external environments and between the
different compartments of a body. Epithelia are patterned
at the end of cleavage during embryological development
(Gilbert and Barresi 2018; Tyler 2003) (see Section 5.4).
Epithelia are layers of cells defined by three main histo-
logical features, according to what is observed in bilaterians:
cell polarity, lateral junctions and a basal lamina made of
collagen I'V (Edelblum and Turner 2015; Lowe and Anderson
2015; Tyler 2003; Renard et al. 2021). Until 1996 (Boute et al.
1996), no sponge species were known to possess all three
features; sponges were therefore considered devoid of epi-
thelia. Among sponges, Hexactinellida do not have cell lay-
ers but syncytia instead; Demospongiae and Calcarea have
cell layers with cell polarity, atypical cell junctions but no
basement membrane; in contrast, Homoscleromorpha pos-
sess clear cell polarity, unequivocal adherens-like junctions
and obvious basement membrane. Whereas the cell layers
of demosponges have similar mechanical and physiological
properties like bilaterian epithelia, the epithelia of homo-
scleromorph sponges are the only ones that present similar
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histological features compared to bilaterians (Ereskovsky
2010; Ereskovsky et al. 2009b; Leys and Hill 2012; Leys
and Riesgo 2012; Leys et al. 2009; Renard et al. 2021). For
a while, this “true epithelium” was interpreted as a synapo-
morphy of Homoscleromorpha and Eumetazoa (Borchiellini
et al. 2001; Sperling et al. 2007) and suggested the inclusion
of Homoscleromorpha in the Epitheliozoa lineage (a clade
combining Eumetazoa and Placozoa) (Sperling et al. 2009).
The monophyly of Porifera, now supported by numerous
phylogenomic analyses (Philippe et al. 2009; Pick et al.
2010; Pisani et al. 2015; Redmond et al. 2013; Simion et al.
2017; Thacker et al. 2013; Whelan et al. 2017; Worheide
et al. 2012), means instead that the last common ancestor of
Porifera possessed all three classical features of “typical”
epithelia and that some of these features were secondarily
lost independently in the three other sponge classes.

Interestingly, whether species present all epithelial fea-
tures or not, all sponge classes possess the same set of epithe-
lial genes involved in the establishment of cell polarity and
the composition of adherens junctions (Belahbib et al. 2018;
Renard et al. 2018; Riesgo et al. 2014; Renard et al. 2021).
Similar inconsistency between gene content and histological
features was reported concerning the basal lamina (Fidler
etal. 2017). These findings question the homology of epithelial
features between sponges and other animals: Is polarity con-
trolled by the same three polarity complexes as in bilaterians
(namely Crumbs, Par and Scribble)? Are adherens junctions
described in Homoscleromorpha homologous to bilaterian
adherens junctions (i.e. composed of classical cadherin and
alpha-beta and delta-catenins)? To answer these questions,
complementary molecular and biochemical approaches are
in progress in both O. pearsei and O. lobularis and in par-
allel in demosponges. The first results obtained suggest that
the proteins involved in cell-cell and cell-matrix adhesion
would be the same in demosponges and homoscleromorphs,
in particular vinculin and beta-catenin (Miller et al. 2018;
Mitchell and Nichols 2019; Schippers et al. 2018). To date,
there is no clear information concerning the eventual impli-
cation of classical cadherins in these junctions.

5.8.4 SPONGE GASTRULATION AND THE
ORIGIN OF GERM LAYERS

Despite the true multicellular and metazoan nature of
sponges having been elucidated decades ago (reviewed in
Schenkelaars et al. 2019), there is a longstanding debate in
the spongiologist community on whether sponges gastrulate.
Different points of view compete: i) for some authors, multi-
polar egression leading to the formation of the coeloblastula
during embryogenesis marks the onset of polarization and
regionalization processes, suggesting it may be similar to
gastrulation (Maldonado and Riesgo 2008); ii) others con-
sider that this process differs from gastrulation in that the
resulting embryo apparently consists of one uniform cell
layer and lacks polarity (Ereskovsky 2010; Ereskovsky and
Dondua 2006) and prefer to hypothesize the gastrulation
during larval metamorphosis (reviewed in Ereskovsky 2010;
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Ereskovsky et al. 2013b; Lanna 2015; Leys 2004; Worheide
et al. 2012), when an “inversion of germ layers” results in
the formation of the aquiferous system. In the last case, the
term “inversion” means that external-most larval cells form
the internal-most (“gut-like”) structures of an adult sponge,
namely the aquiferous system.

However, cellular tracking during the larval metamor-
phosis in Amphimedon queenslandica has shown no relation
between larval and juvenile cell layers; the cells of the larvae
do not have specification: all larval cell types are capable of
transdifferentiating into all juvenile cell types (Nakanishi et
al. 2014; Sogabe et al. 2016). This apparent lack of cell layer
and fate determination and stability during metamorphosis
in this sponge argues for an absence of gastrulation. In this
context, the expression of the transcription factor GATA, a
highly conserved eumetazoan endomesodermal marker,
in the inner layer of A. gueenslandica embryos, free lar-
vae and juveniles has been interpreted to provide positional
information to cells (Nakanishi et al. 2014). In contrast, in
Sycon ciliatum, expression of the same marker in embryo/
larva ciliated micromeres (at the origin of adult choanocytes)
and in adult choanoderm has given rise to other conclusions
(Leininger et al. 2014). Indeed, the authors suggest that the
calcareous sponge choanoderm and the bilaterian endoderm
are homologous structures and ciliated choanocytes are germ
layers. Thus, the origin of gastrulation and germ layers is still
controversial (Degnan et al. 2015; Lanna 2015). Yet the reso-
lution of this problem is the key to comparing embryological
stages between sponges and other metazoans and to discuss-
ing germ layer homology between all animal phyla.

As mentioned in the section on embryology and in the
previous section, Oscarella lobularis (like other homo-
scleromorph) presents clear epithelial characteristics, and
all morphogenetic processes (development, regeneration,
budding) are based mainly on epithelial morphogenetic
movements in contrast to demosponges (Boury-Esnault
et al. 2003; Ereskovsky 2010; Ereskovsky and Tokina 2007,
Ereskovsky et al. 2007; Ereskovsky et al. 2009b; Ereskovsky
etal. 2013a; Ereskovsky et al. 2013b; Ereskovsky et al. 2015).
This feature is expected to result in the formation of more
stable cell layers during embryogenesis compared to demo-
sponges (Ereskovsky 2010; Lanna 2015). O. lobularis is thus
an interesting model to answer questions about the homol-
ogy of embryonic morphogenesis (gastrulation) and germ
layers in animals (Degnan et al. 2015; Lanna 2015). The
techniques now available in this sponge species (see Section
5.7 on functional approaches) are highly significant innova-
tions to answer this fundamental question. The main experi-
mental limitation to do so is the difficult and limited access
to embryos and larvae in this species, as sexual reproduction
cannot be triggered in aquaria.
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6.1 HISTORY OF THE MODEL the Trichoplax genome resembles the best living surrogate

More than a century ago, the simplest of all metazoan ani-
mals was discovered in a seawater aquarium and described
as Trichoplax adhaerens (Schulze 1883). This tiny, flattened
animal lacked any kind of symmetry, mouth, gut, nervous
system and extra-cellular matrix and immediately stimu-
lated inspiring discussions on the ancestral morphology of
a hypothetical “urmetazoon” (for overview, see Schierwater
and DeSalle 2007; Schierwater et al. 2016; Schierwater and
DeSalle 2018 and references therein). For more than half
a century, this important animal was completely ignored,
however, because of a wrong claim that Trichoplax was
a larva form of a hydrozoan (see Ender and Schierwater
2003; Schierwater 2005 and references therein). It was the
very tedious and precise work of the German zoologist Karl
Gottlieb Grell which led to the erection of its own phylum
for Trichoplax in 1971 (Grell 1971). Just recently, two more
placozoan species were described, Hoilungia hongkongensis
and Polyplacotoma mediterranea (Eitel et al. 2018; Osigus
etal. 2019). Genetic data suggest the presence of even more—
at least several dozen—placozoan species, which might be
morphologically indistinguishable, that is, cryptic species
(Eitel and Schierwater 2010). A yet-undescribed species, rep-
resented by the haplotype H2 (see e.g. Kamm et al. 2018),
seems to be the most robust placozoan species for culturing
and manipulations in the laboratory, and we use it, for exam-
ple, for gravity research on earth and in space. Most people
prefer to work with the original species, Trichoplax adhae-
rens, which has been the best-studied species, since it harbors
the first characterized genome (Srivastava et al. 2008).
Placozoans diverged early in metazoan history, and their
morphology fits nicely into almost any of the existing urmeta-
zoan hypotheses, no matter if we derive placozoans from
an early benthic gallertoid stage or any pelagic placula or
planula stage (for overview, see Syed and Schierwater 2002;
Schierwater et al. 2009 and references therein). In addition,
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for a metazoan ancestor genome (Srivastava et al. 2008),
and almost all major gene families known from humans are
already present in Trichoplax. Thus, it comes as no surprise
that from comparative morphology to cell physiology and
molecular development to cancer research, Trichoplax has
now been used as a basic model system to answer complex
questions. From the very beginning of placozoan research
and also from modern integration of molecular data, many
evolutionary biologists have seen compelling evidence for
an early branching position of placozoans at the very root
of the metazoan tree of life (e.g. Schierwater et al. 2009;
Schierwater et al. 2016 for references). However, a variety of
molecular trees suggests Porifera as the earliest branching
metazoans (e.g. Philippe et al. 2009; Pick et al. 2010; Simion
et al. 2017).

When we have been sending placozoan cultures to dif-
ferent laboratories worldwide, we have mostly sent benign
Trichoplax adhaerens (the original Grell culture-strain
originating from the Red Sea, haplotype H1 (Figure 6.1);
see Schierwater 2005 for details) or the yet-unnamed haplo-
type H2 (see e.g. Eitel and Schierwater 2010; Schleicherova
et al. 2017, Kamm et al. 2018). For some literature on 7.
adhaerens, it is unclear, however, which species or haplo-
type was actually studied. This is because of the existence
of an estimated number of at least two dozen cryptic placo-
zoan species, which under the microscope all look identical
to T. adhaerens (e.g. Voigt et al. 2004; Eitel and Schierwater
2010; Eitel et al. 2013).

6.2 GEOGRAPHICAL LOCATION

The precise geographical and global distribution of placo-
zoans is difficult to define, since their microscopic size and
fluctuating population densities call for time-intense sam-
pling and microscopy efforts (see Eitel et al. 2013; Voigt
and Eitel 2018). Nonetheless, from available records and
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FIGURE 6.1 Life image of Trichoplax adhaerens. The shown
animal measures about 3 mm in diameter.

mathematical modelling, we conclude that placozoans are
strictly marine (although they show some tolerance to brack-
ish water, Eitel et al. 2013; Eitel et al. 2018) and are found
between 55° northern and 44° southern latitude (Figure 6.2)
(Paknia and Schierwater 2015). Placozoans live in all marine
waters where the lowest water temperature is above 10°C (see
Eitel et al. 2013).

While Trichoplax adhaerens (Hl) is cosmopolitic and
has been repeatedly found in warm oceans (see Eitel et al.
2013), the other two described placozoan species have each
been found at one specific location only, but it remains to be
seen whether these species are endemic (Eitel et al. 2018;
Osigus et al. 2019). In general, there are clear differences
between placozoan clades with respect to global distribu-
tion patterns (Eitel et al. 2013; Voigt and Eitel 2018). But,
as noted before, global sampling records are highly prelimi-
nary, and reports are hard to compare because of different
sampling and identification methods used. The two main
sampling methods, trap-sampling and hard substrate sam-
pling, differ substantially not only with respect to efficiency,
but they also collect different life-cycle stages of placozoans
(Pearse and Voigt 2007; Eitel and Schierwater 2010; Eitel et
al. 2013; Miyazawa and Nakano 2018; Voigt and Eitel 2018):
substrate sampling depends on the presence of a natural bio-
film and mainly collects feeding adult animals, while trap
sampling rather targets the planctonic placozoan swarmer
stages. Thus, trap sampling methods in general shift the
sampling bias toward placozoan species with higher rates of
swarmer formation.

6.3 LIFE CYCLE

The complete life cycle of placozoans remains an unresolved
mystery since the discovery of the first placozoan specimen
in 1883 (Schulze 1883). The typical adult placozoan, that
is, the benthic, disc-shaped (in one case ramified, Osigus
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FIGURE 6.2 Inferred geographic distribution of placozoans based on
habitat modeling predictions. (From Paknia and Schierwater 2015.)
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FIGURE 6.3 Schematic life cycle of placozoans. Vegetative
reproduction in placozoans comprises the process of fission as well
as the budding of mobile swarmer stages. Sexual development has
only been recorded up to the 128-cell-stage of the embryo. (From
Eitel et al. 2011.)

et al. 2019) animal with no symmetry, normally reproduces
by vegetative fission (see Figure 6.3), that is, by dividing
into two—sometimes three—daughter individuals (Schulze
1883; Schulze 1891). Sometimes the vegetative formation of
swarmers from the upper epithelium is seen in laboratory
cultures (e.g. Thiemann and Ruthmann 1988). These pelagic
swarmers are believed to float in the open water to eventu-
ally attach to a new substrate and this way allow dispersal if
local conditions become unfavorable or population density
calls for a change of location.

We know from observations in the laboratory and also
from population genetics that placozoans do also repro-
duce sexually in the field (e.g. Eitel et al. 2011; Signorovitch
et al. 2005; Kamm et al. 2018), and eggs or early embryo
stages have sporadically been seen in laboratory cultures.
However, a complete sexual reproductive cycle has never
been reported in all the decades the animals have been kept
in culture under laboratory conditions. Although eggs and
early cleavage stages have been observed, the latter are cyto-
logically anomalous and die at the 128-cell stage at the lat-
est (Eitel et al. 2011 and references therein); neither meiosis,
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fertilization nor confirmed sperm cells have ever been docu-
mented. Observation of a fertilization membrane (Eitel et al.
2011) and genetic evidence for outcrossing, however, tell us
that bisexual reproduction must occur in placozoans (e.g.
Kamm et al. 2018). No adult sexual animals have ever been
collected from the field (see also Voigt and Eitel 2018), and it
remains unclear if fertilized eggs develop directly into adult
placozoans or whether there is a larva or other additional
life cycle stage in placozoans. We do not know if placozoans
are hermaphroditic, but the genetic data do not support the
idea that placozoans are using self-fertilization (Kamm et
al. 2018). We have no reason to assume any derived mode of
reproduction, like haploid or diploid parthenogenesis, to be
present in placozoans.

6.4 EMBRYOGENESIS

As stated, only early embryogenesis has been seen in placo-
zoans (Figure 6.4). Oocytes are built in the lower epithe-
lium and then move into the intermediate fiber cell layer for
further development, where fiber cells provide nutrition for
the oocytes (Grell and Benwitz 1974; Eitel et al. 2011). One
single mother animal can build up to nine oocytes simul-
taneously, while oocyte formation and maturation go along
with the degeneration of the mother animal (FEitel et al.
2011). After an unknown fertilization process, a fertiliza-
tion membrane appears around the fertilized egg (Grell and
Benwitz 1974; Eitel et al. 2011). The subsequent total and
equal cleavages of embryonic cells proceed to the 128-cell
stage before the embryos die under laboratory conditions
(Eitel et al. 2011).

(a)
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6.5 ANATOMY

The general morphology of placozoans has been well known
since the original description by Schulze (Schulze 1883;
Schulze 1891) and the works of Karl Gottlieb Grell (e.g.
Grell and Benwitz 1971). The precise ultrastructure of these
organisms is still under investigation (e.g. Smith et al. 2014;
Romanova et al. 2021). The general placozoan bauplan (see
Figure 6.5) can be described as a three-layered disc, with an
upper epithelium facing the open water, a lower (feeding)
epithelium facing the substrate (see e.g. Smith et al. 2015)
and a fiber cell layer (which has nothing to with an epithe-
lium) in between.

A most remarkable and exclusive (and likely plesiomor-
phic) feature of the Placozoa is the lack of an extra-cellular
matrix (ECM) and a basal lamina between the inner fiber
cells and the enclosing epithelia (e.g. Smith et al. 2014). The
reader must be aware that some textbooks (e.g. Brusca and
Brusca 1990) and other publications falsely state the exis-
tence of an ECM. The interspace between the fiber cells and
the epithelial cells is filled by a liquid, and both epithelia
appear to be to some extent permeable for aqueous solutions
(Ruthmann et al. 1986; but see also Smith and Reese 2016).
The cells of the upper and lower epithelium are connected
by adherens junctions, and neither tight nor septate or gap
junctions have been found in Trichoplax (Ruthmann et al.
1986; Smith and Reese 2016).

So far, nine distinct somatic cell types have been identi-
fied in placozoans: upper and lower epithelial cells, sphere
cells, crystal cells, three types of gland cells, lipophil cells
and fiber cells (Schulze 1883; Smith et al. 2014; Mayorova

(d)

FIGURE 6.4 Early embryonic development in placozoans. A zygote is shown in (a), while (b)) to (d) show embryos at the 2-, 8- and

64-cell stage, respectively. (From Eitel et al. 2011.)

upper epithelium
fiber cell layer

lower epithelium

FIGURE 6.5 General anatomy of Trichoplax adhaerens shown as a synthesis of recent studies on the placozoan ultrastructure. The
three-layered placozoan bauplan consists of an upper epithelium, a lower epithelium and a layer of fiber cells sandwiched between the
two epithelia. (From Jakob et al. 2004; Guidi et al. 2011; Smith et al. 2014; and Eitel et al. 2018.)
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et al. 2019; Romanova et al. 2021). The upper epithelium
(consisting only of upper epithelial cells, some gland cells
and sphere cells; Mayorova et al. 2019; Romanova et al.
2021) mainly has a protective function (Jackson and Buss
2009), whereas the lower epithelium (consisting of lower
epithelial cells, lipophil cells and gland cells) is involved in
digestion and nutrition uptake (e.g. Mayorova et al. 2019).
The syncytial fiber cell layer between the two epithelia is
involved in body contraction and signal transduction pro-
cesses (Smith et al. 2014, Romanova et al. 2021 and refer-
ences therein). The crystal cells are located at the edge of
the animal and are likely involved in gravity perception
(Mayorova et al. 2018). Also located close to the margin
of the animal body are small undifferentiated cells, which
have been regarded as omnipotent “stem” cells (Jakob et al.
2004). From comparative morphology, it is obvious that the
lower epithelium resembles the entoderm and the upper epi-
thelium the ectoderm of other metazoans (Biitschli 1884).
The different lower epithelial cells use pinocytosis to take up
food particles (Ruthmann et al. 1986). For this, the epithelial
cells are covered with slime/mucus, allowing them to catch
small food particles (Wenderoth 1986). The mucus of the
lower epithelium is also involved in adhesion, movement and
gliding (Mayorova et al. 2019). The upper epithelium shows
lower differentiation, with the so-called ‘shiny spheres’
(“Glanzkugeln”; Schulze 1891; Jackson and Buss 2009),
which are lipid droplets within the sphere cells (Romanova
et al. 2021), as well as sporadically occuring gland cells
(Mayorova et al. 2019).

6.6 GENOMIC DATA

In the last 15 years, three high-quality draft genomes have
been published (Srivastava et al. 2008; Eitel et al. 2018;
Kamm et al. 2018), in addition to a further three genomes
of lower coverage (Laumer et al. 2018). With the genome
of the haplotype H2, an additional—yet formally unde-
scribed—Trichoplax species becomes available as a favor-
able model system (Kamm et al. 2018), which shows much
higher robustness in laboratory cultures compared to other
placozoans. From the available genome data, we can deduce
that placozoan genomes range in size from 87-95 mega-
bases and contain approximately 12,000 protein coding
genes (Srivastava et al. 2008; Eitel et al. 2018; Kamm et al.
2018; Laumer et al. 2018). Based on the amount of conserved
synteny to other metazoans like vertebrates and anthozoans
(Srivastava et al. 2008), placozoans thus harbor the smallest
not secondarily reduced metazoan genomes. Different placo-
zoan species can be discriminated by a significant amount of
gene sequence divergence, and less related species also show
substantial differences in their gene’s chromosomal arrange-
ment (Srivastava et al. 2008; Eitel et al. 2018; Kamm et al.
2018; Laumer et al. 2018).

Compared to cnidarians and bilaterians, the complex-
ity of the placozoan gene repertoire is lower (Schierwater
et al. 2008; Srivastava et al. 2008; Alie and Manuel 2010;
Eitel et al. 2018; Kamm et al. 2018; Kamm et al. 2019).
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Most eumetazoan gene families are present, but the expan-
sion of several gene families, for example, homeobox genes,
clearly happened after the split off of the Cnidaria (Kamm
and Schierwater 2006; Kamm et al. 2006; Ryan et al. 2006;
Schierwater et al. 2008). Likewise, the complexity of the
gene repertoire related to cell-cell signaling (Srivastava
et al. 2008), neuroendocrine function (Srivastava et al. 2008;
Alie and Manuel 2010; Varoqueaux et al. 2018) or innate
immunity (Kamm et al. 2019) represents a pre-cnidarian
stage. On the other hand, placozoan genomes show sev-
eral examples of phylum-specific gene family expansions
(e.g. Eitel et al. 2018; Kamm et al. 2018; Kamm et al. 2019).
These examples include genes related to innate immunity
and cell death (Kamm et al. 2019) and the large group of
G protein-coupled receptors (Kamm et al. 2018). The latter
group of cell surface receptors also shows a high diversity
within the phylum and may represent more than 6% of all
genes in a species (Kamm et al. 2018). Gene duplications
within such diverse gene families may thus also be a driver
for speciation within the phylum (Eitel et al. 2018).

6.7 FUNCTIONAL APPROACHES: TOOLS FOR
MOLECULAR AND CELLULAR ANALYSES

The simplicity of the Trichoplax model allows the use of the
full spectrum of modern molecular methods for mapping
and reconstructing fundamental cellular and organismal
processes (e.g. von der Chevallerie et al. 2014; Varoqueaux
et al. 2018; Popgeorgiev et al. 2020; Moroz et al. 2021 and
references therein). New tools such as single-cell transcrip-
tomics have become available and have already been tested
in Trichoplax (Sebe-Pedros et al. 2018). So have in situ-
hybridizations (Figure 6.6; see also e.g. DuBuc et al. 2019),
as well as RNAI gene silencing (e.g. Jakob et al. 2004), and
other modern gene knockout techniques are soon going to be
established in placozoans as well.
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FIGURE 6.6 'Whole-mount in situ hybridization reveals the typi-
cal ring-shaped expression pattern of the ParaHox gene Trox-2
in Trichoplax adhaerens. (Photo by Moritz J. Schmidt and Sonja
Johannsmeier.)
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At the organismal level, Trichoplax allows the use of the
cum grano salis full spectrum of regeneration, re-aggregation
and transplantation techniques (e.g. Schwartz 1984). The
size, thickness, transparency and stability of the animals
make them preferred objects for traditional and modern tech-
niques of light and high-resolution electron microscopy (e.g.
Guidi et al. 2011; Smith et al. 2021). By combining these, that
is, the organismal and molecular potential, placozoans offer
solid prospects to answer challenging questions.

6.8 CHALLENGING QUESTIONS

While some researchers still fight over the phylogenetic
position of placozoans, others have realized and accepted
the outstanding importance of an early metazoan animal
that harbors all the core genes for the regulation of tissue
architecture in metazoans. Most regulators are highly con-
served (at different levels) between Trichoplax and humans,
and we can use a simple Trichoplax model to learn impor-
tant details about regulatory interplays in the much more
complex worm, fly and mouse models. Thus, it comes as no
surprise that the current questions we are asking Trichoplax
range from “How can symmetry be derived from polar-
ity?” to “What is the basic genetics behind apoptosis?” to
“What are the initial genetic malfunctions that start cancer
growth?”. And there will be many more to come.
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7.1 HISTORY OF THE MODEL or the “button” (oncus), when the tentacles are retracted and

Nematostella vectensis (the starlet sea anemone) are antho-
zoan cnidarians. Anthozoans (e.g. corals, anemones) derive
their name from the Greek anthos—flower—and zoia—
animals—because their dominant polyp form shared by
this class represents “a highly colored and many-petaled
flower” (Figure 7.1a) (Gosse 1860). Additionally, the differ-
ent morphological states of the animal can be described as
the “flower” (anthus), when all the tentacles are extended,

DOI:10.1201/9781003217503-7

the oral end closes in around them (Gosse 1860).

The first description of Nematostella vectensis was
published in 1935 by Thomas A. Stephenson. Stephenson
attributed the discovery of Nematostella vectensis and obser-
vations of their nematosomes to Ms. Gertrude F. Selwood.
She found them at the Isle of Wight (England) (Figures 7.1b,
7.2) in 1929 when she was a lecturer at Municipal College,
Portsmith, and sent specimens to Stephenson. Stephenson
described the free-swimming nematosomes in the gastric
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FIGURE 7.1

Characteristics and geographical range of Nematostella vectensis. (a) An adult polyp, image courtesy of Eric Rottinger.

(b) Known geographical range. (c) First known illustrations of a Nematostella polyp and nematosomes with intact (left) and fired (right)
cnidocytes. (d) Polyp showing tentacles (T) pharynx (P), mesenteries (M) and nematosomes (N). ([b] Illustrations by Sears Crowell 1946;

[d] image modified from Babonis et al. 2016.)

cavity that became the characteristic feature of Nematostella
(Figure 7.1c,d) (Stephenson 1935).

In 1939, William J. Bowden discovered Nematostella pel-
lucida at Woods Hole, Massachusetts (Figure 7.1b), which
was later described and published by Sears Crowell in 1946
(Figure 7.1c). Nematostella pellucida was initially consid-
ered distinct from vectensis due to color patterns on the
body and the large geographical separation (Williams 1975;
Williams 1976). Crowell suspected N. vectensis and N. pel-
lucida were synonymous species, but because of the war,
he was unable to get hold of Nematostella from the British
Isles for direct comparisons (Crowell 1946). In 1957, Cadet
Hand compared anemones from America and England and
determined they were both Nematostella vectensis (Figure
7.2) (Hand 1957; Williams 1975; Williams 1976).

The various life history stages of Nematostella were
described by several different groups from the 1940s to
the 1980s (summarized in Hand and Uhlinger 1992). The
potential for Nematostella as a laboratory model came when
Cadet Hand and Kevin Uhlinger documented the ease of its
culturability in the early 1990s (1992). Its ability to tolerate

wide variations in salinity and temperature made it easy to
maintain in laboratory cultures (Williams 1975; Williams
1976). Perhaps most importantly, Nematostella spawn read-
ily with increased temperature and light. Early work estab-
lished various environmental conditions that influence
oogenesis, such as nutrient amount, temperature, light, den-
sity of sperm and the ideal timeframe for fertilization (Hand
and Uhlinger 1992; Fritzenwanker and Technau 2002). The
ability to reliably obtain thousands of embryos per spawn
and close the life cycle in culture made Nematostella stand
out as a potential cnidarian model system. Plus, due to its
phylogenetic position as a basal metazoan, it is also espe-
cially well suited for evolutionary and developmental biol-
ogy (evo-devo) studies.

Through the 1990s and early 2000s, studies focused on
identifying the expression of known bilaterian homologues
during Nematostella development (Figure 7.2). Initial stud-
ies focused on genes involved in axial patterning and trip-
loblasty and provided initial insights into the origin and
evolution of these genes and thus the bilaterian traits they
regulate (see Darling et al. 2005). Similarly, extensive efforts
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FIGURE 7.2 A timeline of major events in the Nematostella model system. (Picture of TA Stephenson adapted from Yonge 1962.)

focused on identifying expression of deeply conserved devel-
opmental signaling cascades. Comparative genomic studies
have identified that genes involved in major families and sig-
naling cascades were all present in the urbilaterian ancestor
(e.g. Kortschak et al. 2003; Magie et al. 2005; Putnam et al.
2007). Furthermore, many cnidarian amino acid sequences
are more like vertebrate sequences than other common
model systems (Kortschak et al. 2003; Putnam et al. 2007)
which supported the need to develop Nematostella as another
model through the transition to more functional studies.

