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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
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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).
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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



156

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.
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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;
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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



162

Emerging Marine Model Organisms

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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