The application of molecular tools and reverse genetic
approaches fueled the growth and use of Nematostella
(Figure 7.2). With advances in sequencing technology and
the publication of the genome in 2007 (Putnam et al. 2007),
there has been a rapid increase in usage of Nematostella as
a model organism. Morpholinos were first used success-
fully in Nematostella in 2005, and the first morphant phe-
notype was reported in 2008 (Magie et al. 2005; Rentzsch
et al. 2008). Together these findings fueled the growth of
functional studies, which have grown to include additional
methods of gene knockdown and misexpression. The first
transgenic line was published in 2010 with the creation of
a muscle-specific reporter line, and transgenic reporter ani-
mals have also been used to identify and track specific cell
types (Layden et al. 2012; Nakanishi et al. 2012).

Nematostella has repeatedly shown that it is amenable to
novel and state-of-the-art molecular techniques. Genomic-
level analyses were established for microarray, ChIP-seq
and RNA-seq (Rottinger et al. 2012; Fritz et al. 2013; Helm
etal. 2013; Tulin et al. 2013; Schwaiger et al. 2014; Sinigaglia
et al. 2015). Cellular dissociation protocols and advances in
single-cell sequencing technology have been successfully

applied, and the use of single-cell RNA-sequencing has
allowed for interrogation of the complexity of Nematostella
cell types and characterization of gene regulatory programs
(Sebé-Pedrés et al. 2018).

Their transparent body, relatively “simple” body plan,
external fertilization, ease of embryo manipulation and
closed life cycle in the lab make Nematostella amenable to
a myriad of research approaches and questions, including
the ability to compare development and regeneration. The
application of next-generation approaches has cemented
the use of Nematostella as a model organism. Nematostella
joins several other cnidarian species that have become more
commonly utilized laboratory models, such as Hydractinia
and Clytia. Hydra have long been established as a model for
regeneration, but they are not as amenable to developmental
studies. The combination of knowledge gained from mul-
tiple cnidarian species will help to understand the ancestral
toolkit in the common ancestor that gave rise to both the
cnidarian and bilaterian lineages.

7.2 GEOGRAPHY AND HABITAT

Native to the Atlantic coast of North America (Hand and
Uhlinger 1995; Reitzel et al. 2007), the geographic range
of Nematostella has expanded through anthropogenic intro-
duction to locations across at least three continents. In North
America, abundant populations have been observed along
the Atlantic coast from Nova Scotia to Georgia, along the
Pacific coast from Washington to California and along the
Gulf coast from Florida to Louisiana (Hand and Uhlinger
1992; Hand and Uhlinger 1994). In Europe, Nematostella
occur in limited number in locations along the southern and
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eastern coasts of England (Stephenson 1935; Sheader et al.
1997; Pearson et al. 2002), and in South America, where they
have been found in locales off the coast of Brazil (Figure
7.1b) (Silva et al. 2010; Brandio et al. 2019). Genetic and
phylogeographical analyses indicate that global populations
are isolated and therefore unlikely to have spread via natural
dispersal mechanisms. (Hand and Uhlinger 1995; Reitzel et
al. 2007). More plausible is that they were carried as hitch-
hikers in the ballasts of commercial seafood vessels, creat-
ing the potential for new populations to become established
outside of the natural range (Sheader et al. 1997; Takahashi
et al. 2008).

The successful geographic expansion of Nematostella
can likely be attributed to their environmental plasticity,
as they can inhabit a variety of coastal habitats and can
tolerate fluctuating environmental conditions. They often
occur burrowed in soft muddy sediments of poikilohaline
lagoons, brackish mudflats, salt marshes and creeks and
subtidal areas of certain estuaries and bays (Williams 1975;
Williams 1976). As eurythermal animals, they can survive
and adapt to a wide range of temperatures and have even
been found living in habitats that approach their physi-
ological upper limit of approximately 40°C (Williams 1975;
Williams 1976). As euryhaline animals, they can contend
with the spatiotemporal fluctuations in salinity common in
the estuarine habitats where they are found. A testament to
the remarkably flexible physiology of this anemone is that
both asexual and sexual reproduction can occur under a
wide range of salinities (Hand and Uhlinger 1992).

7.3 ANATOMY

Adult Nematostella are transparent and possess the classic
polyp morphology found throughout the cnidarian lineage
(Figure 7.3a). Atop the oral end of the body column is an
opening that is surrounded by 4—18 long stinging tentacles,
which aid in prey capture and defense but also expand the
surface area of the gastric cavity (Fritz et al. 2013; Ikmi
et al. 2020). This oral opening serves as both a mouth and
anus by attaching to a blind-ended gut through a noticeable
pharynx (Williams 1975; Williams 1976). There is also a
small pore at the aboral pole (Amiel et al. 2015). The oral—
aboral axis is elongated, which gives the body column a
tube-like structure. Eight radially repeating body segments,
which are centered around the long oral-aboral axis, give
the animal what appears to be an octoradial symmetry
(Figure 7.3a).

Cnidarians are generally classified as having a radially
symmetric body plan, but many species have subtle bilat-
eral differences in their anatomy that are superimposed over
a general radial body plan (Martindale et al. 2002). These
bilateral differences point to the presence of a secondary
directive axis, which runs perpendicular to the primary oral—
aboral axis (Figure 7.3b) (Berking 2007). In Nematostella,
the presence of a directive axis is morphologically evident in
adult polyps from the slit-like shape of the oral opening and
pharynx, the presence of a ciliated groove (siphonoglyph)
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on one side of the pharynx, the asymmetric arrangement of
the retractor muscles within the mesenteries and the asym-
metric arrangement of the tentacles around the oral opening
(Martindale et al. 2002; Berking 2007; He et al. 2018).
Nematostella are diploblastic, meaning that the entire
body is composed of cells derived from two germ layers:
an outer ectoderm which forms the epidermis and a bifunc-
tional internal endoderm which forms the gastrodermis
(Figure 7.3a) (Finnerty et al. 2004; Wijesena et al. 2017; but
see Steinmetz et al. 2017). The epidermis covers the out-
side of the animal and serves as a protective barrier between
the animal and its environment, while the bifunctional gas-
trodermis lines the coelenteron and provides both absorp-
tive and contractile functions (Martindale et al. 2004).
Separating the ectoderm and endoderm is the mesoglea,
a thin extracellular matrix with no organized tissue and
only a few migratory amoebocyte cells of unknown func-
tion (Tucker et al. 2011). The ectoderm contains primarily
columnar cell epithelia (Magie et al. 2007), along with other
differentiated cells, including stinging cells called cnido-
cytes (Frank and Bleakney 1976), sensory neurons, ganglion
neurons (Marlow et al. 2009; Sinigaglia et al. 2015; Leclere
et al. 2016), a population of myoepithelial (muscle) cells in
the tentacles (Jahnel et al. 2014) and gland cells (Frank and
Bleakney 1976). Ectodermal gland cells include those with
exocrine and insulinergic functions (Steinmetz et al. 2017),
and some produce a potent neurotoxin for both prey cap-
ture and defense (Moran et al. 2011). The endoderm pos-
sesses squamous epithelial cells (Magie et al. 2007), sensory
and ganglion neurons (Marlow et al. 2009; Sinigaglia et al.
2015; Leclere et al. 2016), the majority of myoepithelial
cells (Jahnel et al. 2014), gland cells (Frank and Bleakney
1976; Steinmetz et al. 2017) and gametic and absorptive
cells (Layden et al. 2012; Nakanishi et al. 2012). This basic
organization results in epithelial cells and differentiated cell
types being scattered and intermixed with one another, as
opposed to being organized into discrete organ systems.
Apart from the pharynx, the most obvious internal struc-
tures of adult Nematostella are the ecto- and endodermally
derived lamellae known as mesenteries (Steinmetz et al.
2017). Adults have eight mesenteries, one in each body seg-
ment, that look ruffled in appearance and run the length of
the body column (Figure 7.3a). Each mesentery arises from
the pharynx and consists of two layers of gastrodermis epi-
thelium separated by a layer of mesoglea (Martindale et al.
2004). Structurally, the mesenteries are important because
they provide support for the pharynx, they contain mus-
cles that allow for quick contractions of the body column
(Renfer et al. 2010) and they increase the surface area of the
gastrodermis. Physiologically, the mesenteries are incred-
ibly multifunctional, as they contain absorptive cells that
aid in digestion and nutrient uptake and are where gam-
etes (Martindale et al. 2004), cnidocytes (Steinmetz 2019)
and nematosomes are produced (Williams 1975, 1976).
Nematosomes are the defining apomorphy of Nematostella
(Williams 1975, 1976, 1979). They are multicellular, spheri-
cal, flagellated bodies that contain cnidocytes and can be
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FIGURE 7.3 Anatomy of Nematostella. (a) Schematic of an adult polyp. (b) The primary oral-aboral axis is orthogonal to the sec-
ondary directive axis. (c) A transgenic animal is used to visualize a subset of neurons in the nerve net. Arrowheads show longitudinal

neuronal tracts.

found in abundance throughout the coelenteron and pack- up the body column and tentacular muscle systems. In the
aged into egg masses (Williams 1975, 1976). body column there are three muscle groups (Figure 7.3a).

Nematostella have five functionally and morphologi- The longitudinally oriented parietal and retractor muscles
cally distinct myoepithelial cell groups that together make are found within different regions of each mesentery and
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run the length of the oral-aboral axis. The columnar ring
muscle group wraps around the circumference of the body
wall along the oral-aboral axis (Jahnel et al. 2014). The ten-
tacles have a similar muscle system; they contain longitudi-
nal muscles that run the length of each tentacle, as well as
ring muscles that are oriented orthogonally to the tentacular
longitudinal muscles.

Nematostella possess a nerve-net nervous system—aptly
named due to the way that the neurites extend from neu-
ral soma to form a diffuse interconnected web around the
organism (Figure 7.3c). The nervous system is composed of
both ectodermal and endodermal nerve nets (Layden et al.
2012; Nakanishi et al. 2012). Although they lack a central-
ized nervous system, there are distinct neural structures,
including bundles of neurons that flank each mesentery
within a longitudinal tract (Figure 7.3c) and condensations
of neurons forming “nerve rings” around the oral opening
and pharynx (Marlow et al. 2009; Sinigaglia et al. 2015;
Leclere et al. 2016).

Neural cell types fall under three categories and can
be found intermixed among other cell types. In the ecto-
derm, neural progenitor cells give rise to epithelial sensory
cells (which extend an apical cilium to the body surface
and neuronal processes basally) and ganglion cells (which
lose their apical contacts and migrate so that their cell bod-
ies are basally situated) (Marlow et al. 2009; Sinigaglia et
al. 2015; Leclere et al. 2016). Unlike the sensory cells in
the ectoderm, those in the endoderm lose their elongated
appearance and become shortened along the apical-basal
axis (Nakanishi et al. 2012). Cnidocytes are also consid-
ered nerve cells due to their neurophysiological properties,
structure and calcium/mechanosensory-dependent exocyto-
sis (Kass-Simon and Scappaticci 2002; Thurm et al. 2004;
Galliot et al. 2009). Cnidocytes contain a unique organ-
elle called a cnidocyst, which consists of a capsule and a
harpoon-like structure that can be fired at ultra-fast speeds
(Szczepanek et al. 2002). Capsules are highly specialized
based on their function (e.g. feeding, defense, locomotion)
and are classified based on their structure (Kass-Simon and
Scappaticci 2002). Nematostella have three types of cnido-
cytes: spirocytes and two types of nematocytes. Spirocytes
contain spirocyst capsules, which lack a shaft and barbs,
and are found in the tentacles. Nematocytes with microbasic
p-mastigophore capsules are found in the mesenteries and
pharynx, and nematocytes with different-sized basitrichous
isorhiza capsules are found mostly in the body wall, but also
in the tentacles, mesenteries and pharynx (Williams 1975;
Williams 1976).

Based on molecular and morphological observations, the
three neural groups likely contain many subtypes that can be
distinguished based on attributes including neurite number,
neuropeptide profile, morphology and location (Nakanishi
et al. 2012; Havrilak et al. 2017; Zang and Nakanishi 2020).
Although the nerve net of Nematostella has been previously
described as random because of its disorganized appearance
(Hejnol and Rentzsch 2015), there is growing evidence that
the nerve net is specifically patterned. The identification of
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specific neural subtypes points to a previously underappreci-
ated complexity within the nervous system of Nematostella,
and the presence of large neural structures suggests that
neurogenesis is not random. In fact, it has also been shown
that several specific neural subtypes exhibit a stereotyped
developmental pattern (Havrilak et al. 2017).

7.4 LIFE HISTORY

Nematostella is a dioecious species that sexually repro-
duces by external fertilization, synchronously releas-
ing eggs and sperm into the water column (Figure 7.4a)
(Hand and Uhlinger 1992). Females release egg masses
inside of a gelatinous sac containing nematosomes (Figure
7.4b), which are thought to provide defense to the embryos
(Babonis et al. 2016). However, this does not make them
immune to all predation; for example, grass shrimp will
consume Nematostella embryos (Columbus-Shenkar et al.
2018). Embryos emerge from the protective sac as spheri-
cal, ciliated, non-feeding, planula larvae ~36—48 hours post-
fertilization (Hand and Uhlinger 1992). The free-swimming
planulae elongate before metamorphosing into sessile pri-
mary polyps. Metamorphosis occurs roughly six days post-
fertilization and is characterized by the development of an
oral opening surrounded by tentacle buds, the first two mes-
enteries and a loss of swimming ability that leads to larval
settlement (Hand and Uhlinger 1992; Fritzenwanker et al.
2007; Fritz et al. 2013). Once settled, juvenile polyps begin
to grow and mature in a nutrient-dependent manner (Ikmi et
al. 2020). The polyps are opportunistic predators that feed
on small estuarine invertebrates captured by their stinging
tentacles (Frank and Bleakney 1978; Posey and Hines 1991).
Polyps are infaunal, preferring to burrow their body column
into soft substrate so that only the oral opening and tentacles
are exposed (although they are sometimes found attached
to vegetation) (Williams 1975; Williams 1976). Burrowing
helps to protect the body column from predation and forces
would-be predators to contend with their stinging tentacles
first (Columbus-Shenkar et al. 2018). Sexually mature adults
range in size and will grow and shrink in response to nutri-
ent availability (Hand and Uhlinger 1994; Havrilak et al.
2021). This phenotypic plasticity allows animals to easily
adapt to environmental changes and suggests that there is
no set size state (Havrilak et al. 2021). In the wild, adults
are typically a few centimeters in length and will reach sex-
ual maturity in approximately six months or less (Williams
1983). In culture, this can occur in as little as ten weeks for
well-fed animals (Hand and Uhlinger 1992).

Adult Nematostella also reproduce asexually by generat-
ing clonal individuals through two forms of transverse fis-
sion: physal pinching and polarity reversal. Physal pinching
is facilitated by a deep, sustained, constriction of a site along
the posterior end of the body column (physa) and results in
the separation of the smaller physal fragment from the rest
of the anemone (Figure 7.4a). After a few days of separation,
the physal fragment will begin to generate oral structures
and tentacles that will allow it to feed, ultimately resulting
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in a functional clone (Hand and Uhlinger 1995; Reitzel et al.
2007). Although frequent feeding can increase the amount
of transverse fission that will occur in a population, there is
no correlation between parent size and the size of the physal
fragments they produce. Further, the number of clones gen-
erated by individuals is highly variable; in a sibling popu-
lation, some will produce several clones, while others will
produce none (Hand and Uhlinger 1995). Polarity reversal
is like physal pinching, except that the sequence of events is
different. With polarity reversal, an adult first manifests oral
structures and tentacles at the aboral end of the body col-
umn, replacing the physa. A new physa will develop midway
along the body column, and physal pinching will act to sepa-
rate the animal into two individuals (Reitzel et al. 2007).

It is unclear which, if any, environmental conditions pro-
mote sexual versus asexual reproduction. Since Nematostella
maintain multiple modes of reproduction, it is assumed that
specific environmental and/or genetic conditions exist under
which each mode would have a fitness benefit. Nematostella
is one of only a handful of anemone species to have mul-
tiple modes of asexual reproduction (Reitzel et al. 2007),
and asexual reproduction by transverse fission is rare among
anthozoan cnidarians (Fautin 2002). In Nematostella, trans-
verse fission by polarity reversal is less common than phy-
sal pinching and may rely on seasonal environmental cues
(Frank and Bleakney 1978; Reitzel et al. 2007).

Nematostella is highly regenerative, capable of bidirec-
tional whole body-axis regeneration and regeneration of spe-
cific structures. Although regeneration following bisection
is reminiscent of physal pinching, it is markedly different
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FIGURE 7.4 Reproduction and regeneration in Nematostella. (a)
Sexual reproduction and asexual reproduction by physal pinching.
(b) Spawning female releasing a clutch of eggs through the oral
opening. Right panel shows the eggs shortly after being released.
(c) Regeneration of oral and aboral fragments following whole-
body axis bisection.
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because it is caused by an external factor that wounds the
animal as opposed to an endogenously triggered constric-
tion of the body column. When a complete bisection of the
body column into oral and aboral fragments occurs, both
fragments will regenerate missing structures, leading to the
generation of two clonal individuals ~six to seven days post-
amputation (Figure 7.4c) (Reitzel et al. 2007; Amiel et al.
2015; Havrilak et al. 2021).

7.5 EMBRYOGENESIS

7.5.1 PRrROCESS OF DEVELOPMENT

Embryogenesis can be investigated in its entirety since
males and females release gametes into the water column
and fertilization occurs externally (Figure 7.5). Zygote
to juvenile polyp typically requires ~seven days at 22°C.
However, development is temperature dependent and can be
sped up or slowed down by increasing or decreasing temper-
atures, respectively. The first cleavage initiates ~two hours
after fertilization. The first two cleavage furrows typically
originate perpendicular to one another at the animal pole
and progress toward the vegetal pole. Initially, cytokinesis
is incomplete, and it is not until the 8-cell stage that the
blastomeres become separated. While a clutch of embryos
will have relatively synchronous development, there is some
variability of early cleavage patterns, and odd numbers of
blastomeres are occasionally observed (Fritzenwanker et al.
2007, Reitzel et al. 2007). From the 16-cell stage and on,
most embryos look similar, and the blastomeres are roughly
similar in size (Figure 7.5b). The blastocoel becomes vis-
ible by six hours post-fertilization, following epithelializa-
tion (Figure 7.5¢), which occurs between the 16- and 32-cell
stages (Fritzenwanker et al. 2007).

The 64-cell stage marks the start of a series of
invagination—evagination cycles that change the shape
of the embryo from spherical to a flattened “prawn chip”
(characterized by having a concave side and convex side)
and then back to spherical again until gastrulation. Cell
divisions occur when the embryo is at its maximum flat-
ness. This pulsing pattern continues for four to five cycles,
until the onset of gastrulation (~18-22 hrs post-fertilization)
(Fritzenwanker et al. 2007).

Prior to gastrulation, endodermal fates are specified by
canonical Wnt/p-catenin and MAPK signaling around the
animal pole forming the presumptive endoderm (Wikrama-
nayake et al. 2003; Lee et al. 2007; Rottinger et al. 2012).
Gastrulation initiates with formation of a blastopore at the
animal pole as the pre-endodermal plate invaginates into
the blastocoel, and the blastopore ultimately becomes the
oral opening (Fritzenwanker et al. 2007; Lee et al. 2007;
Magie et al. 2007). Cellular movements during gastrula-
tion are controlled by a conserved Wnt/PCP/Stbm signal-
ing cascade at the animal pole (Kumburegama et al. 2011)
and are typified by apical constriction and weakening of cell
junctions followed by invagination of the plate (Figure 7.5d)
(Kraus and Technau 2006; Magie et al. 2007). Gastrulation
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FIGURE 7.5 Developmental stages of Nematostella. Oral end is to the left. Scale bar = 100 um.

completes when the ectoderm of the blastopore lip also rolls
inward. This ectoderm retains its epithelial organization and
gives rise to the pharynx and septal filaments at the tips of
the mesenteries.

Following gastrulation, FGF activity at the aboral pole
regulates formation of the apical tuft and apical organ
(Rentzsch et al. 2008). The resulting planula larvae break out
of the egg jelly by ~two days post-fertilization and are now
free-swimming larvae (Figure 7.5¢). Planula larvae initially
swim in circles, but by ~three days post-fertilization they
exhibit directional swimming with the apical ciliary tuft fac-
ing forward (Hand and Uhlinger 1992). The planula stage
lasts three to four days, during which the planulae elongate
and form the pharynx and the first two (primary) mesenteries
(Figure 7.5f) (Fritzenwanker et al. 2007). A heterogeneous
distribution of ectodermally derived secretory gland cells is
found in the pharynx and mesenteries of the primary polyp,
and gene expression studies suggest that development of these
cells begins in the planula stage, as the tissues they reside in
are formed (Frank and Bleakney 1976; Babonis et al. 2019).
Presumptive muscle cells are detected in the early planula
with F-actin staining, which becomes concentrated and ori-
ented along the oral-aboral axis in the late planula (Jahnel
et al. 2014). Besides the tentacle ring muscles, which are
derived from the ectoderm, all other muscle groups are of
endodermal origin, with many orthologs of genes that drive
muscle development in bilaterians observed in Nematostella
during the planula and juvenile polyp stages (Jahnel et al.
2014; Steinmetz et al. 2017). NvMyHCI is first detected at
the mid-planula stage and is expressed in retractor muscle
cells of both the tentacles and the eight mesenteries of the

developing primary polyp (Renfer et al. 2010; Jahnel et al.
2014). The NvMyHCI transgene is further detected in retrac-
tor muscles of adult mesenteries, suggesting muscle cell dif-
ferentiation in the mesenteries continues in the adult (Renfer
et al. 2010).

The four tentacle buds emerge toward the end of the
planula stage (~five days post-fertilization) (Figure 7.5f.e).
Tentacle primordia are first identified by Fgfrb-positive cells
in ring muscle around the oral opening. Stereotyped devel-
opment and outgrowth of the tentacles is nutrient dependent
and driven by crosstalk between TOR-mediated and FGFR
signaling pathways. The tentacle buds elongate into the ini-
tial tentacles of the juvenile polyp, and Nematostella con-
tinue to add tentacles in the adult polyp (Stephenson 1935;
Fritz et al. 2013).

Nematostella fully metamorph into juvenile polyps
by 6-7 days post-fertilization (Figure 7.5h). The planula
larvae settle with the aboral pole down (Rentzsch et al.
2008), then transform into a tube-shaped polyp with four
tentacles around a single oral opening. Growth and matu-
ration of the juvenile polyp into an adult is nutrient depen-
dent, and sexual maturity can be reached in the lab in 10
weeks with regular care and feeding (Hand and Uhlinger
1992).

Neurogenesis begins with the emergence of NvSoxB(2)
and NvAth-like expressing neural progenitor cells in the
blastula (Richards and Rentzsch 2014, 2015) and continues
throughout development. Molecular regulation of neuro-
genesis in Nematostella resembles the neurogenic cascades
found in bilaterian species (Rentzsch et al. 2017), involv-
ing MEK/MAPK (Layden et al. 2016), Wnt (Marlow et
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al. 2013; Sinigaglia et al. 2015; Leclere et al. 2016), BMP
(Watanabe et al. 2014; Saina et al. 2009) and Notch (Layden
and Martindale 2014; Richards and Rentzsch 2015).
Nematostella has both ectodermal and endodermal nerve
nets (Nakanishi et al. 2012). Some neural subtypes arise at
the same time as their namesake structures (e.g. tentacu-
lar neurons in the tentacles and pharyngeal neurons in the
pharynx) (Havrilak et al. 2017). Cnidocyte stinging cells
are also thought to be neuronal, which is supported by the
fact that they require NvSoxB(2) and NvPaxA (Babonis and
Martindale 2017). Cnidocyte-specific genes and proteins are
detected throughout the ectoderm in the early gastrula stage
to the primary polyp and in the tentacles and mesenteries of
the adult (Zenkert et al. 2011; Babonis and Martindale 2014,
Babonis and Martindale 2017).

7.5.2  AxiAL PATTERNING PROGRAMS

Throughout Nematostella development, conserved mor-
phogen gradients and signaling cascades pattern the
oral-aboral axis. Wnt/B-catenin signaling is a main driver
in establishing and patterning the primary oral-aboral
body axis and has a role in gastrulation, and high Wnt/B-
catenin promotes oral identity (Wikramanayake et al. 2003;
Kusserow et al. 2005; Kraus and Technau 2006; Lee et al.
2007; Marlow et al. 2013; Rottinger et al. 2012; Kraus et al.
2016). Nvsix3/6 regulates the aboral domain, and its initial
expression is dependent on low Wnt/B-catenin in the aboral
region (Leclere et al. 2016). Further, a conserved mecha-
nism whereby B-catenin target genes act to repress aboral
gene expression in the oral region represents an ancient
regulatory “logic” that may have been present in the urbi-
laterian ancestor (Bagaeva et al. 2020). The interaction of
Wnt/B-catenin with specific hox genes further fine-tunes
patterning along the oral-aboral axis of the Nematostella
embryo and reflects mechanisms of patterning in bilaterians
(DuBuc et al. 2018). However, much more work is needed
to resolve the role that hox genes have in patterning the pri-
mary axis in Nematostella, and whether hox expression can
be used to elucidate how the oral-aboral axis relates to the
anterior—posterior axis remains a major question (Layden et
al. 2016; DuBuc et al. 2018).

The secondary directive axis is established and pat-
terned by graded BMP signaling. Following an initial radial
expression in the gastrula around the blastopore, NvBmp2/4,
NvBmp5/8 and NvChordin become co-expressed on one side
(Matus et al. 2006; Rentzsch et al. 2006). Active pSMAD
(BMP signal transducer) is concentrated on the oppo-
site side, suggesting a low BMP signal defines the domain
and initiates transcription (Saina et al. 2009; Leclere and
Rentzsch 2014). Hox genes also play a role in patterning the
directive axis in Nematostella. Hox genes control bound-
ary formation, which leads to the radial segmentation of
the developing endoderm and positions the eight radial seg-
ments along the directive axis—thereby providing their
spatial identity (He et al. 2018). Further, cross-regulatory
interactions between hox genes occur in both bilaterians
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and Nematostella during axial patterning (Matus et al.
2006; DuBuc et al. 2018). While many of the same play-
ers are involved in patterning the secondary directive and
dorsal-ventral axes in Nematostella and bilaterians, respec-
tively, their positions and functions vary (see “Challenging
Questions”).

7.5.3 REGENERATION

Many aspects of the regenerative process have been charac-
terized at the behavioral, morphological, cellular and molec-
ular levels (see DuBuc et al. 2014; Bossert and Thomsen
2017). The stages of oral regeneration follow a stereotypic
pattern, with initial wound healing complete in ~six hours
post-amputation, and complete regeneration in ~six to seven
days (Figure 7.4c). In subsequent days, the mesenteries fuse,
contact the wounded epithelial and then reform the phar-
ynx as new tentacle buds elongate (Amiel et al. 2015). It is
hypothesized that a population of quiescent/slow cycling
stem cells in the mesenteries are necessary for regeneration
(Amiel et al. 2019). Regeneration following bisection occurs
at the same rate in both juvenile and adult polyps, is tem-
perature dependent and requires both cellular proliferation
and apoptosis (see DuBuc et al. 2014; Bossert and Thomsen
2017). Like what has been observed in other animals that
undergo whole-body axis regeneration, some tissue remodel-
ing may also occur during regeneration of oral structures in
Nematostella (Amiel et al. 2015; Havrilak et al. 2021). While
many of the signaling pathways necessary for Nematostella
are redeployed during regeneration, the regulatory logic and
the number of genes utilized varies, with unique gene regula-
tory networks utilized (Warner et al. 2019).

7.6 GENOMIC DATA

The generation of the Nematostella genome was a catalyst
that greatly advanced the species as a model system and led
to a rapid explosion of molecular techniques and publica-
tions (Figure 7.2; Table 7.1). The genome was first sequenced
and assembled by the Joint Genome Institute in 2007 using
a random shotgun strategy and published as a searchable
database (https://mycocosm.jgi.doe.gov/Nemve) (Putnam et
al. 2007). While this first genome has only partial sequence
coverage and is not mapped back to chromosomes, the scaf-
fold organization still informs researchers about syntenic
relationships, gene structure and sequence. Improvements to
the genome have recently been made with the publication
of a second genome (Zimmermann et al. 2020). This new
assembly has enhanced sequence coverage and increased
chromosomal resolution (https:/simrbase.stowers.org).

It was expected that the Nematostella genome would be
relatively simple and lack many of the major gene fami-
lies found in bilaterians. However, bioinformatic analysis
uncovered a complex genome comparable in many ways to
other animals. It turns out that the Nematostella genome
is more like vertebrates than some popular bilaterian
models such as Caenorhabditis elegans and Drosophila


https://mycocosm.jgi.doe.gov
https://simrbase.stowers.org
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melanogaster (Putnam et al. 2007). The exon—intron struc-
ture of Nematostella is like vertebrates and other anemones,
which suggests that the eumetazoan ancestor had a simi-
lar genetic organization (Putnam et al. 2007). Further, the
genome includes major gene families such as wnt (Kusserow
et al. 2005), sox (Magie et al. 2005), forkhead (Magie et al.
2005), hedgehog (Matus et al. 2008) and hox (Ryan et al.
2006). Nematostella utilize many major signaling path-
ways and possess orthologues of many effector genes and
antagonists involved in signaling, revealing that the genetic
components required for complete signal transduction were
established in the cnidarian-bilaterian ancestor (Magie et al.
2005; Putnam et al. 2007; Galliot et al. 2009; Watanabe et
al. 2009; Chapman et al. 2010).

The genome has made sequence information easy to
access, analyze and manipulate, and allows for the utilization
of tools for both discovery-based and comparative genomic
studies of varying scales. Sophisticated gene editing is pos-
sible using TALEN and CRISPR/Cas9 systems, which can
be used to induce targeted mutations and homologous-based
recombination, including the generation of transgenic lines
and knockout of developmental genes (Ikmi et al. 2014;
Servetnick et al. 2017; He et al. 2018). Transcriptomic strate-
gies such as ChIP-seq, RNA-seq and single-cell RNA-seq
are now common practice. ChIP-seq studies have led to
genome-wide predictions regarding the locations of histone
modifications and have demonstrated that there is likely
conservation of gene regulatory elements (such as enhanc-
ers and promoters) between Nematostella and bilateri-
ans (Schwaiger et al. 2014; Technau and Schwaiger 2015;
Rentzsch and Technau 2016). ChIP-seq experiments suggest
acetylated histones are enriched in the 5° proximal region of
gene promoters (and sometimes in the first intron) of genes
they control, which facilitates identification of regulatory
elements used to generate transgenic reporters. Transgenic
animals have been successfully generated by capturing and
cloning ~1.5-2.5 KB of the region upstream of the tran-
scription start site (Renfer et al. 2010; Nakanishi et al. 2012;
Layden et al. 2016; Renfer and Technau 2017). RNA-seq and
microarrays have been used to profile gene expression lev-
els during development and regeneration (Tulin et al. 2013;
Helm et al. 2013; Fischer et al. 2014; Warner et al. 2018).
The compilation of these RNA-seq studies into Nvertx, a
searchable database, allows for quick comparison between
timepoints and/or between the processes of development
and regeneration (http:/nvertx.ircan.org) (Warner et al.
2018, 2019). These databases are powerful tools because a
researcher can evaluate their findings relative to this pub-
lished source or can check expression profiles and make
and test initial hypotheses about potential candidate genes
before doing any functional studies themselves. Single-cell
RNA-seq studies are now possible, and initial studies have
used similarities in cellular expression profiles to gener-
ate testable hypotheses regarding cell types, their diversity
and their functions (http://compgenomics.weizmann.ac.il/
tanay/?page_id=724) (Sebé-Pedros et al. 2018).
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7.7 METHODS AND FUNCTIONAL
APPROACHES

7.7.1  CuLture AND CARE

Establishing and maintaining a lab population of Nematos-
tella is simple and economical. Founder animals can be
purchased from commercial vendors, requested from other
laboratories or collected from the field using minimal equip-
ment (see Stefanik et al. 2013). Animals can be kept in glass
bowls in a cool dark room, and their husbandry only requires
regular brine shrimp feeding and weekly water changes
(Stephenson 1935; Williams 1983; Hand and Uhlinger
1992). They can also be maintained in modified fish aqua-
culture systems for large-scale cultures. Population size can
be increased through sexual reproduction, and clonal lines
can be developed by allowing animals to asexually repro-
duce or by cutting adults to create regenerates (Figure 7.4)
(Hand and Uhlinger 1992; Reitzel et al. 2007; Stefanik et al.
2013). Nematostella spawn year-round in culture (Hand and
Uhlinger 1992; Fritzenwanker and Technau 2002). Under
laboratory conditions, spawning is induced by exposing ani-
mals to a light source and by increasing temperature (Niehrs
2010; Genikhovich and Technau 2017).

7.7.2  BEHAVIORAL AND ECOLOGICAL APPROACHES

The fact that these animals are found in abundance in shal-
low estuarine environments makes them easy to find, col-
lect and manipulate for field studies. Due to their mostly
sedentary and infaunal nature, controlled field experiments
can be easily conducted without the worries of tracking
individuals or animals escaping from experimental areas.
Water-permeable cages allow for testing under natural
conditions and provide a way to control the contents of
the cage, including what can enter and exit it. For exam-
ple, cages placed within natural habitats have been used to
track changes within a population under different condi-
tions, including those in which predators, food availability
and abiotic environmental factors were varied (Wiltse et
al. 1984; Tarrant et al. 2019). Nematostella can tolerate a
wide range of environmental parameters and are often found
living at the extremes of their tolerable ranges for tempera-
ture, salinity and oxidative stress (Williams 1983; Hand and
Uhlinger 1992; Reitzel et al. 2013; Friedman et al. 2018).
This remarkable environmental phenotypic plasticity makes
them an intriguing indicator species and a potential model
for studies of stress tolerance, effects of the environment on
development, community structure and adaptive evolution.
Further, existing information regarding population genetic
structure, gene flow and protein-coding polymorphisms
allows for studies to be placed in a broader evolutionary
context (Darling et al. 2004; Reitzel et al. 2013; Friedman
et al. 2018). The broad molecular toolbox available for
Nematostella allows field researchers to take an integrative
approach to experiments (Table 7.1).


http://nvertx.ircan.org
http://compgenomics.weizmann.ac.il
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Nematostella is amenable to both field and lab studies.
Because it is an established laboratory model with a pub-
lished genome, it is possible to determine the mechanisms
of molecular, cellular and behavioral changes that occur in
the wild due to environmental changes or following manip-
ulations in a laboratory environment. Several naturally
occurring behaviors have been described in Nematostella,
including burrowing, creeping, climbing, feeding, contract-
ing, spawning, fissioning and the propagation of peristal-
tic waves (Hand and Uhlinger 1992, Hand and Uhlinger
1995; Williams 2003; Faltine-Gonzalez and Layden 2019;
Havrilak et al. 2020). Despite it often being difficult to
observe behaviors in the field due to their small size, infaunal
nature and usually low water clarity, behavioral observations
can be done in the lab where video recording and magnifi-
cation are easily accomplished and natural conditions can
be mimicked. Besides studying behavioral observations to
understand the behavioral ecology of Nematostella, behav-
iors can be used as an experimental readout due to the depth
at which many behaviors have been described (e.g. Williams
2003). For instance, one can assess behaviors as a means of
determining the effect of a treatment (e.g. following drug
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treatments, genetic manipulations) or as a measure for the
completion of morphogenesis (e.g. during growth/degrowth,
regeneration) (Figure 7.6) (Faltine-Gonzalez and Layden
2019; Havrilak et al. 2021).

7.7.3  TisSUE MANIPULATION AND TRACKING

Classical embryological techniques, such as embryo sepa-
ration, dye tracing during embryo development and tissue
grafting (Lee et al. 2007; Nakanishi et al. 2012; Steinmetz
etal. 2017; Warner et al. 2019), are feasible due to large trans-
parent embryos and adults. Dissection and transplantation of
fluorescent tissue from transgenic embryos into developing
wild type embryos have allowed researchers to begin con-
structing a fate map of the germ layers, and these techniques
could be useful in further constructing the Nematostella
fate map (Steinmetz et al. 2017). Researchers have success-
fully cultured sheets of ectodermal tissue, which was able
to transform into 3D structures and be sustained for several
months (Rabinowitz et al. 2016). Cell culture techniques
are being developed in Nematostella and are expected to
be possible due to the success of tissue culture and recent
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ability to successfully dissociate animals into their cellular
components (see the following paragraph). These culturing
methods would allow research to be focused on a specific
tissue or cell type and could negate the need to maintain an
animal population due to the ability to freeze cell stocks (e.g.
Fricano et al. 2020).

Dissociation of cells from transgenic and wild type adult
animals has been accomplished using different combina-
tions of enzymatic, chemical and mechanical techniques
(Sebé-Pedros et al. 2018; Clarke et al. 2019; Torres-Méndez
et al. 2019; Weir et al. 2020). Cellular dissociation has also
allowed for studies of cellular adhesion using the hanging
drop method to study reaggregation (Clarke et al. 2019).
Further, cellular dissociation has opened the door to the field
of electrophysiology. For example, single-cell recordings
from nematocytes have given us insight into the physiology
of a novel cell type and bettered our understanding of how
Nematostella distinguish salient environmental information
to regulate cnidocyte firing (Weir et al. 2020), contributing
to our understanding of cnidarian sensory systems and their
stinging response.

7.7.3.1 Detection of Cellular Processes

The relatively simple body plan of Nematostella, consist-
ing of only two transparent tissue layers, facilitates the
use of common labeling techniques to investigate cellular
processes utilized during morphogenesis and homeostasis.
Standard techniques for cellular proliferation have been used
by labeling animals with EAU and BrdU (Passamaneck and
Martindale 2012; Richards and Rentzsch 2014; Amiel et al.
2015; Rabinowitz et al. 2016; Warner et al. 2019; Havrilak
et al. 2021). TUNEL assays have been used to detect apop-
totic cells during development and regeneration (Warner et al.
2019; Zang and Nakanishi 2020).

7.7.3.2 Regeneration

Inducing a regenerative response in Nematostella is sim-
ple, and the process has been characterized at many levels.
Regeneration is induced by wounding the animal with a scal-
pel or probe (see DuBuc et al. 2014; Bossert and Thomsen
2017). The wound site and severity of the injury inflicted
are dictated by the research question. Typically, studies have
focused on whole-body axis regeneration, where live ani-
mals are bisected along the body column into oral and aboral
halves and regeneration of one or both fragments is observed
(Figure 7.4c) (Passamaneck and Martindale 2012; Amiel et
al. 2015; Schaffer et al. 2016). However, a more acute regen-
erative response can be triggered following a focal injury
where whole-body axis regeneration is not required (e.g.
tentacle amputation, puncture wound, incomplete bisection
along the body column) (Reitzel et al. 2007; DuBuc et al.
2014). This flexibility in the regeneration paradigm allows
for a variety of questions to be asked. The ability to docu-
ment gene expression in different regenerative paradigms, as
well as to compare it to development, will continue to make
this a fruitful area of research in this model. For example,
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many hypotheses can be tested due to comparative tran-
scriptome analysis using RNAseq during the regeneration
of oral vs. aboral fragments—which identified similarities
and differences in gene expression profiles between the two
halves (Schaffer et al. 2016). Methods for assessing wound
closure, and detailed descriptions of key morphological
landmarks that occur throughout the process of regenera-
tion, have been described and can be used to assess the prog-
ress of the regenerative response (Bossert et al. 2013; Amiel
et al. 2015). Assaying the regenerative phenotype following
pharmacological or genetic manipulation could be used to
understand the mechanisms of regeneration (e.g. using an
inducible promoter or knockout transgenic line). Transgenic
reporter lines allow for the tracking of specific cell types in
live animals, including specific neural subtypes, which has
made the regeneration of the nerve net tractable (Figure 7.6)
(Layden et al. 2016; Havrilak et al. 2017; Sunagar et al. 2018;
Havrilak et al. 2021).

7.7.4  GENETIC APPROACHES

7.7.4.1 Microinjection and Electroporation

Molecules can be introduced into live embryos using
microinjection and electroporation techniques, which
facilitate the delivery of compounds such as shRNA,
mRNA, morpholinos and plasmids into eggs. With micro-
injection, a very fine glass needle is used to penetrate an
egg and deliver a small volume of the loaded injection
mixture using forced air (Layden et al. 2013; Renfer and
Technau 2017; Havrilak and Layden 2019). An experienced
researcher can inject thousands of embryos in a single ses-
sion. Microinjection offers more experimental utility due
to the variety of molecular compounds that can be injected,
ranging from plasmids to shRNAs. Microinjection has
been used successfully for genetic knockdown and misex-
pression experiments, as well as for the generation of trans-
genic animals in Nematostella (Layden et al. 2013; Ikmi
et al. 2014; Renfer and Technau 2017). Electroporation
offers a simple and quick method for the delivery of mol-
ecules into hundreds of animals simultaneously by gen-
erating electrical pulses that create pores in the plasma
membrane that allow small molecules to be taken up. So
far, this method has only proved successful in the deliv-
ery of shRNA for knockdown experiments in Nematostella
(Karabulut et al. 2019).

7.7.4.2  Gene Disruption

Tools for both gain and loss of function experiments are avail-
able (Table 7.1). Injection of in vitro synthesized mRNA allows
for a gene of interest to be overexpressed (Wikramanayake
et al. 2003), while introduction of shRNA or morpholinos
facilitates genetic knockdown of a gene of interest (Magie
et al. 2005; Rentzsch et al. 2008; He et al. 2018). Gene edit-
ing technologies can also be used to silence, move, knock
down or overexpress a particular gene in both FO and F1
generation mutants, and pharmacological treatments can also
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be performed for gain and loss of function experiments (see
“Transgenics and Pharmacological Manipulations”).

7.7.4.3 Transgenics

Generation of transgenic animals utilizing tissue and cell type-
specific promoters driving a fluorescent tag and/or specific
gene of interest has been successful using random mega-
nuclease-assisted integration (Figure 7.3b) and site-specific
CRISPR/Cas9 homologous recombination (Ikmi et al. 2014;
Renfer and Technau 2017). Promoter sequences have been
captured by cloning 1.5-2.5 kb of the genetic sequence
upstream from the coding sequence of a gene of interest
(Putnam et al. 2007; Renfer et al. 2010; Nakanishi et al. 2012;
Layden et al. 2016; Renfer and Technau 2017). Transgenic
lines have been made with broad expression using promoter
sequences such as actin, ubiquitin and elongation factor la
(Fritz et al. 2013; Steinmetz et al. 2017; He et al. 2018), and
promoters for tissue and cell specific genes have also been
utilized for restricted expression such as myosin heavy chain
and soxB(2) (Renfer et al. 2010; Richards and Rentzsch
2014). A plasmid backbone containing I-scel meganuclease
recognition sites is available (AddGene.org: plasmid #67943)
and allows for the desired construct to be swapped out using
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basic cloning strategies (Renfer et al. 2010). Gene editing
has been achieved through homologous recombination using
TALEN and more frequently CRISPR/Cas9 (Ikmi et al.
2014; Zang and Nakanishi 2020). For CRISPR/Cas9, a plas-
mid containing homology arms for a Nematostella-specific
Fp7 locus allows for expression or disruption of a desired
gene of interest. Importantly, the Fp7 locus can be disrupted
without detrimental effects on the animal and allows for
easy screening due to the loss of endogenous red fluores-
cent protein following cassette insertion. The application of
conditional promoters, including an already identified heat
shock promoter, opens the door for temporal control of gene
expression and disruption in the future (Ikmi et al. 2014).

7.7.4.4 Visualizing Gene Expression

Several tools are available in Nematostella for visualizing
spatial and temporal differences in gene expression. Both
colorimetric and fluorescent whole mount in sifu hybrid-
ization are widely used for determining spatial expression
of mRNA at specific time points during development and
regeneration (Niehrs 2010; Genikhovich and Technau 2017).
Immunohistochemistry has been used to visualize pro-
tein expression (Zenkert et al. 2011; Wolenski et al. 2011;

TABLE 7.1

A List of Methods and Functional Approaches Available in Nematostella

Culture, Care, and Manipulation of Nematostella

Culture and spawning
Inducing and staging regeneration
Microinjection Layden et al. (2013)

Field collection Stefanik et al. (2013)

Hand and Uhlinger (1992), Fritzenwanker and Technau (2002), Genikhovich et al. (2009)
Bossert et al. (2013), Dubuc et al. (2014), Amiel et al. (2019)

Spatiotemporal Gene Expression

mRNA in situ
Immunolocalization Wolenski et al. (2013)

Transgenic reporters

Genikhovich and Technau (2009), Wolenski et al. (2013)

Renfer et al. (2010), Ikmi et al. (2014)

Gene Function

Morpholino

mRNA misexpression
ShRNA

CRISPR/Cas9, TALEN/Fokl

Inducible promoters

Tkmi et al. (2014)
Tkmi et al. (2014)

Magie et al. (2007), Rentzsch et al. (2008), Layden et al. (2013)
Wikramanayake et al. (2003), Layden et al. (2013)
He et al. (2018), Karabulut et al. (2019)

Genome- and “Omics”-Level Analysis

Annotated genomes

Putnam et al. (2007), Zimmermann et al. (2020)

« http://genome.jgi-psf.org/Nemvel/Nemvel.home.html
* http://cnidarians.bu.edu/stellabase/index.cgi
* http://metazoa.ensembl.org/Nematostella_vectensis/Info/Index

* https://simrbase.stowers.org/starletseaanemone

Transcriptomes

Helm et al. (2013), Tulin et al. (2013)

« http://figshare.com/articles/Nematostella_vectensis_transcriptome_and_gene_models_v2_0/807696
« http://nvertx.ircan.org/ER/ER _plotter/home

ChIP-Seq protocol
RNA-seq protocol

Schwaiger et al. (2014)

Micorarray approaches

ScRNA-seq protocol Sebé-Pedrds et al. (2018)

Helm et al. (2013), Tulin et al. (2013)
Rottinger et al. (2012), Sinigaglia et al. (2015)



http://genome.jgi-psf.org
http://cnidarians.bu.edu
http://metazoa.ensembl.org
https://simrbase.stowers.org
http://figshare.com
http://nvertx.ircan.org
http://AddGene.org
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Nakanishi et al. 2012; Zang and Nakanishi 2020). Transgenic
reporter lines provide another means of assaying spatial and
temporal protein expression and allow for live visualization
and imaging. Quantitative real-time polymerase chain reac-
tion is a quick method for determining mRNA expression
levels at a given point in time and is often used experimen-
tally in tandem with in situ hybridization and in the confir-
mation of sequencing results. Together these methods are
powerful tools for characterizing wild type and transgenic
expression and as a readout for gain and loss of function
experiments (Figure 7.6).

7.7.4.5 Genome- and “Omics”-Level Approaches

Genomic- and transcriptomic-level experiments under vary-
ing developmental, regenerative and/or environmental par-
adigms are possible since the publication of the genome.
ChIP-seq studies can be used to determine epigenetic pro-
tein interactions with open chromatin. For example, ChIP-
seq can uncover potential genomic interactions of a protein
of interest or facilitate the identification of regulatory ele-
ments for a gene of interest (Schwaiger et al. 2014; Technau
and Schwaiger 2015; Rentzsch and Technau 2016). RNA-seq
and single cell RNA-seq have allowed for the investigation
of global gene expression levels in whole animals and sin-
gle cells, respectively (Tulin et al. 2013; Helm et al. 2013;
Fischer et al. 2014; Warner et al. 2018; Sebé-Pedrds et al.
2018). Ultimately, each of these methods provides different
levels of resolution, and the method used will depend on the
question being asked.

7.7.4.6 Pharmacological Manipulation

Pharmacological agents have been used to target specific
developmental pathways, as well as to target pathways to alter
the physiology of the adult animal. Administering pharmaco-
logical agents requires only introducing the desired concentra-
tion to the sea water in which treatment animals are growing.
Treatments can be administered at any stage from develop-
ing embryos to mature adults. Pharmacological agents offer a
quick and easy way to target pathways in a high-throughput
manner. It is possible to alter basic cellular processes using
drug treatments. For example, cell proliferation has been
blocked with hydroxyurea (Amiel et al. 2015). Wnt/B-catenin
activity can be overactivated using 1-azakenpaullone and/or
alsterpaullone, and inhibited using iCRT14 (Trevino et al.
2011; Watanabe et al. 2014). The gamma secretase inhibi-
tor DAPT can be given to effectively disrupt the Notch/Delta
pathway (Layden and Martindale 2014), and the receptor
tyrosine kinase inhibitor SU5402 can be used to effectively
inhibit Fgf receptors (Rentzsch et al. 2008). Additionally,
the mTOR pathway can be disrupted by bathing animals in
rapamycin (Ikmi et al. 2020). While many of the treatments
discussed previously would typically be applicable to devel-
oping animals, there are also several agents that can alter
the physiology of adult Nematostella. For example, bathing
adults in the neurotransmitter acetylcholine can induce ten-
tacle contractions, while lidocaine can suppress these contrac-
tions (Faltine-Gonzalez and Layden 2019).
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7.7.5 INTEGRATION OF APPROACHES

While the approaches discussed here are organized into
subsections, there is no hard line defining what they can
be used for. The combination of various tools from field
approaches to molecular, cellular and behavioral tech-
niques can be combined to address a nearly limitless range
of questions (Figure 7.6). Following the establishment of
a lab population, a basic molecular biology lab setup will
allow a researcher to tackle questions pertaining to the
fields of molecular ecology, mechanisms of behavior, evo-
lution, development, regeneration and so on (Figure 7.6).
There is also the expectation that the Nematostella model
will keep up with major advances in technology, since
cutting-edge techniques continue to become available in
this system. Advances in single-cell technologies and the
application of conditional/inducible alleles will further
refine the resolution and control at which experiments can
be performed. Adding in the fact that field and lab com-
parisons and/or wild type and transgenic comparisons can
be included as additional variables makes it so researchers
have a high level of control, allowing them to implement
experimental parameters beyond those offered by other
model systems.

7.8 CHALLENGING QUESTIONS

7.8.1 Is THERE A Deep EvOLUTIONARY ORIGIN

FOR KEey BILATERIAN TRAITS?

An explosive radiation of taxa occurred within the bilat-
erian lineage, and it is believed to be due to the evolution
of several unique characteristics (e.g. mesodermal germ
layer and bilateral symmetry) that allowed them to occupy
previously inaccessible niches. The evolution of these traits
allowed for the evolution of larger, more complex body plans
and increased specialization of structure organization and
function—including cephalization and the centralization
of nervous systems. Understanding the mechanisms that
led to the bilaterian radiation is a longstanding evolution-
ary question that can only be answered by studying animals
that are closely related to bilaterians in order to infer what
molecular tool-kit was available to their common ancestor.
Cnidarians are regarded as the sister taxon to the bilaterians
(Wainright et al. 1993; Medina et al. 2001; Collins 2002),
and therefore cnidarian models, such as Nematostella, offer
an appropriate outgroup species to study the molecular basis
for the origin of key bilaterian traits, such as the mesoderm
and bilaterality, because they allow us to deduce the evolu-
tionary history of these derived traits (Figure 7.7). In fact,
Nematostella first gained momentum as a model species for
its utility in uncovering the evolutionary mechanisms that
led to key bilaterian features.

7.8.1.1

Thus far, studies with Nematostella have used compara-
tive genetic approaches and germ layer fate mapping to

Origin of the Mesoderm
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form different hypotheses regarding the molecular basis of
mesoderm evolution (Scholz and Technau 2003; Martindale
et al. 2004; Steinmetz et al. 2017; Wijesena et al. 2017). One
hypothesis suggests that the mesoderm was derived from a
dual-functional endoderm originating in the diploblastic
ancestor, termed the “endomesoderm”, which performs both
traditional endodermal and mesodermal functions within
a single germ layer (Martindale et al. 2004; Wijesena et al.
2017). Expression of genes restricted to the mesoderm in bila-
terians were found in the endoderm of Nematostella, leading
to the “endomesoderm” hypothesis (Martindale et al. 2004).
Further, expression of a conserved set of genes involved in the
gene regulatory network driving heart field specification in
bilaterian mesoderm was found to be functional in the endo-
derm of Nematostella at early developmental stages (Wijesena
et al. 2017). Since they lack a closed circulatory system and
other mesenchymal cell types, this begs the question: What
are the functions of these heart field and other traditionally
mesoderm-specific genes in Nematostella?

Other studies have tested the “endomesoderm” hypoth-
esis and arrived at a different model of mesoderm evolu-
tion. Germ layer fate mapping showed that the pharynx and
mesenteries are composed of cells derived from both germ
layers, as opposed to being derived from only the endoderm
as previously thought, and gene expression experiments
suggested that these structures are also functionally parti-
tioned. Further, the Nematostella endoderm has an expres-
sion profile that resembles bilaterian mesoderm (e.g. heart
and gonadal genes), and the pharyngeal ectoderm expresses
genes common to bilaterian endoderm (e.g. gut-specific
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digestion genes) (Steinmetz et al. 2017). These data point to
an alternate model of germ layer homology where the cni-
darian pharyngeal ectoderm is analogous to the bilaterian
endoderm, and the cnidarian endoderm is analogous to the
bilaterian mesoderm, supporting a proposed mechanism
for bilaterian mesoderm formation where the expansion
of the pharyngeal ectoderm down into the body cavity led
to the formation of an internal mesodermal layer in a pre-
bilaterian ancestor (Steinmetz et al. 2017; Steinmetz 2019).
Support for this model requires functional studies to show
that the gene expression profiles of Nematostella not only
correspond to bilaterian germ layer profiles but also have
homologous functions.

Both hypotheses propose that the cnidarian endoderm has
analogous function to the bilaterian mesoderm. The main
difference lies in whether the pharynx and mesenteries con-
tain both ectodermal and endodermal tissues and function
as bilaterian endoderm and mesoderm, respectively. To rec-
oncile these different hypotheses, better resolution of gene
regulatory networks in adult animals is needed in order to
ascertain if mesodermal gene expression and function (such
as the heart field specification network) are restricted to
the endodermal portions of the bi-layered mesenteries and
pharynx.

7.8.1.2 Mechanisms of Axial Patterning

Leading to Bilaterality
Despite the seemingly endless variation in animal body
plans, all taxa appear to have clear regimented developmen-
tal programs that set up the body axes that give rise to the
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unique morphology of each species. Many similarities in the
mechanics of axial patterning have been observed between
taxa. This has led to the question: Is there a conserved
molecular program central to axial patterning that has been
co-opted across evolutionary time?

At first glance, Nematostella appear radially sym-
metrical, with their body plan centered around a primary
oral—aboral axis that runs the length of the body column.
However, upon closer examination of the structural features
of Nematostella, it is evident that they possess bilateral sym-
metry along a secondary “directive” axis that runs perpen-
dicular to the primary axis (see “Anatomy”). At a molecular
level, the perpendicular primary and secondary axes are
derived from orthogonal morphogen gradients that work in
concert to set up the body plan. In bilaterians, the orthogonal
arrangement of morphogen gradients is also a fundamental
aspect of body axis patterning (Niehrs 2010; Genikhovich
and Technau 2017).

Major morphogen signaling pathways, with an estab-
lished role in bilaterian anterior—posterior axial patterning,
play a similar role in setting up domains along the oral—
aboral axis in Nematostella (Leclere et al. 2016; Amiel et al.
2017; Bagaeva et al. 2020). Like bilaterians, a Wnt/B-catenin
gradient, with a similar regulatory logic, is established along
the primary axis (Marlow et al. 2013, Kraus et al. 2016,
Bagaeva et al. 2020). In bilaterians, a key factor in forming
the dorsal-ventral axis is the establishment of opposing gra-
dients of bone morphogenic protein and its antagonist chor-
din on opposite ends of the secondary axis, perpendicular to
the primary axis (Niehrs 2010, Genikhovich and Technau
2017). In contrast, expression domains of bone morphoge-
netic protein and chordin overlap and are on the same side
of the directive axis in Nematostella (Matus et al. 2006;
Rentzsch et al. 2006; Leclere and Rentzsch 2014). This sug-
gests evolutionary plasticity in the BMP/Chordin systems
but does not answer how they functioned and were co-opted
in the establishment of diverse secondary axial patterning
programs throughout evolutionary history. It is worth noting
that besides these two major upstream morphogen pathways,
other factors, such as hox genes, play critical roles as down-
stream effectors in shaping and refining axial patterning in
Nematostella and bilaterians (Graham et al. 1991; Pearson
et al. 2005; DuBuc et al. 2018; He et al. 2018).

The accumulation of data thus far suggests deep evolu-
tionary roots for the morphogenetic programs governing axis
patterning (Matus et al. 2006; Bagaeva et al. 2020), regard-
less of body plan complexity. Although the same morphoge-
netic pathways seem to play an important role in patterning
the primary and secondary axes in Nematostella, there
appear to be key differences in how morphogens are spatially
distributed and interacting (Matus et al. 2006; Rentzsch
et al. 2006; Leclere and Rentzsch 2014). Similarities in axial
programming between Nematostella and bilaterians make
them an ideal candidate for understanding if/when a gen-
eral morphogenetic program was co-opted for the evolution
of bilateral symmetry. Comparisons with other cnidarians
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and early metazoans will help to resolve how these pattern-
ing mechanisms evolved and functioned in the urbilaterian
ancestor and prior to the cnidarian-bilaterian split.

7.8.2 CAN NEmATOSTELLA BE USED AS A
CNIDARIAN MODEL FOR CNIDARIANS?

Establishing a genetically amenable, high-throughput, cni-
darian model would improve our understanding of many
aspects of cnidarian biology, which has been hindered by
our inability to easily access, observe and culture many spe-
cies within this phylum. A major question is: Can we bet-
ter understand the effects of the changing environment and
inform conservation strategies by utilizing established cni-
darian models that are amenable to high-throughput labora-
tory techniques? Although corals can be harvested and kept
under laboratory conditions (provided that specific environ-
mental parameters are met) their natural history makes it
very difficult to control spawning behavior and therefore
makes it so that embryos are only available up to a few times
a year (Harrison et al. 1984; Baird et al. 2009; Keith et al.
2016; Craggs et al. 2017; Pollock et al. 2017; Cleves et al.
2018). In addition, there are few tools and resources available
for conducting molecular, cellular or physiological research
in non-model cnidarian systems (Technau and Steele 2011).
A notable exception is a study that used CRISPR/Cas9 in
the coral Acropora millepora to target a few genes of inter-
est. However, to obtain embryos, prior knowledge of when
spawning would occur was necessary so that corals could be
harvested and brought into the lab just prior to their natu-
ral spawning event (Cleves et al. 2018). This exemplifies the
logistical hurdles that are often present in coral and other
cnidarian research.

An intriguing possibility is that Nematostella could be
employed as a cnidarian model for cnidarians due to the rep-
ertoire of tools available and easy culture. Nematostella has
no symbionts, and therefore it would not be useful in model-
ing symbiotic relationships. However, the fact that we can eas-
ily manipulate Nematostella at a molecular level sets it up as
a good proxy to investigate fundamental molecular programs
in other cnidarians. This way, hypotheses could be quickly
tested in this developed model so that resources can be mobi-
lized most efficiently in hard to study cnidarian species. An
additional question is: Can Nematostella be used as a cnidar-
ian model for environmental stress tolerance and adaptation?
This could broaden our understanding of how imperiled cni-
darians are likely to cope with ongoing environmental change.
Plus, understanding the underlying mechanisms responsible
for environmental plasticity in Nematostella could potentially
be exploited in the conservation of other species.

7.8.3 How Do NoveL CeL Types EvoLve?

Longstanding evolutionary questions are: How does evolu-
tionary novelty arise, and how does novelty lead to major
evolutionary transitions? To investigate these questions
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requires a model that possesses cell types with true morpho-
logical and functional novelty. Cnidocytes are phenotypi-
cally unique stinging cells and a defining characteristic of
the cnidarian phylum. Cnidocytes are one of only a handful
of examples of an unequivocal evolutionary novelty and thus
offer a unique opportunity to investigate the mechanisms
that lead to evolutionary novelty—something that is not pos-
sible in many model systems. Using Nematostella, studies
can be focused on the molecular basis of cnidocyte develop-
ment (Babonis and Martindale 2017; Sunagar et al. 2018).
This will inform how newly generated genes/proteins inter-
act with existing biological programs, leading to the emer-
gence of novel proteins and, in turn, cell types (Babonis and
Martindale 2014; Babonis et al. 2016; Layden et al. 2016).

7.8.4 DoEs REGENERATION RECAPITULATE DEVELOPMENT?

Unraveling the molecular basis of development and regen-
eration is pivotal to answering the question of whether devel-
opmental programs are co-opted for regenerative processes.
Complicating matters is that historically, researchers were
limited by models suited to either the study of development
or regeneration or those that had limited regenerative capa-
bilities (e.g. Ambystoma mexicanum, Danio rerio, Xenopus
laevis). Models where both processes can be examined
within the same species took longer to become established
(e.g. Nematostella vectensis, Hofstenia miamia). A dis-
tinguishing feature of Nematostella is that it is capable of
whole-body axis regeneration. This, coupled with the fact
that it is becoming a strong model for development, offers
the unique ability to directly compare these two processes
within the same animal. Studies in Nematostella and other
species are gaining support for the hypothesis that regenera-
tion is only a partial redeployment of embryonic develop-
ment (e.g. Schaffer et al. 2016; Warner et al. 2019).

Moving forward, it will be necessary to study whether
the same program differences arise regardless of regenera-
tion paradigm. For example, during whole-body axis regen-
eration in Nematostella, the initial regenerative response of
certain neural subtypes differs under varying regenerative
paradigms, suggesting that there may be cell type differ-
ences (Havrilak et al. 2021). As we gain functional under-
standing of these processes, it begs the question of whether
we can unlock regenerative potential in non-regenerative
models and use this knowledge to develop medical therapies.

7.8.5 OTHER CHALLENGING QUESTIONS

The topics addressed previously are only a small subset of
the challenging questions that Nematostella is poised to
address. For example, other questions pertaining to evolution
and development, such as the centralization of the nervous
system within the bilaterian lineage, are possible because of
the position of cnidarians as sister taxa. Outside of its use in
academia, there is also definite potential for Nematostella
within applied research fields, such as biotechnology.
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Within the biotech industry, one innovative group looks to
use Nematostella to help consumers combat the signs of age-
ing by harnessing the stinging action of cnidocyte cells to
optimize the delivery of skin care agents deep into the skin
(Toren and Gurovich 2016). Although few other examples of
Nematostella in applied research exist, it is easy to imagine
other uses for this cnidocyte-mediated injection technology
throughout the beauty and medical industries, as well as
many other untapped applications waiting to be uncovered.
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8.1 HISTORY OF THE MODEL

Classical “model” organisms (such as mouse, drosophila,
nematode, etc.) have contributed a huge amount of knowl-
edge in biology but represent only a small fraction of the
diversity of organisms. Marine animals are very diverse in
term of morphology and physiology and cover a wide range
of taxa. Therefore, they can make a valuable contribution to
research, both for addressing biological processes and evo-
lutionary questions.

This chapter presents Clytia hemisphaerica, a jellyfish
with growing interest as an experimental model. This spe-
cies can be cultured in the lab in reconstituted sea water,
allowing use in any laboratory and a constant supply in ani-
mals. First the history of Clytia as an experimental model
and the characteristics of Clytia life stages will be presented.
Then diverse experimental tools, currently available and still
in development, will be described, before presenting some
biological questions that can be addressed using Clytia.

Due to their phylogenetic position as a sister group to
the bilaterians, cnidarians are a valuable study group for
addressing evolutionary questions. Cnidarians are divided
into two main clades: the anthozoans, comprising animals
only living as polyps for the adult form, and the meduso-
zoans, characterized by the presence of the jellyfish stage
in the life cycle (Collins et al. 2006). Clytia hemisphaerica
(Linnaeus 1767) is a medusozoan species of the class
Hydrozoa, the order Leptothecata (characterized by a chitin-
ous envelop protecting the polyps and by the flat shape of
the jellyfish) and the family Clytiidae (Cunha et al. 2020).
Its life cycle is typical of hydrozoans, alternating between
two adult forms: the free-swimming jellyfish (= medusa) and
asexually propagating polyp-forming colonies.

Clytia hemisphaerica has long been recognized as a
valuable research organism for studying several aspects of
hydrozoan biology thanks to its ease of culture; its total trans-
parency; and its triphasic life cycle, including a medusa stage.
This last feature distinguishes it from the other main cnidar-
ian model organisms (Hydra, Nematostella and Hydractinia).
It is thus possible to study in Clytia hemisphaerica complex
characters absent from the polyp-only model species, notably:
striated muscles; a well-organized nervous system condensed
in two nerve rings at the margin of the umbrella; and well-
defined and localized organs: the gonads, the manubrium
regrouping the mouth and the stomach and the tentacle bulbs.

8.1.1 EARLY STUDIES ON CLYTIA HEMISPHAERICA

ANATOMY AND DEVELOPMENT

Clytia hemisphaerica was referred to in earlier literature
under a number of synonyms, such as Clytia johnstoni
(in: Alder 1856), Clytia laevis (in: Weismann 1883), Clytia
viridicans (in: Metchnikoff 1886), Phialidium hemisphaeri-
cum (in: Bodo and Bouillon 1968) or Campanularia john-
stoni (in: Schmid and Tardent 1971; Schmid et al. 1976).
Clytia, when used alone in this chapter, will refer to the spe-
cies Clytia hemisphaerica.
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8.1.1.1 First Descriptions of Clytia

Embryonic Development

The first detailed description of embryogenesis in Clytia
was conducted by Elie Metschnikoff in the late 19th century
in the marine stations of Naples and Villefranche-sur-Mer
(Metchnikoff 1886). In his book Embryologische studien
an Medusen (1886), he described and compared the devel-
opment and larva morphology of several medusa species
from these sites, including Clytia hemisphaerica (= Clytia
viridicans). Lacassagne (1961) performed histological stud-
ies, comparing planulae belonging to the family of “calypto-
blastiques a gonophores” including Clytia. Seven years later,
Bodo and Bouillon (1968) published a description of the
embryonic development of five hydromedusae from Roscoff.
Their study contains a detailed description of Clytia planu-
lae, particularly their cell types and mode of settlement.

8.1.1.2 Clytia as a Model for
Experimental Embryology

A distinct but closely related species, Clytia gregaria
(= Phialidium gregarium), abundant on the west coast of the
United States, was used extensively by the embryologist Gary
Freeman and played an important part in the history of cni-
darian experimental embryology (Freeman 1981a; Freeman
1981b; Freeman 2005; Freeman and Ridgway 1987; Thomas
et al. 1987). Through cutting and grafting experiments using
embryos and larvae from wild caught medusae, Freeman
investigated the establishment of polarity in Clytia gregaria
larvae, termed antero-posterior (AP) at that time but now
commonly referred to as oral-aboral (OA). He determined i)
that isolated parts of the cleaving embryo develop into normal
planulae; ii) that they conserve their original antero-posterior
axis (Freeman 198l1a); iii) that the position of the posterior
(oral) pole can be traced back to the initiation site of the first
cleavage (Freeman 1980); and iv) that during gastrulation,
interactions between the parts of the embryo determine the
axis of the planula (Freeman 1981a). This work highlighted
the precise regulation of Clytia embryogenesis and its flex-
ibility, allowing the development of a correctly patterned
planula even if a part of the embryo is missing.

8.1.1.3 Clytia Medusa Regeneration

The Clytia medusa, like its embryo, can cope with vari-
ous types of injuries by repatterning and restoration of
lost parts. This marked ability to self-repair and regener-
ate is another particularity that raised interest in early stud-
ies. Among cnidarians, the regenerative abilities of polyps
(e.g. Hydra, Hydractinia, Nematostella) are well known
(Amiel et al. 2015; Bradshaw et al. 2015; DuBuc et al.
2014; Galliot 2012; Schaffer et al. 2016). The huge regen-
erative abilities of Hydra were first documented in the 18th
century by Trembley in an attempt to determine whether
Hydra belonged to plants or animals (1744). In contrast, jel-
lyfish were considered to have lesser abilities due to their
greater anatomic complexity (Hargitt 1897). Compared to
the literature about the regeneration abilities of the polyps,
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relatively few studies documented the abilities of hydrozo-
ans and scyphozoans jellyfish (Abrams et al. 2015; Hargitt
1897; Morgan 1899; Okada 1927; Schmid and Tardent 1971;
Schmid et al. 1982; Weber 1981; Zeleny 1907).

Neppi (1918) documented the regeneration abilities of
wild-caught Clytia (Phialidium variabile). She concluded
that fragments of the umbrella can restore their typical bell
shape, and the manubrium and radial canals are restored
if they are missing from the fragment, as seen also for
other hydrozoan jellyfish (Gonionemus: Morgan 1899; and
Obelia: Neppi 1918). More detailed studies were performed
in the 1970s by Schmid and collaborators (Schmid and
Tardent 1971; Schmid 1974; Schmid et al. 1976; Schneider
1975; Stidwill 1974). These researchers documented the self-
repair and regeneration abilities of wild-caught Clytia caught
near Villefranche and Banyuls marine stations (Schmid and
Tardent 1971). Like Neppi in 1918, they observed that a frag-
ment of the umbrella is able to restore the circular jellyfish
shape in a quick and stereotypical process. Any missing
organs (manubrium, canals and gonads) then regenerate, the
manubrium being the first organ to reform. While the circu-
lar shape and missing organs are consistently restored, they
found that the original tetraradial symmetry is not neces-
sarily reestablished (Schmid and Tardent 1971). Subsequent
studies focused on the mechanisms regulating manubrium
regeneration (Schmid 1974; Schmid et al. 1976). They first
looked for an induction/inhibition system based on morpho-
gens, similar to that described in Hydra. The results of graft-
ing experiments suggested that such diffusing molecules in
the tissue are not responsible for guiding the regeneration of
the manubrium in Clytia (Schmid 1974; Schmid et al. 1976;
Stidwill 1974). An alternative hypothesis coming from this
work was that tension forces generated by the muscle fibers
and the underlying mesoglea are important in patterning
during regeneration (Schmid et al. 1976; Schneider 1975).
Further regeneration studies on jellyfish were performed on
Podocoryna carnea and focused on the ability of its striated
muscle cells to transdifferentiate after isolation from the jel-
lyfish (Schmid et al. 1982). Clytia was not used further to
study regeneration until its establishment as an experimental
lab-cultured model species (see Section 8.8.1).

8.1.1.4 Sex Determination and the
Origin of Germ Cells

In cnidarian life cycles, asexual and sexual reproduction
often coexist. In medusozoans, the polyp stage ensures asex-
ual reproduction, whereas the jellyfish is the sexual and dis-
persive form. Some medusae, including Clytia mccrady, a
leptomedusa found in the Atlantic ocean and Mediterranean
sea, are also able to generate medusae asexually through a
budding zone, called the blastostyle, positioned in the place
of the gonads (Carré et al. 1995). Carré et al. (1995) showed
that, in this species, asexually reproducing jellyfish produce
asexual jellyfish.

The origin of germ cells and the mode of sex determi-
nation were studied in Clytia hemisphaerica by Carré and
Carré (2000). Medusae produced from newly established
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polyp colonies kept at 15°C were mostly male, whereas most
of those produced at 24°C were female. However, some
medusa produced at 24°C, then raised at 15°C, became male.
These findings indicate that sex is not determined geneti-
cally. Carré and Carré proposed that two populations of
germ cell precursors could coexist in newly released Clytia
medusa: a dominant female population, temperature sensi-
tive and inactivated at 15°C, and a male population, active
at low temperatures (2000). In Hydra, it has been shown
that grafting of male germ cells in a female polyp leads
to the masculinization of the polyp. The male germ cells
migrate into the polyp and proliferate, whereas the existing
female germ cells are eliminated (Nishimiya-Fujisawa and
Kobayashi 2012). In Clytia, the male and female germ cell
populations could be competing as well, with low tempera-
ture favoring male germ cells (Siebert and Juliano 2017).

8.1.2 Ciryria As A MoDEL AFTER 2000

Following the suggestion of Danielle Carré, Evelyn
Houliston started in 2002 Clytia cultures in the marine
station of Villefranche-sur-Mer, initially to study egg and
embryo polarity in this transparent animal. Daily spawn-
ing of males and females and external fertilization allowed
easy access to all developmental stages for microscopy
and experimentation. The culture system is now standard-
ized (Lechable et al. 2020), and different inbred lines have
been established by successive self-crossing, starting from
a founder colony “Z” obtained from crossing wild medusa
collected in the bay of Villefranche. A male colony result-
ing from three successive self-crossing (Z4C)? was used for
genome sequencing (Leclere et al. 2019). Several Z-derived
male and female lines are currently used in Villefranche
(Houliston et al. 2010; Leclere et al. 2019). Medusae from a
given line are produced asexually from a polyp colony and
therefore are genetically identical.

Clytia started as a model for developmental studies from
2005. Until 2010, it was mostly studied in two laboratories,
in Villefranche-sur-Mer and Paris. The main research top-
ics were oogenesis, embryonic patterning and polarity, evo-
Iution of developmental mechanisms, nematogenesis and
gametogenesis (Amiel et al. 2009; Amiel and Houliston
2009; Chevalier et al. 2006; Chiori et al. 2009; Denker et al.
2008a; Denker et al. 2008b; Denker et al. 2008c; Derelle
et al. 2010; Forét et al. 2010; Fourrage et al. 2010; Momose
et al. 2008; Momose and Houliston 2007; Philippe et al.
2009; Quiquand et al. 2009, reviewed by Houliston et al.
2010; Leclere et al. 2016). Tools have been progressively
developed for imaging during embryogenesis and in the
adult, and for gene function analysis in the embryo (injec-
tion of Morpholino oligonucleotides [MOs] or mRNAs into
the egg or the embryo: Houliston et al. 2010) and in the adult
(gene knock out with CRISPR-Cas9: Momose et al. 2018).

Clytia studies continue in Villefranche, with recently
published work concerning, for instance, oocyte matura-
tion (Quiroga Artigas et al. 2020; Quiroga Artigas et al.
2018), embryogenesis (Kraus et al. 2020; van der Sande et
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al. 2020) and regeneration (Sinigaglia et al. 2020). Michael
Manuel and colleagues in Paris also worked extensively
on Clytia until recently, notably focusing on the jellyfish
tentacle bulb (Condamine et al. 2019; Coste et al. 2016;
Denker et al. 2008c). The team of Jocelyn Malamy from
Chicago University has started to work on wound healing
in Clytia. They uncovered two healing mechanisms (acto-
myosin cable and lamelipods crawling) and developed a
DIC microscopy system allowing visualization of individual
cell movements (Kamran et al. 2017, Malamy and Shribak
2018). Other published articles on Clytia include the work
of Ulrich Technau’s group (Gur Barzilai et al. 2012; Kraus
et al. 2015; Steinmetz et al. 2012), notably demonstrating the
convergence of hydrozoan and bilaterian striated muscles,
and from Noriyo Takeda identifying the maturation-induc-
ing hormones (MIHs) in Clytia and Cladonema jellyfish
(Takeda et al. 2018). Other groups worldwide are starting to
adopt Clytia for their research.

8.2 GEOGRAPHICAL LOCATION

Clytia hemisphaerica is a cosmopolitan jellyfish species. Its
presence has been documented in many places, including
the Mediterranean sea (between September and March in
Villefranche; Carré and Carré 2000), Brittany (in Roscoff
in 1968, particularly during summer and fall; Bodo and
Bouillon 1968), the English Channel (Lucas et al. 1995), as
well as Japan (= Clytia edwardsi) (Kubota 1978) and the US
north Pacific coast (Roosen-Runge 1962).

Clytia undergo light-dependent diel vertical migrations
following a day/night cycle, like many hydrozoan jellyfish
(Mills 1983). The physiological, ecological and evolutionary
relevance of this daily migration remains to be studied. In
laboratory conditions, Clytia hemisphaerica medusae spawn
two hours after a dark—light transition after migrating to the
surface of the tank, matching the morning spawning of local
populations (Quiroga Artigas 2017). Variant spawning pat-
terns have been reported at other locations, for instance, at
dawn and dusk for Clytia hemisphaerica in Friday Harbor
(US north Pacific coast) (Roosen-Runge 1962).

8.3 LIFE CYCLE

Clytia belongs to the hydrozoan class and exhibits the typi-
cal life cycle, alternating between a planula larva, benthic
polyp and pelagic medusa (Figure 8.1).

8.3.1 From EGGs 1O LARVA

Gametes are released daily by male and female medusae,
triggered by light following a dark period (Amiel et al. 2010).
The fertilized eggs develop into a torpedo-shaped planula
larva, swimming by ciliary beating (Figure 8.1). Three days
after fertilization, the larva settles on a substrate by the aboral
pole. Metamorphosis into a primary polyp is induced by bac-
terial biofilms in natural conditions and can be triggered in
the laboratory by the peptide GLW-amide on glass or plastic
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slide (Lechable et al. 2020; Piraino et al. 2011; Takahashi and
Hatta 2011). During metamorphosis, the larva flattens on the
substrate, and all the polyp structures are formed de novo.
The oral part of the planula will give rise to the hypostome
(mouth) of the polyp (Freeman 2005).

8.3.2 THEe Poryr CoLONY

The polyp colony is the asexually propagating, benthic
stage of the life cycle. The body of the primary polyp is
composed of a tube with a cylindrical shape, surmounted
by a hypostome, surrounded by tentacles. After the first
feeding, the colony starts to form by the growth of a stolon,
a tubular structure spreading on the substrate, at the foot
of the primary polyp. Other polyps are formed by lateral
budding of the stolon, spaced by distances of 3 to 4 mm
(Hale 1973). The gastrovascular system is shared between
all the zooids through the stolon, allowing specialization of
the zooids in two types: the gastrozooids catch and digest
prey, and the gonozooids produce jellyfish by lateral bud-
ding (Figure 8.1). Well-fed and cleaned Clytia colonies show
unlimited growing capacity, continuously extending their
stolons and budding new zooids. The life span of a Clytia
colony is unknown. In our lab culture conditions, the oldest
colonies are 15 years old and show no obvious sign of aging.

8.3.3 THE SWIMMING MEDUSA

Polyp colonies release hundreds of clonal and genetically
identical jellyfish daily, produced by the gonozooids (Figure
8.1). Budding of the jellyfish starts with the growth of ecto-
derm and endoderm of the polyp wall. A group of cells then
appears to delaminate from the distal ectoderm of the bud,
forming the entocodon, a cell layer giving rise to the stri-
ated muscle of the medusa sub-umbrella. The ectoderm will
give rise to the exumbrella, the external part of the velum
and the tentacle epidermis, whereas the endoderm forms the
gastrovascular system and the internal tentacular epithelium
(Kraus et al. 2015). The formed jellyfish is folded inside
the gonozooid and unfolds after release. The jellyfish are
gonochoric. As mentioned, sex is influenced by the tempera-
ture of growth of the young polyp colony (Carré and Carré
2000). Depending on feeding, jellyfish reach sexual matu-
rity in two to three weeks after release (Figure 8.1). Clytia
jellyfish reach an adult size of 1 to 2 centimeters of diameter
and live for up to two months.

8.3.4 Lire CycLE IN THE LABORATORY

Clytia cultures can be maintained in glass beakers contain-
ing filtered sea water, but a more convenient tank system
has now been developed—see Lechable et al. (2020) for full
details. Medusa and polyps are kept in kreisel tanks with
circulating reconstituted sea water. Temperature and salin-
ity are controlled. Jellyfish are fed twice a day with hatched
Artemia nauplii. The use of artificial sea water allows cul-
ture of Clytia in inland labs.
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FIGURE 8.1 The triphasic life cycle of Clytia hemisphaerica. After fertilization, the embryo develops into a swimming planula larva
in three days. The larva settles on a substrate and undergoes metamorphosis. Growth of the stolon from the primary polyp and budding
of new zooids on the stolon lead to the formation of a colony composed of two types of polyps: gastrozooids ensure feeding of the colony,
and gonozooids produce the medusae by asexual budding. Male and female medusae are mature two to three weeks after release and

spawn gametes after a light cue.

8.4 EMBRYOGENESIS AND PLANULA
LARVA FORMATION

8.4.1 EMBRYONIC DEVELOPMENT

After spawning and fertilization, the egg undergoes suc-
cessive divisions until formation of a monolayered blastula
(Figure 8.2A). The first division occurs 50 min after fertil-
ization at 18°C, each following division cycle taking around
30 minutes (Kraus et al. 2020). The initiation site of the
first cleavage at the animal pole of the egg marks the site
of cell ingression during gastrulation and will give rise to
the future oral pole of the larva (Freeman 1981b). Polarity is
specified by maternal determinants localized in the oocyte:
mRNAs coding for Wnt3 and Fzl (Frizzled 1) at the animal
pole which promote oral fate of the planula and for Fz3 at
the vegetal pole which promote aboral fate, via the activa-
tion of the Wnt canonical pathway in the future oral territory
(Momose et al. 2008; Momose and Houliston 2007).

The blastula stage begins at the 32-cell stage, with the
appearance of the blastocoel. At about seven hours post-
fertilization (hpf), the cells of the blastula elongate and
become polarized along their apico-basal axes, forming
an epithelium with apical cell—cell junctions. In parallel to
this epithelialization, the diameter of the embryo reduces
as the thickness of the blastoderm increases, a process
called “compaction” (Kraus et al. 2020). At the late blas-
tula stage, cilia appear on the apical surface of the embryo.
Gastrulation starts at around 11-12 hpf at 18°C. Individual
cells detach from the blastoderm at the future oral pole and
fill the blastocoel by migrating inside, where they will form
the endoderm (Figure 8.2A, B, C). This mode of gastrula-
tion is called unipolar cell ingression (Byrum 2001). During
gastrulation, the embryo elongates along the oral-aboral
axis by a cell intercalation mechanism dependent on planar
cell polarity (Momose et al. 2012). Gastrulation is completed
at around 20-24 hpf at 18°C (Kraus et al. 2020). The result-
ing parenchymula has an elongated shape, but the endoderm
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FIGURE 8.2 Clytia embryonic development. (a) DIC images of successive developmental stages until the end of gastrulation
(Parenchymula stage). After fertilization, successive cleavage divisions increase the number of cells during the first hours, forming a
hollow blastula. Between early and mid-blastula stages, epithelization of the blastoderm is accompanied by “compaction”, that is, reduc-
tion in embryo diameter. The embryo oral pole is first visible as local cell layer thickening ahead of gastrulation (asterisks). Gastrulation
proceeds by unipolar cell ingression from around the oral pole. Ingressed cells colonize the blastocoel, providing the future endoderm.
Concomitantly, the embryo elongates. hpf = hours post-fertilization at 18°C. (b) Scanning electron micrograph of a mid-gastrula embryo
split perpendicular to the oral-aboral axis to reveal the inner face of the blastocoel. Purple arrows show examples of ingressing cells
at the oral pole and pink arrows ingressed cells with mesenchymal morphology migrating toward aboral pole. (c) Confocal images of
embryos and planulae following staining of cell contours with phalloidin (green) and nuclei with Hoechst dye (magenta), as described in
Kraus et al. (2020). Purple and pink arrows again show ingressing and migrating cells. The double-headed yellow arrow shows a region
where lateral intercalation of ingressed cells is likely contributing to embryo elongation. gc: gastrocoel, ect: ectoderm, end: endoderm.
(a—c) Gastrula and planulae are all oriented with the oral pole at the top. ([a] Adapted from van der Sande et al. 2020; [b] from Kraus
et al. 2020.)

is not differentiated. A thin extracellular matrix layer sepa-
rating the ectoderm and the endoderm (basal lamina) starts
forming at the aboral pole, and a central gastric cavity pro-
gressively develops between one and two days after fertil-
ization (Figure 8.2A, C). By two days after fertilization, the
ectodermal and endodermal epithelia of the planula larva
are fully developed and totally separated by the basal lam-
ina, and the gastrocoel is complete (Figure 8.2C). Cell types
continue to differentiate until the larva can metamorphose at
around three days after fertilization.

8.4.2 THE PLANULA LARVA

The larva has a simple morphology. It has a torpedo
shape and swims with the aboral pole in front, thanks to

coordinated beating of the cilia on the ectoderm cells. Cilia
orientation is coordinated by planar cell polarity along the
aboral-oral axis, the protein Strabismus being located to the
aboral side of each cell and Fz1 on the oral side (Momose
et al. 2012).

The planula larva of Clytia is lecitotroph and has few cell
types. The ectoderm and endoderm are composed of a typi-
cal cnidarian cell type called myoepithelial cells (epithelial
cells with basal muscle fibers), nerve cells (including neu-
rosensory and ganglion cells; Thomas et al. 1987), nemato-
cytes (stinging cells used for prey capture and defense) (Bodo
and Bouillon 1968) and interstitial stem cells called i-cells
(see the following). Secretory cells and i-cells are scattered
in the endoderm, with the secretory cells being also present
in the aboral ectoderm (Bodo and Bouillon 1968; Lecleére et
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al. 2012). Nematoblasts start to differentiate in the endoderm
of the planula from 24 hpd before migrating to the ectoderm
(Bodo and Bouillon 1968; Ruggiero 2015).

I-cells are multipotent stem cells (Bosch and David
1987), found only in hydrozoans. They are small round cells
with a high nucleo-cytoplasmic ratio and are localized in
the spaces between the epitheliomuscular cells. They have
been well investigated in Hydra, where they have been
shown to give rise to the nematocytes (Slautterback and
Fawcett 1959), nerve cells (Davis 1974), gland cells (Bode et
al. 1987) and gametes (Nishimiya-Fujisawa and Kobayashi
2012; reviewed in: Bode 1996; Bosch et al. 2010). I-cells in
Clytia can be detected by their expression of the stem cell
markers Nanosl, Piwi, Vasa and PL10 (Leclere et al. 2012).
These genes are also expressed in the precursors of somatic
derivatives, such as nematocytes (Denker et al. 2008c), and
in germ cells. In Clytia, i-cells appear during embryonic
development (Leclere et al. 2012). Maternal mRNAs for the
stem cells markers Nanos! and Piwi are concentrated in the
egg next to the female pronucleus at the animal pole. During
the cleavage stages, these mRNAs appear to be segregated
into animal blastomeres. During gastrulation, expression
of Nanosl and Piwi is taken up by cells positioned at the
site of cell ingression that are internalized with the future
endoderm. In the three-day-old planula, Nanos! and Piwi
expressing cells are present in the endodermal layer and
have typical i-cell morphology (Leclere et al. 2012). The
developmental potential of i-cells in different Clytia life
stages remain to be investigated.

8.5 ANATOMY OF THE POLYPS AND JELLYFISH

8.5.1 ANATOMY OF CrYTIA POLYPS

The two types of polyps composing the colony have clear
morphological differences linked to their specialized func-
tions in the colony. The feeding polyps or gastrozooids are
very similar to the primary polyp (described in Section
8.3.2). They are protected by a cup-shaped chitinous struc-
ture called the hydrotheca. The medusa budding polyps,
or gonozooids, do not have a mouth and receive nutrients
digested by the gastrozooids through the stolon network.
They are completely enveloped by a chitinous gonotheca.
They possess an internal structure called the gonophores,
producing the medusae by lateral budding. The base of all
zooids is attached to the stolon, composed from outside to
inside by the perisarc (a chitinous exoskeleton), an ectoder-
mal epithelium and an endodermal epithelium surrounding
the gastric cavity that distributes nutrients throughout the
whole colony.

Polyps are composed of the following cell types: myo-
epithelial cells (ectodermal and endodermal), nerve cells,
nematocytes (only ectodermal) and gland cells. I-cells are
found in the stolon. Nematocytes differentiate in the sto-
lon and then migrate into the polyp bodies (Leclere 2008;
Weiler-Stolt 1960).
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8.5.2 ANATOMY OF THE CIYTIA JELLYFISH

Compared to the polyp, the jellyfish has a more complex
anatomy, with well-organized smooth and striated muscle,
organized nervous system, balance organs (statocysts) and
well-defined organs.

8.5.2.1 Umbrella Organization

The Clytia jellyfish body exhibits tetraradial symmetry
(Figure 8.3A, B). The oral-aboral axis is the sole axis of
symmetry at the scale of the whole medusa. The bell-shaped
umbrella is composed of two parts, the convex exumbrella
and the concave subumbrella, separated by a thick acellular
layer called the mesoglea (Figure 8.3C). The exumbrella is
composed of a monolayer of epidermal cells (Kamran et al.
2017). Different cell populations are present in the subum-
brella: i) an epithelium lining the mesoglea; ii) epidermal
cells with myofilaments forming radial smooth muscle cover
the entire subumbrella, responsible for the folding of the
umbrella to bring prey to the mouth and for shock-induced
protective crumpling; and iii) striated circular muscle fibers
responsible for the contraction of the umbrella and the swim-
ming movements, located between the two body layers in a
band around the bell margin (Figure 8.3C, D) (Sinigaglia
et al. 2020). At the periphery of the umbrella, an extension
of the umbrella called the velum increases propulsion effi-
ciency. This tissue membrane is a characteristic of hydro-
zoan jellyfish (Brusca et al. 2016). Medusa growth involves
addition of new tissue to the peripheral region of the bell
(Schmid et al. 1974).

Movements of the medusa are coordinated by a diffuse
nerve net reaching all parts (Figure 8.3E, F). Two nerve
rings are located at the margin of the bell. The external
nerve ring integrates sensory information, while the inner
nerve ring is responsible for coordinating contraction
(Houliston et al. 2010; Satterlie 2002). Statocysts (balance
sensory organs) located between the tentacle bulbs likely
ensure orientation in the water column (Figure 8.3G). They
comprise a vesicle of ectoderm with ciliated internal walls
enclosing a statolith made of magnesium and calcium phos-
phate (MgCaPO,) (Chapman 1985; Singla 1975).

8.5.2.2 A Cnidarian with Organs

From the center of the subumbrella hangs the manubrium,
which is the feeding organ (Figure 8.3B, H). At its distal
end is located the cross-shaped mouth, connected to the gas-
tric cavity at the base. The outer layer of the manubrium
comprises a layer of epidermal epitheliomuscular cells con-
tinuous with the subumbrella radial muscle cell layer. A
distinct inner gastroderm layer lines the gastric cavity and
contains both epithelial cells and populations of gland cells
expressing different enzymes for extracellular digestion
(Peron 2019). Four pools of i-cells positioned at the base of
the manubrium likely generate the loose nerve net that lies
between the gastroderm and the epiderm, as well as nema-
tocytes mostly found concentrated on the manubrium lips.
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FIGURE 8.3 Morphology of Clytia jellyfish. (a) Two-week-old female jellyfish (m: manubrium, g: gonads, tb: tentacle bulbs). (b)
Diagram of Clytia body organization: the jellyfish has a tetraradial symmetry organized around the centrally located tetraradial manu-
brium. Each quadrant contains a portion of the manubrium (m), a radial canal (rc) bearing a gonad (g) and up to eight tentacle bulbs (tb)
located on the circular canal (cc). Two sets of muscle cells cause contractions of the umbrella: the radial smooth muscles (smooth m.) and
the circular striated muscles (striated m.). (c) Tissue layers of the umbrella. The bell-shaped umbrella is composed of an epithelial exum-
brella layer lying on the mesoglea and the subumbrella composed of an epithelial layer, the smooth muscle fibers and striated muscle
fibers. (d) Confocal image of the muscles in the area marked with the square in (b). Gray and white arrowheads indicate, respectively, the
smooth and striated muscle fibers stained with phalloidin. (e—f) Nervous system of the manubrium visualized by confocal microscopy,
using YL1/2 antibody against tyrosinated tubulin. (g) DIC image of a statocyst located next to the circular canal (cc). (h-1) DIC pictures
of the main organs of Clytia: manubrium (h) and female gonads (i—j) linked to the radial canals (rc), and tentacle bulbs (k) on the cir-
cular canal (cc), with visible nematocytes capsules on the tentacle (ten) (1). Scale bars: (a) 1 mm, (d,f) 20 pm, () (h—k) 100 pm, (G,L) 50
um. ([a—c] Adapted from Sinigaglia et al. 2020.)



Marine Jellyfish Clytia hemisphaerica

Nutrients are distributed to the umbrella through four
radial canals, which run from the manubrium to the umbrella
margin and are linked to the circular canal around the bell
periphery. Four gonads are located on the radial canals and
become visible as they start to swell during the growth of
the medusa (Figure 8.31, J). They become ready to release
fully grown oocytes or sperm after two to three weeks.
Proliferating cells, germline precursors deriving from the
i-cells and growing oocytes are sandwiched between two
epithelial layers: the gastroderm, continuous with the radial
canal endoderm, and a thin epidermal covering (Amiel et
al. 2010). Proliferating cells and early stages of differentia-
tion are positioned closer to the bell, whereas the growing
oocytes are located on the flanks of the gonad (Amiel and
Houliston 2009; Jessus et al. 2020). Spawning is triggered
by dark—light transitions.

The circular canal bears the tentacle bulbs, the struc-
ture producing nematocyte-rich tentacles (Figure 8.3K, L).
After release from the gonozooid, the baby jellyfish has
four primary tentacle bulbs located at the junction between
the radial and circular canals. Additional bulbs are added
during the growth of the umbrella, to a maximum of 32.
Nematogenesis takes place in the ectoderm of the tentacle
bulbs, which is polarized (Denker et al. 2008c). I-cells
expressing Nanosl and Piwi are located in the proximal
area only, while genes for the different stages of nematogen-
esis (mcol3—4a, dkk, NOWA) are expressed in a staggered
way along the ectoderm of the bulb. During nematogenesis,
nematoblasts are thus displaced from the proximal area of
the bulb to the distal area and end up in the tentacle, forming
a conveyor belt (Condamine et al. 2019; Coste et al. 2016;
Denker et al. 2008c¢).

Cnidarians are often considered to lack true organs (e.g.:
Pierobon 2012). In Clytia medusae, however, manubrium,
gonads and tentacle bulbs can be defined as such. Indeed,
they are specialized structures performing specific func-
tions (feeding and digestion, tentacle production, oocyte
production), harboring distinct cell types (gland cells,
nematocytes, germ line) and i-cell populations (manubrium:
Sinigaglia et al. 2020; gonads: Leclere et al. 2012; and tenta-
cle bulbs: Denker et al. 2008c). Moreover, these three organs
are still able to perform their functions for several days after
isolation from the jellyfish. Isolated gonads are able to sup-
port oocyte growth, maturation and spawning (Amiel and
Houliston 2009; Quiroga Artigas et al. 2018); isolated manu-
bria will catch and digest prey (Peron 2019); and isolated
tentacle bulbs will keep producing tentacles.

8.6 GENOMIC DATA

8.6.1 THE CLyTIA HEMISPHAERICA GENOME

The genomes of Nematostella vectensis (Putnam et al.
2007) and Hydra magnipapillata (Chapman et al. 2010)
were the first cnidarian genomes to be published. Genomes
from the five main cnidarians classes are now available,
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with the first genomes of jellyfish species published in 2019
(Gold et al. 2019; Khalturin et al. 2019; Kim et al. 2019;
Leclere et al. 2019; Ohdera et al. 2019). The sequences of
the different genomes showed that cnidarians possess all the
main families of signaling pathways and transcription fac-
tors regulating development found in bilaterians (reviewed
in: Schnitzler 2019; Technau and Schwaiger 2015).

The genome of Clytia, derived from the self-crossed
lab Z strains (see Section 8.1.2), was made publicly avail-
able in 2019 (Leclere et al. 2019; http://marimba.obs-vlfr.fr/
home). It was the first published genome of a hydrozoan jel-
lyfish. Sequencing was performed by the Genoscope using a
whole-genome shotgun approach. The overall length of the
published assembly was 445 megabases (Leclere et al. 2019);
26,727 genes and 69,083 transcripts were identified, which
are distributed on 15 chromosome pairs. The frequency of
polymorphism was relatively low (0.9%).

Analyses of the genome highlighted gene gain and loss
in the Clytia lineage. Examples of horizontal gene transfer
(HGT) were identified including one of two UDP-glucose
6-dehydrogenase-like genes (Leclere et al. 2019). This
enzyme is used for biosynthesis of proteoglycans and known
to regulate signaling pathways during embryonic devel-
opment. Some examples of gene family expansion were
also identified in Clytia, such as the Innexin gap junction
genes, GFP and Clytin photoprotein genes, with 39, 14 and
18 copies, respectively (Leclere et al. 2019). The analyses
also revealed extensive losses of transcription factors in
the hydrozoan lineage and notably several homeobox-con-
taining transcription factors involved in nervous system
development in bilaterians, as well as genes regulating the
anthozoan secondary body axis.

Comparisons of transcriptomes from life cycle stages
(Leclere et al. 2019) highlighted the different gene usage
at planula, polyp and medusa stages. Planula stages are
enriched with GPCR signaling components, polyp and
medusa stages with cell—cell and cell-matrix adhesion pro-
teins and medusa stages with a subset of transcription fac-
tors (Leclere et al. 2019). Many of the bilaterian orthologs
of transcription factors specifically expressed at the medusa
play important functions in neural patterning during devel-
opment. Clytia-specific genes, with no identifiable ortholog
in any other species, were also found to be enriched in all
three stages (Leclere et al. 2019).

Together, Clytia recently published genomic and tran-
scriptomic data revealed that: i) the genome of Clytia
evolved rapidly since the divergence of hydrozoans and
anthozoans, ii) this rapid evolution in the hydrozoan lineage
can be linked to the evolutionary acquisition of the medusa
stage and to morphological simplification of the planula and
polyp and iii) the medusa stage is enriched in transcription
factors conserved between bilaterians and cnidarians. Since
these genes are not expressed in the planula and associ-
ated with nervous structures, they are likely involved in the
establishment or maintenance of neural cell types (Leclere
et al. 2019).
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8.6.2 TRANSCRIPTOMIC DATA

In addition to the data included in the genome release,
other transcriptomic data have been published. These
focus on the gastrula stage (Lapébie et al. 2014) and ten-
tacle bulbs (Condamine et al. 2019), as well the early
stages of manubrium regeneration (Sinigaglia et al. 2020).
Transcriptomes of the different tissue composing the gonad
(ectoderm, endoderm, growing and fully grown oocytes)
were also generated to help identify actors of oocyte matu-
ration (Quiroga Artigas et al. 2018). About 90,000 EST
and full-length sequences from cDNA libraries derived
from a mix of stages (embryo, larva and medusa) are also
available on NCBI dbEST (Forét et al. 2010; Philippe et al.
2009).

8.7 FUNCTIONAL APPROACHES: TOOLS FOR
MOLECULAR AND CELLULAR ANALYSES

Clytia is amenable for the development of tools for experi-
mental biology at the cellular and molecular levels.

8.7.1  CELLULAR ANALYSIS

Clytia eggs and jellyfish can be easily manipulated in a
petri dish under a stereomicroscope and kept in beakers
or six-well plastic plates in an incubator for further obser-
vation and manipulation. This allows pharmacological
treatments for several days, as well as surgical proce-
dures like dissections and grafts (Figure 8.4A-E) (jelly-
fish: Sinigaglia et al. 2020; embryos: Leclere et al. 2012;
Momose and Houliston 2007). Manubriums and gonads
can be easily grafted, the grafted organs connecting to the
canal system of the host jellyfish (Figure 8.4A—E). The
grafting approach in adult jellyfish was used to deter-
mine whether the manubrium could be a source of induc-
tive of inhibitory signals during manubrium regeneration
(Sinigaglia et al. 2020). Regeneration of the manubrium
was not impaired by the grafting of an entire manubrium
on the medusa subumbrella except after a graft in close
proximity to the wound area, therefore excluding the
hypothesis of long-range inhibition from the manubrium
(Sinigaglia et al. 2020).

Embryonic stages, polyps and jellyfish are entirely
transparent, making staining and imaging of differ-
ent cell populations possible on fixed and living samples.
Immunohistochemistry, in situ hybridization and stain-
ing using the click-it chemistry (EdU and TUNEL) are
performed routinely on this species and can be combined
with in situ hybridization (Figure 8.4F-H) (Sinigaglia et al.
2018). A combination of the EdU click-it staining marking
proliferating cell and detection of i-cells by in situ hybrid-
ization with the probe Nanosl during regeneration of the
manubrium demonstrated the displacement of Nanosl+
cells from the gonad to the regenerating manubrium to be
followed (Sinigaglia et al. 2020).
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8.7.2 GENE FUNCTION ANALYSIS DURING
EMBRYOGENESIS AND OOCYTE MATURATION

The jellyfish used in the lab have the same genetic back-
ground, and it is easy to perform fertilizations and obtain
embryo stages, facilitating gene function analyses (gain
and loss of function) by injection of ARNs or MOs into the
unfertilized egg (Figure 8.4I) (Momose and Houliston 2007;
Momose et al. 2008). The high efficiency of loss of function
by MO is likely due to low sequence polymorphism in the
laboratory strains. Injection of mRNAs and MOs into the
egg has helped us understand mechanisms involved in estab-
lishing polarity in Clytia larvae by revealing the function
of maternal localized mRNAs (Wnt3, Fzll and FzI3—see
Section 8.4.1) (Figure 8.4J).

Clytia gonads are particularly convenient to study the
molecular mechanisms underlying oogenesis. They are
transparent, contain different stages of oocyte growth and
continue to mature and release eggs following dark-light
transition even isolated from the body of the jellyfish (Amiel
et al. 2009). These characteristics were used to study the role
of the Mos proteins, a conserved kinase family regulating
meiosis (Amiel et al. 2009). Injection of MOs and mRNAs
into the oocyte demonstrated the role of the two Clytia Mos
homologs during oocyte maturation in regulating the for-
mation and localization of the meiotic spindle, as well as
oocyte cell cycle arrest after meiosis (Amiel et al. 2009).
These functions have also been described in bilaterian spe-
cies and likely represent an ancestral function of this protein
family (Amiel et al. 2009).

8.7.3 GENE FUNCTION ANALYSIS IN THE ADULT

8.7.3.1 RNA Interference

RNA interference (RNAi) has been successfully used for
downregulation of gene expression in the adult in the cni-
darian Hydractinia, allowing, for instance, study of the role
of i-cell genes during regeneration (Bradshaw et al. 2015).
Gene expression perturbation through RNA1 has not yet been
performed in Clytia jellyfish; however, preliminary results
indicate that the cellular machinery is present in Clytia lar-
vae. Another promising avenue to explore is shRNA, also
effective in both Hydractinia and Nematostella (DuBuc
et al. 2020; He et al. 2018).

8.7.3.2 The Development of Mutant Lines

A robust protocol for achieving loss of gene function in
Clytia lines by CRISPR/Cas9 has been developed (Figure
8.4K) (Momose et al. 2018). The approach was first tested on
a gene involved in ciliogenesis (CheRfx123), whose defect
leads to defect in sperm motility, and genes coding for
the fluorescent protein GFP (Figure 8.4K) (double mutant
GFPI/GFP2 in F1) (Momose et al. 2018). After injection
of high doses of Cas9 RNP, mutants in the FO generation
were nearly non-mosaic and already had visible phenotypes
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FIGURE 8.4 Tools for cellular and molecular analysis. (a—e) Organ grafting in the medusa. (a, d) Cartoons illustrating the grafting
procedure: the manubrium or a gonad (both depicted in magenta) are excised from a donor medusa and placed on a host jellyfish anesthe-
tized in menthol. After dissection, the jellyfish tissues adhere to each other. (b, ¢) Five days after grafting (dpg), the grafted manubrium
(magenta arrowhead) has integrated the host tissue and stably coexists with the endogenous manubrium (yellow arrowhead). Both are
able to catch prey and contribute to feeding; new radial canals grew from the base of the grafted manubrium (white arrowheads) and are
connected to the host radial canal. (d) Donor medusa for the gonad was previously incubated in EdU, thereby marking the proliferat-
ing cells. 24 hpg, the manubrium of the host medusa was removed (dotted orange line). (¢) White arrowheads indicate some EdU+ cells
(magenta) from the grafted gonad (gg), which migrated into the host jellyfish through the radial canal (rc) and integrated into the regen-
erating manubrium (rm). (f=h) Proliferating cells (red: EAU), i-cells (green: Nanos! in situ hybridization), nerve cells and nematocytes
(white: tyrosynated tubulin YL1/2 antibody staining) and nuclei (blue: Hoechst) were marked in the same tentacle bulb. (i) Perturbation
of gene function through MO or ARNm injection in unfertilized oocytes, gonads or individual blastomeres of two- to eight-cell embryos.
(j) Cartoons of embryos at the gastrula stage (15 hpf). Injection of Wnt3 MO before fertilization abolishes oral specification, delaying
gastrulation and abolishing embryo elongation. (k) CRISPR/Cas9 mutagenesis allows gene function to be addressed at all life cycle
stages. The diagrams illustrate examples of existing mutant lines and the associated phenotypes, published in Momose et al. 2018
(GFPI), Quiroga Artigas et al. 2018 (Opsin9) and 2020 (MIH-R: Maturation inducing hormone receptor). Scale bars: (e-h) 100 um, (J)
40 um. ([b, c] Adapted from Sinigaglia et al. 2020; [e] Chiara Sinigaglia.)
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(Momose et al. 2018). The relatively short Clytia life cycle
allows quick generation of mutant lines. The vegetatively
growing polyp colonies are essentially immortal and
can be kept in the aquarium for years with minimal care
(daily feeding with Artemia larvae and regular cleaning).
Moreover, mutant polyp colonies can be easily split and
shared between laboratories. Those characteristics make
Clytia a promising genetic model. Gene insertion protocols
are under development.

CRISPR/Cas9-directed mutagenesis has been used to study
the molecular mechanisms of oocyte maturation and spawn-
ing triggered by light cues. It was used to knock out function of
an opsin photopigment candidate for light reception (Opsin9:
Quiroga Artigas et al. 2018), as well as a GPCR candidate
for the oocyte maturation hormone receptor (MIHR: Quiroga
Artigas et al. 2020). Lines of jellyfish carrying frame-shift
mutations in the Opsin9 and MIHR genes were created by
CRISPR/Cas9 (Figure 8.4K). As expected, the mutant jel-
lyfish were unable to respond to light cues, either to trigger
oocyte maturation or release gametes as in control jellyfish.
Specificity was validated by reversal of Opsin mutant phe-
notype by treatment of oocytes with the maturation-inducing
hormone or in both mutants using the downstream pathway
effector cAMP (Quiroga Artigas et al. 2018, 2020).

8.8 CHALLENGING QUESTIONS

With the tools currently available, Clytia has the potential to
address many fascinating biological questions. We illustrate
this with a selection of open questions related to the exten-
sive ability of Clytia jellyfish to regenerate and aspects of
the behavior and physiology regulated by the environment.

8.8.1 CiymiA As A REGENERATION MODEL

Cnidarians display huge regeneration capacities, which have
been well characterized in Hydra and Nematostella (Amiel
et al. 2015; DuBuc et al. 2014; Galliot 2012; Schaffer et
al. 2016). In contrast, cellular and molecular mechanisms
of regeneration in jellyfish have been relatively unstudied.
Regeneration studies in Clytia were started in the 1970s by
Schmid and Tardent (see 8.1.1.3). A recent study using mod-
ern tools allowed cellular mechanisms involved in repair
of the umbrella and organ regeneration to be uncovered
(Sinigaglia et al. 2020). This work confirmed the poten-
tial of Clytia laboratory strains to restore their shape after
amputation (Figure 8.5A, B) and to regenerate missing
organs, including the manubrium (Figure 8.5C). Two dif-
ferent mechanisms were identified (Figure 8.5D). Repair of
a fragment of the umbrella, called remodeling, relies on a
supracellular actomyosin cable lining the wound area and
does not require cell proliferation. In contrast, morphogen-
esis of the regenerating manubrium requires cell prolifera-
tion, is fuelled by cell migration through the radial canals
and depends on Wnt/B-catenin signaling (Sinigaglia et al.
2020). Moreover, the regenerating manubrium is system-
atically associated with the point of junction of the smooth
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muscle fiber (called the hub), forming as a consequence of
the remodeling process and expressing CheWnt6 before any
visible sign of morphogenesis (Sinigaglia et al. 2020). These
data suggest that local cues are involved in positioning the
regenerating manubrium rather than a global patterning sys-
tem. This study raises many questions about the regulation
of regeneration in Clytia jellyfish.

8.8.1.1 How Is the Cellular Response

Controlled during Regeneration?

Manubrium regeneration is fueled by both cell proliferation
in the regeneration blastema and cell migration from distant
parts of the jellyfish. Atleast two types of cells are mobilized:
multipotent stem cells (i-cells) and differentiated digestive
cells, called mobilizing gastro-digestive cells (MDG cells)
(Sinigaglia et al. 2020). Cell proliferation and migration
through the radial canals are necessary for regeneration of
the manubrium, since regeneration is blocked at early stages
in the absence of cell proliferation and if the connection to
the radial canal system is interrupted (Sinigaglia et al. 2020).
It is not known yet which cells are proliferating and to which
extent both mechanisms of proliferation and migration con-
tribute to the regenerating organ.

Regeneration models like planarians and the cnidarians
Hydractinia require proliferation and migration of multipo-
tent stem cells for regeneration of the anterior part (Bradshaw
et al. 2015; Newmark and Sanchez Alvarado 2000). However,
modes of regeneration are diverse, even within the same
organism: Clytia shape restoration relies on remodeling and
repatterning of existing tissues, whereas the manubrium
is regenerated through cell proliferation and migration
(Sinigaglia et al. 2020). Those different cell behaviors must
be tightly coordinated to ensure regeneration of a correctly
patterned and functional structure. Repatterning during shape
restoration is controlled by tension forces generated by the
actomyosin cytoskeleton. However, the mechanisms allowing
fine control of cell proliferation and directing the migrating
cells during organ regeneration are unknown. Elucidating the
molecular control of stem cell proliferation and migration in
the context of regeneration in Clytia will allow a better under-
standing of stem cell regulation systems in metazoans.

8.8.1.2 What Are the I-Cell Fates in Clytia?

I-cells are multipotent stem cells (see Section 8.4.2) involved
in regeneration in hydrozoans (Bradshaw et al. 2015; Galliot
2013; Sinigaglia et al. 2020). The fate of i-cells has been well
characterized in Hydra and Hydractinia (Gold and Jacobs
2013; Miiller et al. 2004; Siebert et al. 2019). In both ani-
mals, they give rise to the gland cells, nerve cells, nema-
tocytes and gametes. However, in Hydractinia, they also
differentiate into the epithelial epidermal and gastrodermal
cells; whereas in Hydra, i-cells and ectodermal and endo-
dermal epithelial cells form three independent populations.
In Clytia, only nematogenesis has been well characterized
(Denker et al. 2008¢). It is still unknown whether i-cells
in Clytia give rise to all cell types, particularly to epithe-
lial lineages. However, since only a small portion of Clytia
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FIGURE 8.5 Regeneration of Clytia jellyfish. (a—b) Circular shape restoration after amputation. In the cartoon, the gray dashed line
indicates the location of the cut. A half jellyfish with a half manubrium (a) and a quarter jellyfish without the manubrium (b) recover
the circular jellyfish shape in 24 h. In the quarter, a manubrium blastema and a tiny regenerated manubrium are visible at 24 hpd (hours
post-dissection) and 4 dpd (days post-dissection), respectively (black arrowhead). (c) Manubrium regeneration. Schematic (top line) and
phalloidin staining (bottom line) of manubrium regeneration stages from 6 hpd to complete regeneration after 4 dpd. After closing of
the dissection hole, a regeneration blastema forms at the junction of the radial canals. As the blastema becomes thicker, the gastric cav-
ity opens. The regenerating manubrium first elongates, followed by the formation of four lobes. (d) Summary of the main cellular and
molecular events allowing manubrium regeneration. After a cut in the umbrella, an actomyosin cable allows a rapid reestablishment of
the circular jellyfish shape, affecting the organization of the smooth muscle. A new muscle hub is formed close to the former wound area.
If not attached to another hub, the new hub is stabilized, as well as the associated CheWnt6 expression. The connection to the radial canal
system allows the formation of a regeneration blastema by proliferation and migration of stem cells and differentiated cells, leading to
the full regeneration of the missing manubrium in only four days. Scale bars: (a—b) 1 mm, (c) 100 um. ([a—d] Adapted from Sinigaglia
et al. 2020.)
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proliferating cells express Nanosl, the Clytia i-cell system
is likely to be similar to Hydra with separated i-cells and
epithelial lineages. Transgenic lines with reporters for dif-
ferent cell populations allowing in vivo tracing of i-cell are
necessary to identify i-cell derivatives.

It is also unknown whether all NanosI-expressing cells
have the same potency and particularly whether some are
committed to the germline. After complete ablation, the
gonads regenerate, and oocyte growth resumes. This could
indicate the presence of multipotent stem cell populations in
the main organs, migrating through the radial canal to repop-
ulate the regenerating gonads. Clytia is a promising model
to study early oocyte differentiation because the gonads are
fully transparent and continue to function when isolated
from the jellyfish.

8.8.1.3 How Are Mechanical Cues and
Signaling Pathways Integrated?

After amputation, actomyosin contractility at the wound
area ensures restoration of the circular jellyfish shape.
During shape restoration, the signaling molecule CheWnt6
is expressed at the wound site. Its expression is inhibited
by pharmacological inhibition of actomyosin contractility,
suggesting a likely modulation of Wnt/B-catenin activity by
mechanical cues (Sinigaglia et al. 2020). How mechanical
cues can activate Wnt/B-catenin pathway and thus permit
regeneration of the manubrium is unknown. The integra-
tion between mechanical cues and signaling pathways has
been raising interest (Chiou and Collins 2018; Heisenberg
and Bellaiche 2013; Urdy 2012; Vining and Mooney 2017).
In Hydra, the actin cytoskeleton has also been proposed to
influence body axis formation during regeneration (Livshits
et al. 2017, Maroudas-Sacks et al. 2021) and is likely to
be interacting with the Wnt/B-catenin signaling pathway,
inducing hypostome formation at the oral pole (Broun 2005;
Gee et al. 2010).

8.8.2 REGULATION OF BEHAVIOR AND
PHYSIOLOGY BY ENVIRONMENTAL CUES

Clytia life cycle and physiology of the different life stages
are influenced by the environment in many ways: i) in
the ocean, settlement of the planula larva occurs upon an
unknown cue from bacterial biofilms; ii) growth of the
polyp colony is constrained by feeding and space availabil-
ity; iii) sex of the released medusa can be influenced by the
temperature at which the polyp colony is growing; and iv) in
the jellyfish, oocyte maturation and gamete release are trig-
gered by a light stimulus. Gamete release is associated with
light information in many cnidarian species (e.g. scyphozo-
ans Pelagia: Lilley et al. 2014; Clytia: Amiel et al. 2010).

Which Bacterial Cues Induce
Settlement of the Planula? Which
Molecular Mechanisms Are Triggered?

8.8.2.1

In cnidarians, including Clytia, settlement of the planula
larva and metamorphosis into a primary polyp is induced

Emerging Marine Model Organisms

by bacterial biofilms (Hydractinia echinata: Kroiher and
Berking 1999; Leitz and Wagner 1993; Seipp et al. 2007,
Acropora sp: Negri et al. 2001; Tebben et al. 2011; Webster
et al. 2004). The cellular response is mediated by neuro-
peptides of the GLW-amide family, secreted by sensory
neurons of the planula (Takahashi and Takeda 2015).
Synthetic GLW-amide neuropeptides induce settlement
and metamorphosis in laboratory conditions in several
planulae (Acropora: Iwao et al. 2002; Hydractinia: Miiller
and Leitz 2002; both reviewed in: Takahashi and Hatta
2011). Concerning Clytia planula, the synthetic peptide
GLWamide2 (GNPPGLW-NH?2) has been used in the labo-
ratory to induce settlement (Momose et al. 2018; Quiroga
Artigas et al. 2018). A recent study testing the efficiency of
15 other neuropeptides, derived from sequences of potential
GLWamide precursors, showed that GLWamide-6 (pyro-
Glu-QQAPKGLW-NH3) has an even greater efficiency
(Lechable et al. 2020).

The roles of bacteria and neuropeptides in settlement
have long been known. However, the signal from the bac-
teria inducing settlement and metamorphosis, as well as the
molecular mechanisms triggering settlement and metamor-
phosis, are still unknown. The morphological and cellular
events occurring during the metamorphosis of Clytia plan-
ula have been recently studied (Krasovec 2020) and provide
a framework for further studies on metamorphosis.

8.8.2.2 Is There a Physiological Link between

Gametogenesis and Nutrition?

In Clytia jellyfish, spawning and oocyte maturation occurs
in males and females two hours after a light stimulus (Amiel
et al. 2010). Part of the signaling cascade triggering light-
induced oocyte maturation has recently been elucidated.
After light reception by the photoprotein Opsin9 by neuro-
secretory cells of the gonad ectoderm, those cells release a
maturation-inducing hormone (Quiroga Artigas et al. 2018).
MIH activates in turn a GPCR, located on the oocyte sur-
face, called the MIH-Receptor, thus triggering the rise in
cAMP responsible for the initiation of oocyte maturation
(Quiroga Artigas et al. 2020). Besides their function in
oocyte maturation, Clytia MIH and MIH-R are likely to play
a role in nutrition or other physiological processes. Indeed,
both are expressed in the gastrovascular system and the ten-
tacles as well as in the gonads. Moreover, MIHR is part of
a superfamily of cnidarian and bilaterian GPCRs playing a
role in nutrition, as well as regulation of sexual reproduction
(Quiroga Artigas et al. 2020). Additional knowledge in the
functions of Clytia MIHR could give insight in the evolution
of the link between gametogenesis and nutrition.

8.8.2.3 How Does Feeding Availability Regulate
Growth of Polyps and Medusa?

Some cnidarians are able to modify their size depending
on feeding availability. The jellyfish Pelagia noctiluca and
Aurelia aurita shrink during starvation conditions and re-
grow when prey are again available (Frandsen and Riisgard
1997; Hamner and Jenssen 1974; Lilley et al. 2014). In
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laboratory conditions, Aurelia aurita loses 3—5% of its mass
per day without feeding and regrows after feeding to reach
the original size. Starved jellyfish are not able to spawn
(Frandsen and Riisgard 1997, Hamner and Jenssen 1974).
Similarly to Aurelia, Pelagia loses about 7% of its mass per
day and can regrow after feeding. However, egg production
is maintained, with a number of eggs correlated with the
size of the jellyfish (Lilley et al. 2014).

The process of shrinking in conditions of starvation is
also a feature of other invertebrates. In planarians, the size
depends on the feeding levels (Felix et al. 2019); in the anne-
lid Pristina leidyi, feeding causes the increase and decrease
of the gonads (Ozpolat et al. 2016). This process has also
been documented, although more rarely, in the vertebrates.
The marine iguana Amblyrhynchus cristatus can lose up
to 20% of its size after the loss of its main source of food
during El Nifio events (Wikelski and Thom 2000). Whether
the same mechanisms are involved between metazoans still
remains to be investigated.

A similar shrinking/re-growth event in case of starva-
tion has been observed in Clytia jellyfish (unpublished).
Moreover, the gonads also shrink and egg production declines
before totally stopping. Gametogenesis resumes after feeding
of the jellyfish. The recently described MDG cells, with a
putative role in the distribution of nutrients, circulate more
in the canals in case of starvation (Sinigaglia et al. 2020).
Feeding also influences the growth of newly released jelly-
fish: indeed, jellyfish fed with smaller prey, and thus with a
bigger food intake, grow faster than jellyfish fed with bigger
prey that are harder to catch (Lechable et al. 2020).

To summarize, in Clytia, like in other cnidarians, the
feeding levels control the rate of growth and gametogenesis.
The cellular and molecular mechanisms allowing the con-
trol of growth in Clytia jellyfish are unknown. One level of
regulation is potentially the cell cycle, since in Hydra and
Nematostella polyps, the rate of cell proliferation depends
on the feeding level of the animal (Campbell 1967; Otto
and Campbell 1977, Passamaneck and Martindale 2012;
Webster and Hamilton 1972). Clytia jellyfish could be used
to investigate the feedback between feeding levels and cell
proliferation, as well as cellular events during degrowth.

Many fascinating questions can be addressed with
Clytia. Due to its practicality as a model organism and the
tools already available and in development, Clytia has the
potential to provide a fresh perspective on a wide range of
research topics.
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9.1 HISTORY OF THE MODEL

The model Cassiopea xamachana, also known as the
upside-down jellyfish, was first described for the Caribbean
(Jamaica) by Bigelow in 1892. Cassiopea xamachana is a
tropical species belonging to the cnidarian class Scyphozoa,
order Rhizostomeae, family Cassiopeidae. Substantially
different from typically pelagic scyphozoan medusae,
Cassiopea spp. jellyfish show an epibenthic lifestyle, resting
upside-down with the bell turned to the substrate and the
oral arms and appendages exposed upward. They preferen-
tially occur in shallow water on soft bottom areas, often also
in seagrass beds, in tropical, mangrove-sheltered lagoons.
Historically, Peter S. Pallas published the first formal
description of a rhizostome medusa termed Medusa (now

DOI:10.1201/9781003217503-9

Cassiopea) frondosa in 1774, based on a preserved speci-
men originating from an unreported site in the Caribbean.
However, Peter Forskal, a member of a Danish expedi-
tion sent to explore Arab countries in the years 1761-1767,
first observed, collected and described in his data log
an upside-down—type rhizostomatous medusa under the
name Medusa (now Cassiopea) andromeda at Tor on the
southwestern coast of the Sinai Peninsula in October 1762.
Tragically, Forskal and all but one participant of the expe-
dition succumbed to disease or fatal incidents. As the only
survivor, the surveyor Carsten Nibuhr wrote an account
of the expedition and published postum only in 1775 the
scientific descriptions of plants and animals Forskal had
left behind. The plates depicting the described C. androm-
eda specimen were published a year later in 1776. Several
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more forms of Cassiopea medusae have been described
from various tropical regions of the world by 19th-century
authors, either as varieties of C. andromeda or as sepa-
rate species and varieties thereof. These descriptions were
compiled and critically reviewed by Mayer (1910). For
an actual listing of valid Cassiopea species, see Ohdera
et al. (2018) and Jarms and Morandini (2019). Cassiopea
spp. have been recorded as alien or introduced species first
in the Mediterranean Sea by Maas (1903), as so-called
“Lessepsian migrants” originating from the Red Sea
through the Suez Canal, and in O’ahu, Hawaii, described
by Cutress in Doty (1961) as most probably introduced dur-
ing World War II.

In his keystone paper, Bigelow (1892) provided a detailed
description of the anatomy and development of C. xamach-
ana from Jamaica bearing on both the medusa and the scy-
phopolyp (scyphistoma). He included medusa formation by
strobilation of the polyp and the asexual propagation of the
polyp through the budding of ciliated, spindle-shaped prop-
agules that settle and develop into new polyps. Sexual repro-
duction by the typically gonochoric medusae was assessed
much later and embryonic development approached only
recently (see Section 9.4). Bigelow was a pioneer in noticing
the presence of green cells, or “zoanthelae”, in medusae, scy-
phistomae and buds of this species, recognized as symbiotic
unicellular algae and described much later by Freudenthal
(1959). They became commonly termed “zooxanthellae”. A
wealth of information on C. andromeda from the Red Sea
became available through the two monographs by Gohar
and Eisawy (1960a, 1960b), closing gaps in knowledge of
the life-history. In contrast, information on C. frondosa
remained scarce (Bigelow 1893; Smith 1936; Hummelinck
1968). Providing easily collectable mature medusae from
tropical and subtropical habitats almost year-round, and
with scyphistomae performing asexual reproduction under
relatively simple conditions in the lab, C. xamachana was
setting out to become a versatile symbiotic scyphozoan
model species.

The Carnegie Marine Biological Laboratory on
Loggerhead Key in the Dry Tortugas, Gulf of Mexico, com-
monly called Tortugas Marine Laboratory, was founded in
1904 with Alfred Goldsborough Mayer as its first director
(Stephens and Calder 2006). This lab, in fortunate asso-
ciation with the publication series Papers from Tortugas
Laboratory by the Carnegie Institution, was pivotal in
hosting experimental studies of Cassiopea spp. (Perkins
1908). Some of the research topics included Cassiopea’s
rhythmical pulsation and its causes (Mayer 1908), the rate
of regeneration in C. xamachana medusae (Stockard 1908),
the physiology of the C. xamachana nervous system (Cary
1917) and the anatomy and physiology of the sympatric
C. frondosa (Smith 1936). Mayer (1910) contributed vol-
ume III, The Scyphomedusae, of his monumental work,
Medusae of the World. In it, he provides a detailed account
of the genera Toreuma and Cassiopea in the context of his-
tory, taxonomy and biology. After those early 20th-century
works, there was a slowdown in research in Cassiopea, with
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arenaissance in the 1970s. Curtis and Cowden (1972) metic-
ulously investigated the significant regenerative capacities
of C. xamachana scyphistomae. More recently, Hamlet
et al. (2011) and Santhanakrishnan et al. (2012) introduced
advanced high speed kinematic and modeling techniques
to study the hydrodynamics of the conspicuous pulsation
behavior of the Cassiopea jellyfish. Moreover, in the wake
of photo-physiological studies of zooxanthellate scleractin-
ian corals (e.g. Yonge and Nicholls 1931), the Cassiopea—
Symbiodinium symbiosis prompted a rapidly growing
number of studies bearing on the mutualistic relationship
between the host and the algal symbionts in different phases
of the life cycle (e.g. Ludwig 1969; Balderston and Claus
1969; Hofmann and Kremer 1981; Fitt and Trench 1983a).
Contemporary work on bud-to-polyp transition by Curtis
and Cowden (1971) initiated a search for extrinsic natural
and synthetic factors inducing metamorphosis of planula
larvae and buds and studies to elucidate their putative mode
of action (see Section 9.3). In recent years, research on C.
xamachana diversified considerably, as described in 2018 by
Ohdera and a consort of co-authors. Their review exposes
work on behavior, quiescence, bioinvasions and blooms,
environmental monitoring and ecotoxicology, toxicology
and cnidome and virology, in addition to expanding on top-
ics that have briefly been considered here. The isolation of
Hox genes by Kuhn et al. (1999) was a landmark timepoint
indicating that C. xamachana research had entered the age
of evo-devo and genomics (see Section 9.6).

9.2 GEOGRAPHICAL LOCATION

9.2.1 Species AND ENDEMIC DISTRIBUTIONS

It is often the case that jellyfish clades include cryptic spe-
cies not easily distinguished by morphological character-
istics (Holland et al. 2004; Arai 2001), and this is further
complicated by the fact that intraspecific morphological
diversity is often quite high (Gomez-Daglio and Dawson
2017). Nine Cassiopea species are currently recognized
by the World Register of Marine Species: C. andromeda
(Forskal 1775), C. depressa (Haeckel 1880), C. frondosa
(Pallas 1774), C. maremetens (Gershwin et al. 2010), C.
medusa (Light 1914), C. mertensi (Brandt 1835), C. ndro-
sia (Agassiz and Mayer 1899), C. ornata (Haeckel 1880)
and C. xamachana (Bigelow 1892). Additionally, C. van-
derhorsti has been proposed as a species (Stiasny 1924) but
may be a variety of C. xamachana (Jarms and Morandini
2019). Cassiopea species are distributed throughout tropical
and subtropical waters all over the world, with C. frondosa
and C. xamachana in the Caribbean and Gulf of Mexico;
C. andromeda in the Red Sea, invasive in Hawaii, Brazil
and the Asian-Australian sea; C. medusa, C. mertensi, C.
maremetens, C. ndrosia and C. ornata in the eastern South
Pacific; and C. depressa along the coral coast of eastern
African in the Indian Ocean (Figure 9.1).

Morphological work would go on to merge C. medusa and
C. mertensi into C. andromeda (Gohar and Eisawy 1960a)
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before further reorganization of the clade by molecular
phylogenetic analysis. In recent years, several groups have
used DNA barcoding of the mitochondrial gene cytochrome
¢ oxidase subunit 1 (usually denoted as COI or COXI1) to
resolve ambiguities in the phylogeny of Cassiopea. Analysis
of COX1 sequences from Cassiopea around the world by
Holland et al. (2004) supports six species: C. frondosa in
the western Atlantic; C. andromeda in the Red Sea, west-
ern Atlantic and Hawaii; C. ornata in Indonesia, Palau and
Fiji; cryptic Cassiopea species 1 in eastern Australia; cryp-
tic Cassiopea species 2 in Papua New Guinea; and cryptic
Cassiopea species 3 in Papua New Guinea and Hawaii. The
three cryptic species suggested by this analysis were pre-
viously classified as C. andromeda. This study also shows
that specimens identified as C. xamachana from the Gulf of
Mexico and the Caribbean are actually C. andromeda. Later
studies by Morandini et al. (2017) and Arai et al. (2017)
largely recapitulate these findings, but Arai et al. (2017) sug-
gest three more cryptic species within C. andromeda, poten-
tially bringing the total number of Cassiopea species to as
many as nine, plus the valid morphospecies without molec-
ular data associated with them (C. depressa, C. maremet-
ens, C. medusa, C. mertensi and C. ndrosia). Further work
remains to be done in this field, especially considering the
claim that COX1 barcoding may be insufficient to distin-
guish between cnidarian congeners due to exceptionally low
rates of mitochondrial evolution within Cnidaria (France
and Hoover 2002; Shearer et al. 2002). This is possibly due
to the presence of excision repair, which is absent in other
animal mitochondria (Hebert et al. 2003).
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Estimated global distribution of Cassiopea species, compiled from the World Register of Marine Species. (From Holland

9.2.2 INvAsiON AND HUMAN IMPACTS

Cassiopea jellyfish possess multiple characteristics which
make them a potential invasive threat, particularly their high
tolerance to both salinity (Goldfarb 1914) and thermal stress
(Klein et al. 2019), as well as their capacity for thermal accli-
mation to 32°C (Al-jbour et al. 2017). Recent work suggests
that rising seawater temperatures may increase the range of
Cassiopea (Al-jbour et al. 2017). With cryptic life phases
and potential to persist as scyphistomae (= benthic stages)
for extended periods of time, Cassiopea have great potential
to be transported as hitchhikers on ships. Additionally, prox-
imity to human populations may enhance Cassiopea growth:
there is some evidence from Abaco Island (Bahamas) that
Cassiopea populations are larger in areas with high human
density, presumably since high human densities are also cor-
related with higher levels of nutrients (Stoner et al. 2011; Thé
et al. 2020).

The potential for Cassiopea invasion and blooms has
been realized in multiple instances. Humans have a histori-
cal role in spreading Cassiopea, with molecular evidence
suggesting that Floridian and Bermudan Cassiopea were
spread to Brazil approximately 500 years ago—a time con-
temporaneous with the beginning of Portuguese shipping
and colonization in the region (Morandini et al. 2017).

The relationship between human movement and Cassiopea
range extension has also been documented more recently.
The Hawaiian Islands have apparently been colonized by
Cassiopea in the past century, as a 1902 survey by Mayer
(1906) on the USS Albatross, the first purpose-built marine
research ship, found no Cassiopea on the islands. Cassiopea
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were first reported after World War II, presumably trans-
ported to Hawaii by US naval traffic. According to reports
by residents, Cassiopea medusa first appeared exclusively
in Pearl Harbor on O’ahu between 1941 and 1945 but were
observed circa 1950 in Honolulu Harbor and the Ala Wai
Canal (Doty 1961). Observations in 1964 (Uchida 1970)
reported Cassiopea in Kane’ohe Bay. These early reports of
Cassiopea initially identified C. medusa and C. mertensi,
but the taxa have since been collapsed to a single species,
Cassiopea andromeda, due to morphological similarity
(Hofmann and Hadfield 2002). Curiously, however, the
Cassiopea found near Ala Wai Harbor exhibited hermaph-
roditism, though this characteristic was not stable over time
(Hofmann and Hadfield 2002).

Baker’s law (1955) hypothesizes that species which can
reproduce with only a single hermaphroditic parent will
colonize new areas more successfully than gonochoristic
species. While the advantages in invasion capacity of uni-
parental reproduction have not been tested in cnidarians,
this ability is the basis of a longstanding hypothesis in ter-
restrial plants (Baker 1965; Van Etten et al. 2017). The her-
maphroditic capacity of some Cassiopea may facilitate their
invasion, particularly of islands seeded by chance through
human introduction, where a founding population may orig-
inate from a single scyphistoma hitchhiking on a hull or in
ballast water. Indeed, Hofmann and Hadfield (2002) hypoth-
esize that the founder of the invasive population in Ala Wai
Canal may have consisted of a single clonal individual.
Morandini et al. (2017) note that all 200 medusae collected
in Cabo Frio (Brazil) were male and potentially the result
of clonal reproduction, suggesting that asexual reproduction
as scyphistomae is yet another method of uniparental repro-
duction that may play a part in the capacity of Cassiopea to
expand their range. A recent study from northeastern Brazil
(Ceara state) also reported only female individuals in the
population (Thé et al. 2020).

The first molecular phylogenetics of Cassiopea indi-
cated that the species identified as C. andromeda in O’ahu,
Hawaii, waters in fact comprised two distinct clades rep-
resenting a cryptic species (Holland et al. 2004), with one
clade of Indo-Pacific origin and the other established from
either the Western Atlantic or Red Sea. Arai et al. (2017)
further examined the molecular phylogenetics of Cassiopea
and also found that C. xamachana from the Western Atlantic
and C. andromeda from the Red Sea fell into the same clade,
indicating that these are likely the result of an introduction
of C. andromeda into the Caribbean.

Cassiopea have recently spread even farther, with reports
in the central Mediterranean originally in 2005 in the
Maltese Islands (Schembri et al. 2010) and again in 2006
in the Levantine coast of Turkey (Cevik et al. 2006). Keable
and Ahyong (2016) identified multiple species in coastal
lakes of eastern Australia, representing the southernmost
reported invasion of the genus (Figure 9.1). The grow-
ing geographic range and propensity of Cassiopea to form
blooms further supports the need for revised systematic and
taxonomic methods for the accurate classification of these
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organisms in order to more meaningfully categorize them
and identify their origins.

9.3 LIFE CYCLE

Like the majority of scyphozoans, C. xamachana alternates
between the asexual polyp (i.e. scyphistoma) and a sexual
medusa (Figure 9.2). Planula larvae, the result of sexual
reproduction, settle and metamorphose in response to bacte-
rial cues on environmental substrates (Hofmann et al. 1996)
(for early development, see Section 9.4). The resulting scy-
phistomae can reproduce asexually via budding or strobila-
tion to produce either a male or female medusa. Strobilation
is initiated following the establishment of symbiosis with
dinoflagellates of the family Symbiodiniaceae (LaJeunesse
et al. 2018). Therefore, in addition to environmental factors,
life cycle completion partly involves association with two
different organisms: settlement of the larvae happens in
response to different bacterial cues, and strobilation occurs
in response to cues associated with the establishment of
symbiosis with Symbiodiniaceae.

The planula larva does not have dinoflagellate symbi-
onts but does rely on specific bacteria such as Vibrio spp.
(Neumann 1979; Hofmann and Brand 1987) and Pseudo-
alteromonas sp. (Ohdera, et al., in prep a) that release cues to
induce their settlement and metamorphosis. The cues appear
to be peptides that are either released by the bacteria or the
result of biodegradation of the substrate they are on (Fleck
etal. 1999). A number of artificial peptides have been identi-
fied and the mechanism of interaction with larval receptors
proposed (Hofmann et al. 1996; Fleck and Hofmann 1995).
The scyphistomae are frequently found on the shaded side
of degraded mangrove leaves during the summer (Fleck and
Fitt 1999; Fleck et al. 1999) but also settle on other leaves
and hard surfaces.

Newly settled scyphistomae of C. xamachana exhibit
horizontal transfer of symbiotic Symbiodiniaceae, meaning
they collect their symbionts from the environment rather than
inheriting them. Shortly after settling and metamorphosing
into polyps and developing a mouth, endodermal diges-
tive cells (i.e. gastrodermis) phagocytose Symbiodiniaceae
from the water column (Colley and Trench 1983). Soon after
being infected with symbiotic algae, the scyphistoma under-
goes strobilation. Algae live within the symbiosome, also
known as the amoebocyte, formed from the initial vacuoles
which engulf the ingested symbiont cells. Amoebocytes
migrate to the base of the gastrodermis by approximately
day 3 after ingestion and subsequently migrate to the meso-
glea by approximately day 8 post-infection (Colley and
Trench 1985). When the number of Symbiodiniaceae reach
5-12,000 in large (>1 mm) scyphistomae at 225°C, they will
strobilate a single medusa in one to three weeks depending
on temperature and light levels (Hofmann et al. 1978). We
have observed that scyphistomae can continue strobilating
throughout the summer and fall in the Florida Keys and in
culture indefinitely. C. xamachana has been found to estab-
lish a symbiosis with different Symbiodiniaceae species in
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FIGURE 9.2 Life cycle of Cassiopea xamachana with scale bars per developmental stage. Ontogenetic stage names in bold. Non-
sexual processes in italics. Black arrows; metagenic life cycle. Striped arrows; asexual “budding” reproduction. White arrows; symbiont

infection and induction of strobilation.

fewer than three days while being held on the reef, back reef,
seagrass bed or mangroves in the Florida Keys (Thornhill
et al. 2006). If exposed to the homologous (found most fre-
quently and at highest relative densities in C. xamachana)
symbiont species Symbiodinium microadriaticum, the sym-
biont composition switches to Symbiodinium microadriati-
cum in a short period of time (via competitive exclusion), and
the scyphistomae strobilates shortly thereafter (Thornhill et
al. 2006). The role S. microadriaticum plays in inducing
strobilation is not currently known.

The medusa and symbiotic scyphistomae are both photo-
synthetic and predatory. Photosynthesis occurs in the sym-
biotic dinoflagellates contained in digestive or ameobocytic
cells, usually in direct sun in very shallow water, and is
thought to provide the bulk of the fixed carbon to fulfill the
energy requirements of their hosts (Verde and McCloskey
1998). However, they also use their mouth arm digitata,
which contain the stinging organelles called nematocysts, to

capture small zooplankton and other particles. Rhizostomes
feed via many small mouths rather than the single mouth
found in all other scyphozoans. C. xamachana can also shed
clumps of nematocysts—dubbed cassiosomes—presum-
ably to aid in obtaining food or as a defense from predators
(Ames et al. 2020). External feeding is thought to provide
the protein for growth of the jellyfish.

Temperature is a decisive factor in the life cycle of C. xam-
achana. Whereas rhizostome jellyfish typically over-winter
in the scyphistomae stage, C. xamachana are present in the
South Florida winter only as a medusa, as the polyps cannot
feed themselves and disappear at temperatures <18°C (Fitt
and Costley 1998). As the water temperature rises, planulae
settle and metamorphose into scyphistomae which catch and
consume food. It is not known if scyphistomae can survive
winter temperatures in lower latitudes of the Caribbean Sea.
C. xamachana begins to strobilate when temperatures are
>25°C, thus completing the life cycle (Rahat and Adar 1980).
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As temperatures increase with global climate change, popu-
lations of C. xamachana appear to be expanding (Morandini
et al. 2005, Morandini lab unpublished) with a longer sea-
son to strobilate (Richardson et al. 2009). In addition, C.
andromeda has become an exotic species, with populations
in Australia, Hawaii, the Mediterranean and potentially
the entire Caribbean (Cevik et al. 2006; Morandini et al.
2017; Holland et al. 2004; Schembiri et al. 2010; Keable and
Ahyong 2016), possibly partially due to higher temperatures.
Whether the exotic C. xamachana’s recent range expansions
will harm the environment remains to be seen.

9.4 EMBRYOGENESIS

9.4.1 SexuAL REPRODUCTION

Members of the genus Cassiopea are generally gonochoris-
tic, though hermaphrodites have been observed in at least
one population (Hofmann and Hadfield 2002). In males,
appendages are homogenous across the oral disc, whereas in
females, there is a region of appendages at the center of the
oral disc that are specialized for brooding embryos (circled
in Figure 9.3a). The precise timing of sexual maturity is not
known in terms of age or diameter; however, viable gam-
etes have been recovered from individuals as small as 7 cm
in bell diameter (Hofmann and Hadfield 2002). The gonads
can be accessed through the four prominent openings (sub-
genital pits) located between the oral arms and the bell. In
the Florida Keys, the temperatures are often colder during
winter cold fronts, which could reduce the number of eggs
female medusae produce.

Despite the existence of separate sexes, the site of fertil-
ization is unknown. Free spawning has never been observed.
Martin and Chia (1982) claim to have performed in vitro
fertilization: they collected gonadal material from inside the
gastrovascular cavity, combined ovary and testes in seawa-
ter and observed swimming planulae. Fertilization seems to
occur either within the mother, with sperm taken in from the
water column, or quickly after unfertilized eggs are depos-
ited onto the brooding tentacles.

In laboratory conditions with adult wild-caught animals,
new embryos can be collected daily from the brooding
region of female medusae. Spawning seems to be regulated
by light. When medusae are kept on a light cycle of 12 hours
of darkness and 12 hours of light at 24°C at the Whitney Lab
for Marine Bioscience, zygotes can be observed among the
brooding appendages of female medusae, but only if male
medusae are also present. If females are maintained sepa-
rately from males, no eggs (fertilized or unfertilized) are
observed to be released into the brooding appendage region.
Unlike some symbiotic cnidarians, eggs do not contain sym-
biotic dinoflagellates; symbionts are acquired horizontally
via acquisition from the environment rather than vertically
inherited from the mother.

Within a few hours, clusters of zygotes become encased
in a stiff membrane that attaches them firmly to the brood-
ing tentacles (Figure 9.3b). This membrane is maternally
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produced, as zygotes collected from the mother before the
membrane appears do not develop this membrane. Eggs
have already been fertilized before this membrane appears.
Embryos are tightly packed within this membrane, often
causing them to take on irregular shapes as development
progresses. If left undisturbed, zygotes will continue to
develop encased in this membrane, attached to the mother’s
brooding appendages, until reaching the stage when they
can swim using cilia and eventually free themselves and
swim away.

Observations of development have been made from
embryos removed at the one-cell stage and kept at 24°C.
Zygotes are 100150 um in diameter (Figure 9.3¢c). Cleavage
begins approximately two hours after zygotes are first
observed (Figure 9.3d). Initial cell divisions are unipolar,
beginning at the animal pole, and are complete, produc-
ing clear two-cell (Figure 9.3e) and four-cell (Figure 9.3f)
stages. The embryo reaches the blastula stage, a hollow ball
of cells with no yolk in the blastocoel, around 24 hours after
the first cleavage (Figure 9.3g), and gastrulation is complete
within 48 hours after the first cleavage is observed (Figure
9.3h). The exterior of the gastrula is ciliated (Figure 9.3k).
Gastrulae move with a spinning motion, unlike the directed
swimming later seen in the planula.

Further study is needed to fully understand the morpho-
logical details of development from zygote to planula. The
mode of gastrulation is not yet known, though invagination
is the most common form of gastrulation in the Scyphozoa
(Morandini and da Silveira 2001; Nakanishi et al. 2008;
Yuan et al. 2008; Kraus and Markov 2016). During gastru-
lation by invagination, the epithelium of the blastula folds
inward at the future oral end while maintaining its epithe-
lial identity. The epithelium continues to migrate inward
until there are two layers of epithelium, the endoderm and
ectoderm. Some cnidarians have complex patterns of gas-
trulation involving multiple waves of cellular movement
(reviewed by Kraus and Markov 2016). While the mode of
gastrulation has not been confirmed in Cassiopea, images
of gastrulae appear to support the possibility of gastrulation
by invagination (Figures 9.3h—i). Molecular studies using
endomesodermal markers in other cnidarians are under-
way to confirm the location of presumptive endodermal
precursors.

At three days old, an opening to the external sea water
is still present and is located at the site of gastrulation, the
blastopore (Figure 9.3i). By four days, the blastopore has
closed completely, so that the inner epithelium has no con-
nection to the outside of the embryo (Figure 9.3j). The struc-
ture of four-day-old planulae was described by Martin and
Chia (1982) using transmission electron microscopy (TEM).
Planulae range from 120 to 220 um in length and 85 to 100
um in width at the midpoint. The exterior of the planula is
uniformly ciliated (Figure 9.31), and planulae swim leading
with the future aboral end ahead, but there is no apical tuft at
the leading edge. Planulae contain endodermal and ectoder-
mal epithelia separated by a thin layer of mesoglea (Martin
and Chia 1982).



Upside-Down Jellyfish Cassiopea xamachana 155

FIGURE 9.3 If female medusae (a) are kept with male medusae, zygotes can be found daily among the brooding appendages (b, circled
in a) at the center of the oral disc. Zygotes (c) are packaged in a thin membrane and attached to the brooding appendages. Arrow
in (b) points to attachment point where a package of embryos is wrapped around a brooding appendage. Location of fertilization is
unknown. Initial cleavage (d) produces a two-cell stage (e), and each cell divides equally to produce a four-cell stage (f). Embryos reach
the blastula stage (g) at approximately 24 hours after first cleavage and the gastrula stage (h) approximately 48 hours after first cleavage.
At 72 hours after first cleavage (i), the blastopore can still be observed, but it is no longer observable by 96 hours (j). (g—j) Confocal slices
stained to show actin. (k-1) and (0o—p) Confocal slices stained to show actin (green), nuclei (blue), and cilia [magenta, no cilia stain in (0)].
Gastrulae (k) and planulae (1) are ciliated, and no mouth is observable in planulae. After attachment to a surface (m, right side), the polyp
mouth forms de novo (m, left side). Asexually produced planuloids contain septal muscle fibers from the parent polyp (o and p) and can
contain symbiotic dinoflagellates in the gastrodermis, shown by magenta autofluorescence in (p). Mouth and tentacles can form in asexu-
ally produced planuloids without attachment to a substrate (q). Both planulae and asexually produced planuloids stain with antibodies
to the neural marker protein RFamide (n and r), shown here on 3D projections of confocal stacks with RFamide in magenta and actin in
green. All scale bars are 50 micrometers. Asterisks indicate the future oral end of planulae and planuloids.

Four cell morphologies have been previously described
in the planula: two types in the ectoderm and two in the
endoderm. The ectoderm consists of support cells and cnid-
ocytes. Ectodermal support cells extend from the mesoglea
to the exterior surface. The apical surface of a support cell
is covered in microvilli, and each cell has a single cilium
(Martin and Chia 1982). Martin and Chia report one type of
cnidocyte in the planula but do not specify what type it is; in
other life stages of Cassiopea, different types of cnidocytes
have been described (Heins et al. 2015) (see Section 9.5 for

additional detail). The apical surface of a mature cnidocyte
is exposed to the exterior, and the cell does not appear to
extend basally to the mesoglea, based on TEM. Developing
cnidocytes can be identified by their capsule and are located
between support cells near the basal region of these cells;
they do not connect to the exterior. The endoderm also
contains two cell types: support cells and interstitial cells.
Endodermal support cells extend from the mesoglea to the
interior lumen of the planula and bear an apical cilium.
Interstitial cells are clustered among the endodermal support
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cells, and their function is unknown (Martin and Chia 1982).
Staining with an antibody to the neurotransmitter RFamide
implies the presence of neural cells, specifically concen-
trated at the aboral end of the planula. The potential pres-
ence of neural cells indicates there may be additional cell
types present that have not yet been described.

Planulae are competent to settle by the age of four or five
days (Martin and Chia 1982). Attachment to a surface usu-
ally precedes development into a polyp, but planulae have
been observed to metamorphose without attachment (Martin
and Chia 1982). Planula settlement can be induced by Vibrio
alginolyticus bacteria or by the hexapeptide Z-Gly-Pro-Gly-
Gly-Pro-Ala (Hofmann and Brand 1987). The polyp mouth
forms de novo at the site of blastopore closure (Figure 9.3m),
followed by four initial tentacles surrounding it, then four
additional tentacles at the spaces between those. At this
point, the former planula is recognizable as a small polyp.
Once the mouth has developed, polyps are capable of both
eating and taking in dinoflagellates from the environment
to establish symbiosis. As the polyp grows, the region of
the stolon that lacks a gastrovascular cavity continues to
lengthen.

9.4.2 AsexuAL REPRODUCTION

In addition to sexual reproduction, polyps can repro-
duce asexually to form more polyps. Clonal daughter off-
spring bud from the side of polyps, usually at consistent
spots near the base of the calyx, in the form of swimming
oblongs researchers have called planuloids or planuloid buds
(Khabibulina and Starunov 2019). The future oral-aboral
axis of the planuloid forms at an angle to the oral-aboral
axis of the parent polyp. Clonal planuloids are superficially
similar to planulae produced as a result of spawning in a
number of ways. Both planulae and planuloids have a uni-
formly ciliated exterior; both swim leading with the future
aboral end of the polyp ahead, rotating about the oral-aboral
axis. An oral opening is absent in both (Figures 9.31 and p)
and forms during development into a polyp (Figures 9.3m
and q). Additionally, antibody staining against the neural
marker RFamide (Figures 9.3n and r) displays concentrated
signal at the future aboral end, which is the leading pole
during swimming.

There are notable differences between the morphologies
of planulae and planuloids. The most obvious difference is
that planuloids are much larger than planulae. Planuloids
can be over 2 mm in length and 1 mm in width at their wid-
est point. Planuloids also contain longitudinal muscle fibers
running from the future oral to future aboral end (Figure
9.3p), and no such muscle fibers are present in sexually
produced embryos (Figure 9.31). Development of asexual
propagules begins with an outpocketing of the body wall of
the parent polyp, with the longitudinal muscle fibers of the
polyp extending into the developing propagule (Figure 9.30).
However, Khabibulina and Starunov (2019) report that these
muscle fibers are lost during propagule development, and
the fibers observed in the propagule form de novo. Unlike
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planulae, asexual propagules regularly begin to metamor-
phose into polyps before attachment to a surface. Finally,
asexual propagules may contain symbiotic dinoflagellates in
cells of the gastrodermis if the parent polyp is inoculated
with symbionts (Figure 9.3p), while planulae only acquire
symbionts from the environment once they have developed a
mouth in the process of becoming a polyp.

9.5 ANATOMY

The C. xamachana body is composed of three layers: epi-
dermis, gastrodermis and mesoglea (Mayer 1910). Planulae
are uniformly ciliated and polarized, swimming with the
anterior end forward. The anterior end is the precursor to the
polyp pedal disk and where settlement occurs. As previously
mentioned in this chapter (see Section 9.4), planulae are apo-
symbiotic and additionally have cnidoblasts (precursors to
cnidocytes, the cells which produce cnidocysts or “stinging
cells”) in their epidermis. Fully differentiated cnidocytes
are present in the ectoderm (Martin and Chia 1982). A full
description of Cassiopea cnidocysts is located at the end of
this section.

After settlement, C. xamachana larvae develop into
scyphistomae (polyps). A scyphistoma is composed of a
pedal disc securing the polyp to a substrate, a stem rising
to meet the head or calyx and a centrally located mouth or
hypostome (Figure 9.4a) (Bigelow 1900). The calyx con-
tains four gastric pouches separated by four septal muscles
(Bigelow 1892). It has 32 total tentacles: 4 pairs of perra-
dial, 4 pairs of interradial and 8 pairs of adradial tentacles.
When fully expanded, the tentacles exceed the length of the
body (Bigelow 1900) which is 3 to 4 mm long with a 1-mm-
diameter calyx (head) in fully grown polyps (Figure 9.4a)
(Curtis and Cowden 1974). Budding occurs at the base of
the calyx in a perradial distribution (Hofmann et al. 1978).
The planuloid buds have a single-layered ectoderm with
three cell types, an endoderm with two cell types and a
thin mesoglea separating the ectoderm from the endoderm.
Cnidoblasts are located at the base of the epithelial cells,
while cnidocytes are near the epithelial surface (Hofmann
and Honegger 1990). While buds detach independently from
the polyp, they can form budding chains where two to four
buds are connected by ectodermal tubes which eventually
sever when the bud detaches. The bud at the base of this
chain forms a continuous endoderm with the polyp (Figure
9.4a). Buds are spindle shaped and uniformly ciliated, rotat-
ing around a longitudinal axis and swimming with the distal
anterior pole forward. This anterior end eventually forms the
pedal disc upon settlement (Hofmann et al. 1978).

Symbiosomes localize at the base of a host cell, away from
maximum lysosomal activity (Fitt and Trench 1983b). Algae
are most dense in the subtentacular region of the polyp and
at lowest density in the pedal disk region. The positioning of
symbionts ensures transfer of algae to the developing ephyra.
Ephyra initially have four simple oral arms with a central
mouth opening and develop marginal lobes and rhopalia,
the sense-organs of adult C. xamachana (Figure 9.4b—c).
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FIGURE 9.4 (a) Aposymbiotic budding scyphistoma. (b) Symbiotic polyp in beginning stages of strobilation. Tentacles have not fully
retracted and brown-green algae cells visible within translucent polyp. (c) Symbiotic polyp in late stages of strobilation before ephyra has
fully detached. Rhopalia labeled with white arrows. The 32 radial canals are visible on the subumbrella. (d) View of a single oral arm.
Symbiont cells are seen within every oral vesicle and the oral arm as a whole. (e) Light passing through the umbrella, highlighting the
muscle fibers and also the canal system within. (f—j) Adult Cassiopea photographed in Key Largo, Florida. Multiple color variations and
oral appendage distributions seen. Key: H, hypostome; T, tentacles; C, calyx; B, bud; ET, ectodermal tube; S, stem; PD, pedal disc; OA,
oral arms; ML, marginal lappets; RG, radial canals; OV, oral vesicles; D, digitata; OAP, oral appendages.



158

After detachment of the ephyra, the remaining polyp stem
will regenerate a new calyx and tentacles and is capable of
strobilating once more, and, in fact, head regeneration has
been shown to begin before the strobila fully detaches from
the polyp (Hofmann et al. 1978).

While adult C. xamachana are physically typical jelly-
fish, they are unique in that the bell rests on the sandy bottom
of their habitats, which has given them the name “upside-
down jellyfish” (Figure 9.4f—j). The adult can secure itself
to a surface by using the concave shape of the exumbrella to
create suction and adhere to the substrate. The average size
of adults seems to vary based on habitat, although a com-
prehensive size range has not been created to date. Bigelow
(1900) reported bell diameter sizes ranging from 6.5 to 24
cm, but Mayer (1910) reports diameters usually around 150
mm. The umbrella perimeter is composed of 80 marginal
lappets with corresponding white markings (Figure 9.4g). C.
xamachana is characterized by its white circular band on
the exumbrella, though the exact pattern of these markings
differs between individuals. Additionally, there are typically
16 oval-shaped white spots around the umbrella margin cor-
responding with the rhopalia (sense organs) (Figure 9.4g).
Adult C. xamachana have on average 16 rhopalia, but indi-
viduals have been recorded with anywhere from 10 to 23
rhopalia (Bigelow 1900). Rhopalia are located on notches
along the margin of the umbrella and are marked by a red-
dish-brown pigment spot (Mayer 1910).

Attached to the bell is the oral disc from which the oral
arms sprout. Adults have eight oral arms formed in pairs,
which are described as rounded and slender compared to
those in other Cassiopea species (Figure 9.4f—j). Their length
can be greater than the radius of the jellyfish by up to one
half. The oral arms have 9 to 15 branches, which are then
further branched, giving them a fluffy appearance. Many
appendages (oral vesicles) are found at the base of these
branches, and they greatly vary in size throughout a jellyfish
(Figure 9.4f—j) (Bigelow 1900). The oral arms are also cov-
ered with paddle-shaped oral appendages, which are often
highly pigmented (Figure 9.4f-g, i—j). While C. xamachana
have reported color morphs of brown and green (Figure
9.4f—j), the morph of deep blue is the most well known and
studied. The blue pigment, Cassio Blue, is found in both the
oral appendages and diffused within the mesoglea (Blanquet
and Phelan 1987). The green and brown morphs have not yet
been studied or their pigments characterized, though adult
color pattern has been found independent of symbiont spe-
cies (Lampert et al. 2012).

Brachial canals attach to each pair of arms and converge
within the oral disc to empty into the stomach. The stom-
ach contains 32 radial grooves connected by a network of
anastomosing branches (Figure 9.4e) (Bigelow 1900). The
stomach is surrounded by four subgenital pits and four
genital sacs, which are accessible from the outside via four
subgenital ducts (Mayer 1910). Adults exhibit sexual dimor-
phism. Females have visually distinctive brooding append-
ages, seen as a white cluster of appendages in the center of
the oral disc (for more information, see Section 9.4) (Figure
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9.4h). The mesoglea makes up most of the body and contains
symbiotic cells, which have highest density in the umbrella.
An endodermic layer separates the subumbrellar and exum-
brellar mesoglea (Bigelow 1900). Muscle fibers cover the
subumbrella, and muscle activity has been connected with
rhopalia signaling and activity (Mayer 1910). Adults have
mostly epitheliomuscular cells with muscle fibers in sheets
folded into the mesoglea (Blanquet and Riordan 1981).
Scyphozoan cnidocysts fall into three different catego-
ries: isorhizas, anisorhizas and rhopaloids. C. xamachana
have three different types of cnidocysts, though the presence
and abundance differ based on life stage. Additionally, the
names of two of these cnidocysts have been reported dif-
ferently in literature, and we will list both names for com-
prehension. Heterotrichous microbasic euryteles (Jensch
and Hofmann 1997), or rhopaloids (Ames et al. 2020), are
present in the both the ectoderm and endoderm of all life
stages. Holotrichous a-isorhizas are also found in both the
ectoderm and endoderm of the polyp and adult but have not
been detected in all parts of the scyphistoma body. Finally,
heterotrichous anisorhizas (Jensch and Hofmann 1997),
or O-isorhizas (Ames et al. 2020), are only detected in
the polyp after strobilation has begun. All three cnidocyst
types are found in the adult within the ectoderm, and no
cnidocysts are located within the mesoglea of any part of
the life cycle. Oral vesicles and adjacent tentacle-like struc-
tures called digitata contain clusters of cnidocysts in the
ectoderm (Figure 9.4d) (Jensch and Hofmann 1997). These
digitata immobilize prey when the natural pulsations of the
umbrella pump surrounding water against the oral arms.
Additionally, C. xamachana ephyrae and adults release
large amounts of cnidocyst-containing mucus into the sur-
rounding water upon agitation, a response associated with
defense and predation. The undeployed cnidocysts inside
this mucus are termed cassiosomes and, unlike the oral arms
of the adult, only contain the heterotrichous anisorhiza/O-
isorhiza cnidocysts. These cnidocysts line the cassiosome
periphery interspaced with ectoderm cells containing cilia,
allowing temporary mobility of the unit. The interior space
of a cassiosome is mostly empty but uniquely contains
symbiont cells. A cassiosome ranges from 100 to 550 um
in diameter (Ames et al. 2020). C. xamachana had been
reported as both venomous and nonvenomous in different
habitats, and potency has been related to venom composi-
tion, as the cnidocyst composition is identical between these
varieties. C. xamachana stings are described as relatively
mild to humans but are capable of hemolytic, proteolytic,
cardiotoxic and dermonecrotic effects (Radwan et al. 2001).

9.6 GENOMIC DATA

With renewed interest in establishing C. xamachana as a
model to study cnidarian—dinoflagellate symbiosis, efforts
have been put forth to compile genomic and transcriptomic
data. The first C. xamachana transcriptomic dataset became
publicly available in 2018, and the first Cassiopea genome
(T1-A clonal line) was published in 2019 (Kayal et al. 2018;



Upside-Down Jellyfish Cassiopea xamachana

Ohdera et al. 2019). The T1-A line is available from the labs
of the authors in this chapter. The initial draft genome of C.
xamachana was composed entirely of Illumina short-read
data, resulting in a fragmented assembly (N50 = 15,563 Kb)
compared to the recently published scyphozoan genomes
employing third-generation sequencing technology (Gold
et al. 2019; Khalturin et al. 2019; Kim et al. 2019; Li et al.
2020). An updated assembly is now available at the US
Department of Energy’s Joint Genome Institute (JGI)’s web
portal, with significant improvements across all assembly
statistics (N50 = 17.8 Mb) (https://mycocosm.jgi.doe.gov/
Casxal). We will continue efforts to improve the assembly
and make updates available on the portal. C. xamachana
remains the only non-anthozoan cnidarian genome available
that establishes a stable symbiosis with Symbiodiniaceae,
making it a highly attractive model to study the evolution
and genetics of symbiosis. In addition to future resources
that will become available, past studies have already begun
to utilize and illuminate the genetics underlying Cassiopea.

In silico prediction of the genome size of C. xamachana
suggests roughly 360 Mb, consistent with previous mea-
surements of genome sizes for C. ornata and Cassiopea
sp. (Mirsky and Ris 1951; Adachi et al. 2017; Ohdera et al.
2019). A marginally larger assembly of 393.5 Mb was
obtained, in line with previous predictions. These values
suggest the genus to have genome sizes comparable to other
members of the order Rhizostomeae (Kim et al. 2019; Li
et al. 2020), but two-fold smaller than the predicted genome
size of Aurelia spl. (Adachi et al. 2017; Gold et al. 2019;
Khalturin et al. 2019). A genome size greater than 500 Mb
appears to be the exception given the average genome sizes
for the two additional Aurelia species sequenced, which
may suggest genome size to be relatively constant within the
class. Approximately 31,459 protein-coding genes have been
predicted from the C. xamachana draft genome, similar to
the currently available Aurelia genomes. This is in contrast
to its close relatives Nemopilema nomurai and Rhopilema
esculentum, which were predicted to contain 18,962 and
17,219 protein coding genes, respectively (Kim et al. 2019;
Li et al. 2020). It remains to be seen whether the ancestor of
the suborder Dactyliophorae experienced gene loss or a gene
expansion occurred after the split of Kolpophorae.

The gene content and its similarity to bilaterians have
prompted researchers to investigate the evolution of genomic
organization (Hui et al. 2008; Schierwater and Kuhn 1998;
Gauchat et al. 2000; Garcia-Fernandez 2005). Cnidarians
occupy a unique position as sister group to bilaterians. Early
investigations into genomic architecture suggested high
conservation of protein coding gene between cnidarians
and humans despite the large divergence time (Schierwater
and Kuhn 1998). A recent analysis of medusozoan genomes
showed genetic divergence between major cnidarian lin-
eages to be equivalent to that found in bilaterians (Khalturin
et al. 2019). Humans share a remarkable number of genes
with jellyfish, offering an opportunity to study the evolution
of pre-bilaterian genomic architecture and gene conserva-
tion. Ohdera et al. (2018) found nearly 5,000 orthologous
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gene groups (orthogroups) between cnidarians and humans.
C. xamachana in particular shared 444 unique orthogroups
with humans, far more than other cnidarian classes. Similar
findings were reported for the moon jelly Aurelia aurita,
where a high degree of macrosyntenic linkage with humans
was found relative to the anemone Nematostella vectensis
(Khalturin et al. 2019), suggesting a greater genomic conser-
vation since the cnidarian-bilaterian split. Cnidarians have
thus played a crucial role in helping us understand gene fam-
ily evolution and expansion in metazoans (e.g. Hox genes).

In cnidarians, Hox genes were first recovered from three
species of the class Hydrozoa (Schummer et al. 1992), but
Cassiopea was the first scyphozoan in which Hox genes were
identified (Kuhn et al. 1999). Initial investigations explored
how Hox genes may regulate morphological patterning con-
sidering the relatively simple body plan. Hox gene expres-
sion defines the anterior—posterior axis in Bilateria, and
similar regulatory roles have been identified for cnidarian
Hox genes (DuBuc et al. 2018; He et al. 2018). As with other
cnidarian lineages, Cassiopea maintains a similar repertoire
of homeobox genes (Table 9.1). The first homeobox gene
identified within Scyphozoa was the Scox/-5 of Cassiopea
(Kuhn et al. 1999), which were grouped within two major
cnidarian homeobox groups (CnoxI, Cnox2). While Cnox2
has since been classified as a parahox gene, all five Cnox
groups show highest homology to the bilaterian Antp class
of homeobox genes. Moreover, hox gene orientation within
clusters is not expressed as such, similar to that seen in bilat-
erians. In fact, hox expression is not conserved even between
cnidarians. It remains to be seen how homeobox genes are
involved in strobilation and body polarity. With the improve-
ment in genome quality, investigations of genomic synteny
will likely address the questions regarding genomic archi-
tecture of the ancestral genome prior to the cnidarian—bila-
terian split. Previously, a syntenic linkage between a POU
and Hox gene was thought to have been a pre-bilaterian
ancestral feature, as it was found in both vertebrates and
the hydrozoan Eleutheria (Kamm and Schierwater 2007).
The availability of new medusozoan genomes, including
Cassiopea, revealed the linkage may have arisen indepen-
dently in the medusozoan and vertebrate ancestors (Ohdera
et al. 2019).

Another aspect of cnidarian biology that has intrigued
biologists is the capacity of Cassiopea to regenerate as well
as the lack of senescence. While research has focused largely
on Hydra and corals, chromosome specific telomere length
was first investigated in Cassiopea (Ojimi and Hidaka 2010).
Cassiopea exhibits unequal telomere length depending on
life stage, with the bell margin of adult medusae having the
longest telomeres (2,000 bp) compared to other tissue types
(~1,200 bp). This is despite telomerase activity remaining
relatively similar across multiple life-stages (Ojimi et al.
2009). Ojimi et al. (2010) also found the Cassiopea telo-
meres to resemble the vertebrate sequence (TTAGGG), in
agreement with members of other cnidarian classes, sug-
gesting the vertebrate telomere sequence to be ancestral at
the cnidarian—bilaterian split (Grant et al. 2003).
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TABLE 9.1
Repertoire of Homeobox Genes in Cnidaria
Anthozoa Cubozoa Scyphozoa Hydrozoa
Exaiptasia Nematostella Morbakka AureliaAurelia Chrysaora  Cassiopea Nemopilema Rhopilema  Hydra Clytia
diaphana vectensis virulenta  sp.1 aurita quinquecirrha xamachana nomural esculentum vulgaris hemisphaerica
ANTP 62 78 33 35 33 22 32 38 31 17 28
CERS 1 1 0 0 0 0 0 0 0 0 0
HNF 0 1 0 0 0 0 0 0
LIM 6 6 5 3 5 3 4 5 5 5 5
POU 5 6 4 5 3 4 3 3
PRD 36 44 25 30 29 22 28 29 20 18 17
SINE 4 6 5 4 5 5 4 6 5 2
TALE 8 5 5 3 7 5 6 5
OTHER 1 4 1 0 0 1 0 0
TOTAL 123 151 71 82 82 58 76 88 71 51 63

Note: Homeobox genes were classified according to the classification outlined by Zhong and Holland (2011), following the method outline by Gold et al.
(2019). Protein models from each genome were initially blasted against the curated dataset used by Gold et al. (2019), combined with previously identified
cnidarian hox genes from C. xamachana and Aurelia sp1. Matching hits were further assessed using Interpro (https://github.com/ebi-pf-team/interproscan)
to confirm the presence of the homeodomain. Genes were further classified using homeoDB (http://homeodb.zoo.ox.ac.uk/) to generate the final counts.

As previously mentioned, species within the order
Rhizostomeae are characterized by the blue pigment Cassio
Blue. First isolated in Cassiopea and subsequently described
in Rhizostoma, Cassio Blue likely plays a photoprotec-
tive role (Blanquet and Phelan 1987; Bulina et al. 2004).
Researchers also found this chromoprotein to exhibit pro-
miscuous metal binding properties but, strikingly, to con-
tain domains for Frizzled and Kringle, genes involved in wnt
signaling (Bulina et al. 2004; Phelan et al. 2006). While the
function of the chromoprotein beyond its photoprotective
role is unknown, the presence of the wnt domains has led to
speculation of the protein’s additional roles. Given the over-
lap in protein deposition and symbiont localization, Cassio
Blue may be involved in regulation of symbiont density,
though this remains to be examined.

The C. xamachana mitochondrial genome was sequ-
enced in 2012 (Kayal et al. 2012). The Cassiopea mitochon-
drial genome is linear and approximately 17,000 kb in
length (Bridge et al. 1992), with 17 conserved genes and two
tRNAs and an intact gene order relative to other medusozoan
mitochondrial genomes. Medusozoan mtDNA appears to be
streamlined, with short intergenic regions. Scyphozoans
including Cassiopea are characterized by a ~90 bp inter-
genic region capable of forming a conserved stem loop motif
potentially involved in transcriptional regulation and repli-
cation. Scyphozoan mtDNAs are also characterized by the
presence of a pol-B and ORF314 gene at the chromosome
end, a likely signature of an ancient integration of a linear
plasmid and consequent linearization of the chromosome.
ORF314 may be a terminal protein involved in maintaining
mtDNA integrity by binding to the short, inverted terminal
repeats at the end of the mtDNA. In addition to gene organi-
zation, the COX1 gene has revealed high genetic divergence
to exist within the genus. For example, a mean pairwise

divergence of 20.3% was calculated for the two likely inva-
sive species present in Hawaii. This is remarkable consider-
ing the morphological similarity between species.

Despite a significant increase in the number of available
medusozoan genomes over the past several years. C. xam-
achana offers a unique position as the sole symbiotic species
with a genome currently available. Researchers now have
the opportunity to investigate the genetic basis of symbiosis
by having access to genomes of different cnidarian lineages
exhibiting photosymbiosis with different Symbiodinaceae
taxa such as the scyphozoan C. xamachana (Ohdera et al.
2019), the sea anemone Exaptasia diaphana (Baumgarten
et al. 2015), the octocoral Xenia sp. (Hu et al. 2020) and a
growing number of scleractinian corals (e.g. Shinzato et al.
2011; Fuller et al. 2020; Cunning et al. 2018; Shumaker et al.
2018). While the underlying mechanism is yet unclear, the
availability of the C. xamachana genome will provide an
opportunity to study the convergent evolution of symbio-
sis within Cnidaria and whether cis- and trans-regulatory
mechanisms underlie the evolution of symbiosis within the
cnidarian lineage.

9.7 FUNCTIONAL APPROACHES: TOOLS FOR
MOLECULAR AND CELLULAR ANALYSES

9.7.1 TowarDp A GENETIC MODEL TO

StuDY CNIDARIAN SYMBIOSIS

Genetically accessible model organisms have been crucial
tools for biologists to understand the molecular underpin-
nings of life as we know it. Great strides have been made in
the past century using genetic model systems to study gene
function in other invertebrates, but some systems have not
been empowered by these methods. The symbiosis between
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corals and their photosynthetic endosymbionts is the basis of
coral reef ecosystems throughout the world, but the absence
of genetic tools in a laboratory model system for the investi-
gation of symbiotic cnidarians has prevented a mechanistic
understanding of this symbiosis.

Selection of an appropriate laboratory genetic model
system is critical for the implementation of genetic tools
(Matthews and Vosshall 2020). Successful systems are
marked by key features, namely 1) the capacity to close the
life cycle in the laboratory, 2) efficient methods for muta-
genesis and transgenesis and 3) germline transmission of
mutations/transgenes. Reef-building corals generally spawn
once annually, with development to sexual maturity requir-
ing multiple years. Infrequent spawning and long genera-
tion time impose extreme limitations on hard coral systems
for rapid progress in genetics. The anemone Exaiptasia
diaphana has been a useful model for cell biology and phys-
iology, but the inability to close the life cycle makes this
organism, at present, an intractable system for comprehen-
sive molecular genetic analysis (Jones et al. 2018).

C. xamachana is an apt genetic model system for the
study of symbiotic cnidarians. Like reef-building cor-
als, Cassiopea engage in a nutritional endosymbiosis with
Symbiodiniaceae and are susceptible to thermal bleaching.
However, this organism has multiple characteristics which
make it an attractive laboratory system. Cassiopea spawns
daily in aquaria (see Section 9.4), providing regular access
to single-cell embryos that are necessary to genetically
manipulate the organism using microinjection or electro-
poration (Figure 9.5a—b). The life cycle of this organism has
been closed in the laboratory. Development from embryo
to polyp (Figure 9.5c—f) and the subsequent formation of
ephyrae spans approximately two months. Medusae require
additional time to reach sexual maturity, leading to a genera-
tion time of fewer than six months. Additionally, polyps can
be maintained as immortal lines in the lab, producing buds
at rates associated with how much they are fed. Infected
scyphistomae can also live forever under constant culture
conditions, though in the field, they will be affected by sea-
sonal conditions (e.g. in the Florida Keys, they disappear
in the winter months). Medusae require additional time to
reach sexual maturity, leading to a generation time of fewer
than six months. Given these qualities, Cassiopea provides
a practical and relevant model system for a more expedient
genetic analysis than in corals. Here we provide some prag-
matic information for those interested in using Cassiopea as
a laboratory model.

9.7.2 EsTABLISHING A LAB COLONY
FROM WIiLD COLLECTION

The ability to maintain a breeding C. xamachana colonies
in relatively simple aquaria is a strength of this model system
for cnidarian symbiosis. Reproductive adults can be readily
collected from their nearshore natural habitats by snorkel-
ing or wading in the shallow waters they inhabit. In the state
of Florida, USA, C. xamachana can be collected under a
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recreational saltwater fishing license. For the purposes
of lab-based spawning, medusae from 10-15 cm in bell
diameter are appropriate for long-term culture in aquaria.
Males and females can be readily identified via externally
visible morphological characteristics, namely the presence
of central brooding appendages on females (Hofmann and
Hadfield 2002). While larger individuals can be kept, their
higher biomass and food requirements make them less con-
ducive to sustained culture in closed systems. Medusae can
be shipped overnight and fare well when packaged inside of
individual poly bags, approximately half filled with water
to allow for airspace for gas exchange, shipped inside of
an insulated foam box to stabilize temperature during the
journey.

9.7.3 CuULTURING CASSIOPEA IN THE LAB

A stable, purpose-built aquarium system greatly facilitates
the maintenance of a spawning C. xamachana colony.
Overall, these organisms fare well with high levels of light
(250-400 puE m= s71), frequent and heavy feeding (freshly
hatched Artemia sp. Nauplii, which can be supplemented
with rotifers) and low water flow. A shallow tank with a
plumbed sump functions well as a foundation for a colony,
with a few considerations of our organism. While relatively
robust, C. xamachana will readily be pulled into overflows
as well as powerheads and other circulation pumps. Long,
shallow tanks of 15-30 cm depth provide convenient access
and reduce crowding. No powerheads, pumps or other equip-
ment should be located directly in the tank. The overflow
which brings water from the tank to the sump via gravity
should be covered with a protective grate constructed from
polystyrene egg crate lighting diffuser. In the sump, water
first passes through a filter sock or floss, which should be
washed/exchanged at least every other day. The sump also
contains live rock or other media to serve as biological fil-
tration, as well as an efficient and appropriately sized pro-
tein skimmer which both removes waste and facilitates gas
exchange. A temperature of 25-26°C is maintained with an
aquarium heater located in the sump. As aquarium heaters
are notoriously unreliable and failure in the on position may
result in severe impacts to the colony, the heater should be
backed up by a secondary temperature controller. Activated
carbon is also located in the sump in order to remove organ-
ics that reduce water clarity; this should be kept in a filter
bag or nylons and changed monthly; approximately 60 mL
per 100 liters of water in the system is sufficient. The return
pump delivers water back to the aquarium. This should be
relatively low flow so as not to unnecessarily disturb the
medusae in the main tank; approximate turnover of one
to three times the volume of the aquarium is sufficient.
Diffusing the water returning to the tank will also prevent
the disturbance of the medusae (Widmer 2008).

Heavy feeding of freshly hatched live Artemia sp. one
to three times daily facilitates continued, regular spawning.
Though C. xamachana are not particularly demanding of
water quality, attention to water parameters will promote the
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FIGURE 9.5 Spawning, injection and settlement of Cassiopea. (a) Daily spawning of Cassiopea in the laboratory environment.
(b) Injection of Cas9-RNPs into single-cell embryos, with visualization aided by phenol red tracer dye. (c) Development of injected
embryos, ten hours after injection. (d) Metamorphosis and settlement of injected Cassiopea embryo into a small polyp, ten days follow-
ing injection. (¢) Growth of an injected embryo into a polyp, 30 days after injection. (f) Development of asexual planuloid buds on a polyp

(see inset for detail) 45 days following injection.

longevity of the culture and consistent spawning. Artificial
seawater should be mixed using 0 TDS RO/DI water to a
salinity of 34-36 PSU. Weekly water changes of 20% are
helpful in long-term maintenance and stability. Nitrate and
phosphate levels should be monitored weekly; low or high
levels can be problematic. As a guideline, nitrate levels of
2-10 ppm and phosphate levels of 0.03 to 0.10 ppm have

provided for consistent maintenance and spawning of brood-
stock. Excess nutrients can be managed by increasing the
volume of water changes and implementing an algal refu-
gium (e.g. Chaetomorpha) in the sump. Insufficient nutrients
in the water can be ameliorated by increasing feeding, reduc-
ing skimming or with the careful dosing of sodium nitrate or
sodium phosphate solutions to achieve desired levels.
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As photosymbiotic organisms with spawning controlled
by the daily light cycle, appropriate lighting is a critical com-
ponent of Cassiopea husbandry. Lighting solutions designed
for reef-building corals are appropriate for these shallow-
water animals that require high levels of photosynthetically
available radiation (PAR) to maximize the nutritional ben-
efits from their endosymbionts. Modern high-output LEDs
designed for reef tanks can be implemented to blanket the
bottom of the tank with PAR levels of 250-400 pE on a
12:12 daily cycle. Light levels should be assessed with a sub-
mersible PAR meter and lighting adjusted as appropriate.

9.7.4 MIicROINJECTION OF SINGLE-CELL EMBRYOS
FOR THE GENERATIONS OF MUTANTS
AND TRANSGENIC CASSIOPEA

The study of symbiosis in cnidarians has long sought to iden-
tify the mechanistic basis of the interactions between the
animal host and intracellular algal partner. Studies compar-
ing symbiotic and aposymbiotic hosts have been performed
in numerous cnidarian taxa (Lehnert et al. 2014; Rodriguez-
Lanetty et al. 2006), as well as numerous studies examining
the response to heat stress and the breakdown of symbiosis
(Pinzon et al. 2015; DeSalvo et al. 2010) and gene expression
patterns associated with thermal tolerance (Bellantuono et
al. 2012; Barshis et al. 2013). This broad body of work has
resulted in the identification of numerous genes of interest,
including molecular chaperones and antioxidant enzymes
associated with the response to thermal stress (Csdszar et al.
2009; Fang et al. 1997), as well as lectins which may mediate
the relationship between the host and symbiont (Kvennefors
et al. 2008). However, the field has largely been missing
crucial tools of genetics to robustly test these hypotheses.
Microinjection of C. xamachana embryos opens a path to
understand the molecular genetic basis of symbiosis, che-
mosensation and sleep in an early diverging metazoan with
a decentralized nervous system (Figure 9.5b).

A basic tool of genetics is the capacity to perform loss-
of-function studies such as gene knockout experiments.
With the development of genome editing techniques, C.
xamachana is an apt model system to test hypotheses of
cnidarian symbiosis. Using microinjection, C. xamachana
embryos are amenable to CRISPR-mediated mutagenesis, a
technology which allows for precise, targeted mutagenesis
and transgenesis using a programmable nuclease comprised
of a guide RNA and the protein Cas9 (Jinek et al. 2012).
CRISPR-Cas9 can be used by delivering the Cas9 protein
complexed with single guide RNAs (sgRNA) which direct
the nuclease to the locus of interest in the nucleus of a living
cell. This Cas9-sgRNA complex cleaves the targeted DNA,
resulting in endogenous DNA repair. In the absence of
homologous template, non-homologous end joining (NHEJ)
repair occurs (Doudna and Charpentier 2014). By injecting
a Cas9-sgRNA complex into single cell embryos, mutants
are generated with small insertions or deletions (indels)
induced by the imperfect DNA repair mechanisms of the
cell. These indels often result in frameshift mutations of the
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target gene, generating loss-of-function alleles. These muta-
genized embryos can then be reared to polyps and induced
to strobilate by exposure to an algal symbiont, generating
medusae that can be used for subsequent crosses once sexu-
ally mature. As the life cycle of Cassiopea can be completed
in the lab within four to six months, the crosses necessary
to generate a homozygous mutant can be completed within
18 months. Work to establish this technology in Cassiopea
is ongoing.

In addition to using CRISPR to generate loss-of-func-
tion alleles, this technology can also be implemented to
perform gene knock-in. By providing donor DNA consist-
ing of a transgene flanked by sequence homologous to the
both sides of the cut site, CRISPR can be used to engineer
knock-in at a specific locus (Barrangou and Doudna 2016).
This will allow the generation of diverse molecular tools
for Cassiopea for the study of cnidarian symbiosis, devel-
opment and neuroscience in this unique model system with
the future implementation of genetically encoded calcium
indicators (GECIs) such as GCaMP (Nakai et al. 2001) for
the real-time fluorescent readout of nervous system activ-
ity, as well as genetically encoded fluorescent redox sensors
(Lukyanov and Belousov 2014) to test longstanding hypoth-
eses regarding the role of ROS stress in cnidarian bleaching.
Cassiopea are transparent and lack endogenous host autoflu-
orescence, making them well suited to molecular imaging.

Spawning is timed by the daily light cycle, occurring five
to six hours after artificial sunrise in aquaria. In order to
collect unicellular embryos, clear selected spawning female
medusae of previously extruded, multicellular embryos
approximately two hours prior to spawning using a baster.
Selected female medusae can then be placed in shallow
black polycarbonate pans under a light source to improve the
visibility of embryos at the time of release. Once released,
the 80-um embryos can be collected with a transfer pipette
into small glass dishes, taking care to avoid mucus. Prior
to injection, unicellular embryos are transferred and aligned
in polystyrene culture dishes containing 40 PSU seawater.
The increased salinity results in a slight reduction of cell
volume due to osmosis and allows the cell to accommo-
date the volume of the injected liquid payload. Transfer and
positioning of embryos is performed using an aspirator con-
structed from a 1-mm glass capillary fitted with a length of
1-mm ID silicone tubing. Embryos readily adhere to new,
virgin polystyrene and can be arranged in a row for effi-
cient microinjection. Dishes with tight-fitting lids are best
employed to reduce evaporation, as the injection dish also
houses embryos during development to planulae.

Typical injection payloads include Cas9-sgRNA ribonu-
cleoprotein injection mixture, composed of a guide RNA
complexed with Cas9 protein (with NLS), injection buffer
and phenol red dye microinjected into single-cell Cassiopea
embryos (Figure 9.5b—c). Custom needles are prepared
with thin-walled 1-mm aluminosilicate glass capillaries on
a P-1000 horizontal pipette puller (Sutter Instrument, CA,
USA) and beveled on BV-10 micropipette beveler (Sutter) to
17°. Microinjection is performed using a Xenoworks digital
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injector and manipulator system (Sutter Instrument, CA,
USA) under a SteREO Discovery V8 microscope (Zeiss,
Germany). Current injection methods yield survival rates
of up to 40%. In the three to six hours following injection,
each embryo is examined to assess whether it has survived
and entered the cleavage stage. Non-dividing embryos are
culled and removed, and the water in the dish is carefully
replaced with filtered 34 PSU artificial seawater. Planulation
of viable embryos occurs approximately one week follow-
ing injection, with a developmental delay often observed in
comparison to uninjected embryos. Cassiopea larvae read-
ily settle and metamorphose in response to a number of
cues, including bacteria, degrading mangrove leaves and the
previously mentioned endogenous metamorphosis-inducing
peptide (Neumann 1979; Fleck and Fitt 1999; Thieme and
Hofmann 2003). We have found that settlement dishes can
easily be prepared by using a cotton swab to transfer biofilm
from the sump of an established Cassiopea tank to poly-
styrene dishes and then covering with seawater and incu-
bating at room temperature for three to five days. Prior to
transferring planulae to settlement dishes, water should be
exchanged with filtered 34 PSU artificial seawater. Planulae
should be monitored regularly; once settlement occurs and
nascent scyphistomae have developed tentacles, regular
feeding of freshly hatched Artemia nauplii should begin.
Daily feeding is optimal. The survival of recent settlers can
be enhanced by placing a nauplius on the hypostome with
forceps. In order to maintain polyps in an aposymbiotic
state and prevent strobilation, polyps can be maintained in
10 pm DCMU without apparent detriment. In order to gen-
erate medusae, mature polyps can be challenged with sym-
bionts to induce strobilation. Once released from the polyp,
the ephyra will develop into a medusa. Growth is facilitated
with ample feeding of Artemia (at least daily) and high arti-
ficial light levels (250—-400 pE) on a 12:12 cycle or natural
light. With regular water changes, medusae can be cultured
in 1-liter beakers or polycarbonate pans to bell diameters
of at least 5 cm. The generation of sexually mature medu-
sae takes several months. Work is in progress to develop the
most efficient methods to cross medusae.

9.8 CHALLENGING QUESTIONS

While a lot of emphasis has been placed on understanding
the origins of the first metazoan body plans, less is known
about how those early animals interacted with their sur-
rounding microbial seas. The establishment of holobiont
communities (i.e. a multicellular host and its associated
microbiome) required the evolution of novel interkingdom
communication. As metazoan life cycles evolved, their
associated microbial communities diversified with them
(McFall-Ngai et al. 2013). The study of host-microbe asso-
ciations throughout an organism’s life cycle is now feasible
(Gilbert et al. 2015; Gilbert 2016). There is a growing inter-
est in ontogenetic microbiomes (i.e. microbial associates
over a host developmental time course) (Fieth et al. 2016;
Carrier and Reitzel 2018; Vijayan et al. 2019) and how they
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can affect developmental phenotypes (Tran and Hadfield
2011; Thompson et al. 2015; Fieth et al. 2016; Shikuma et al.
2016; Carrier and Reitzel 2018). While a few microbes have
been shown to induce larval settlement in C. xamachana,
such as Vibrio spp. (Neumann 1979; Hofmann and Brand
1987) and Pseudoalteromonas sp. (Ohdera et al. in prep a),
it is likely that the complex microbiomes in settlement sub-
strates as well as developmental microbiomes acquired by
the organism through ontogeny will also play critical roles
in driving phenotypic and physiological traits as C. xamach-
ana goes through its life cycle (Medina lab, unpublished).
Our ability to infect with different Symbiodiniaceae that
will in turn harbor different microbiomes as well as poten-
tially developing axenic and gnotobiotic animals will also
open doors to understand host—microbiome interactions at
the developmental level (Medina lab, unpublished).

Many cnidarian taxa establish endosymbioses with
Symbiodiniaceae, and this symbiosis is crucial in the
maintenance of coral reef ecosystems (LaJeunesse 2020).
Scleractinian corals usually establish their photosymbio-
sis during the larval stage (Schwarz et al. 1999; Abrego
et al. 2009; Voolstra et al. 2009; Mcllroy and Coffroth
2017). Mounting evidence now supports the role of
Symbiodiniaceae (LaJeunesse et al. 2018) in the onset of
host development (Mohamed et al. 2016; Reich et al. 2017).
Coral larval manipulation experiments are challenging given
the limited availability of larvae due to annual spawning
events (Harrison et al. 1984; Szmant 1986; Van Woesik et al.
2006). Although the pelago-benthic transition from larva to
settled polyp is partially linked to onset of photosymbiosis
(Mohamed et al. 2016; Reich et al. 2017), discerning the role
of photosymbionts as drivers of this developmental transi-
tion has not been clearly elucidated (Hartmann et al. 2019).
Cassiopea therefore represents an efficient model system to
study developmental symbioses.

We believe that C. xamachana can become an ideal sys-
tem to study environmental canalization (Waddington 1942)
because of the clear and easily manipulated developmental
switch (i.e. onset of photosymbiosis) that we can also obvi-
ate with artificial inducers. We can alter the phenotypic out-
come of strobilation by using different photosymbionts in
comparative infection experiments. Once the polyp stage is
infected, it can take different developmental trajectories that
lead to divergent morphospaces between homologous and
heterologous photosymbiotic infections (Figure 9.6). These
different developmental phenotypes also likely have diverg-
ing underlying molecular regulatory mechanisms. Robert
Trench had indeed already proposed that this type of pho-
tosymbiosis would be ideal for the study of cross-genome
regulation (Trench 1979). In support of this idea, we have
uncovered a possible role of S. microadriaticum photosyn-
thetic pigments in the regulation of C. xamachana strobila-
tion (Ohdera et al. in prep b).

Both the host (C. xamachana) (Ohdera et al. 2019)
and the homologous photosymbiont (S. microadriaticum)
(Aranda et al. 2016) are now genome enabled, facilitat-
ing any downstream molecular analysis. Establishing
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FIGURE 9.6 Symbiosis-driven development in C. xamachana.
The small white circle represents the zygote stage that follows dif-
ferent developmental trajectories. Strobilation can lead to differ-
ent phenotypic outcomes (i.e. symbiotic vs. aposymbiotic strobila)
driven by photosymbiosis vs environmental and/or chemical cues.
The symbiotic route is the one that occurs primarily in nature.
The aposymbiotic route can be lab induced and is probably envi-
ronmentally induced as well. The underlying genetic network is
therefore dynamic and slightly modified depending on the trigger
of strobilation.

laboratory lines of both host and photosymbionts has been
straightforward, and we can complete the C. xamachana
life cycle in the lab in which aposymbiotic asexual polyps
(scyphistomae) metamorphose (strobilation) into sexual
medusae (ephyrae) due to onset of photosymbiosis (Figure
9.2). Cell-type specific genes have not yet been identified
in C. xamachana; however, single-cell transcriptomics has
already been successfully used for the study of other cni-
darian symbiosis (Hu et al. 2020) and can therefore readily
be implemented in the upside-down jellyfish. We can now
also chemically induce strobilation (Cabrales-Arellano
et al. 2017), providing a suitable control for the study of
photosymbiosis-driven development. In addition to onset
of developmental symbiosis, we are able to perform timely
thermal stress (disruption of symbiosis) experiments that
can shed light on the mechanism of cnidarian bleaching
affecting coral reefs worldwide due to climate change
(Newkirk et al. 2020).

The nervous system is a key driver of animal responses
to environmental changes; Cassiopea and other cnidarians
are likely to be no exception. The roles of circadian rhythm
and sleep in a photosymbiotic animal have only begun to
be characterized. C. xamachana is the earliest branching
metazoan to exhibit sleep (Nath et al. 2017) that coinciden-
tally is also symbiotic. Thus, of particular interest is host
cellular responses to photosynthetic products from the algal
symbiont (Ohdera et al. in prep b). In addition, the sensory
biology of cnidarians is poorly understood. How the animal
may sense heat or chemical stressors may have an impact on
the maintenance of symbiosis.
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Regeneration has been reported in C. xamachana since
the turn of the 20th century (Mayer 1908; Stockard 1910;
Cary 1916; Curtis and Cowden 1974; Gamero et al. 2019),
but the environmental and molecular drivers of regeneration
have not been tackled in this organism. Thus, it is not well
known how regeneration progresses and how to successfully
induce it in lab. It is still unknown whether C. xamachana
has stem cells and, if so, what type and where they are gen-
erated. Metazoan regeneration (Li et al. 2015; Tiozzo and
Copley 2015) is a burgeoning field thanks to increasingly
readily available genomic tools for diverse taxa (e.g. Shao et
al. 2020; Medina-Feliciano et al. 2020; Gerhke et al. 2019)
and increased awareness of the importance of new relevant
model systems (Sanchez-Alvarado 2004). Studies of regen-
eration in C. xamachana can provide a new perspective by
being a symbiotic organism as well as basal animal that can
shed light in possible shared regenerative traits in the pre-
bilaterian ancestor.

As mentioned earlier in the chapter, C. xamachana sex-
ual reproduction in the field and lab still needs additional
research. We have yet to uncover when and what triggers
male sperm release in the wild. Fertilization is internal,
and it is unknown what the female attractants are and when
exactly it takes place. Uncovering these aspects of sexual
reproduction will yield knowledge useful in understanding
gamete recognition in marine taxa, possibly understanding
if hybrids can form between congeneric species and improv-
ing husbandry techniques.

Adult C. xamachana phenotypic plasticity in color mor-
photypes and variation in number and size of lappets (Figure
9.4f—j) becomes more apparent at densely populated sites.
The vast variation of color morphotypes deserves investiga-
tion to understand whether coloration is inherited or envi-
ronmentally driven and how much of this variation is linked
to the photosymbiosis life style. These chromoproteins can
potentially have biotechnological application.

In summary, there are many aspects of cnidarian and
photosymbiosis biology that will be better understood with
the use of C. xamachana as a model system. The growing
Cassiopea scientific community holds an annual workshop
at the Key Largo Marine Research Lab every year where
participants can exchange ideas and perform experiments
on the readily available Cassiopea population. Additional
information about the workshop and resources can be found
at http://cassiopeabase.org/. We hope this chapter offers
enough information for the community to implement the
use of C. xamachana as a model system in labs around the
world.
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