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Preface
This thesis manuscript is the result of 4% years of PhD research on the photobiology and metabolic

interactions in the symbiotic jellyfish Cassiopea. The work presented here was realized at the Laboratory
for Biological Geochemistry at EPFL and the Microenvironmental Ecology & Symbiosis Lab at the

University of Copenhagen.
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Abstract
The symbiont-bearing jellyfish Cassiopea live a benthic lifestyle, positioning themselves upside-

down on sediments in shallow waters to allow their endosymbiotic algae to photosynthesize in the
sunlight. Over the last decades Cassiopea has become increasingly popular as a model system for
photosymbiosis because, like reef-building corals, these animals rely on autotrophic assimilation of carbon
from its algal symbionts. However, relatively little is still known about the photobiology of Cassiopea.
Previous studies have focused on investigations of O, production or CO; consumption at the scale of entire
individuals. Metabolic interactions between animal host and symbiont algae have been studied with bulk
isotopic bulk analyses of host tissue vs. the symbiont population. Yet, this symbiosis is the result of single-
cell interactions that are modulated by surrounding tissue microenvironments. Accounting for this cellular
and spatial heterogeneity of interactions is thus crucial for advancing our understanding of the

photobiology of Cassiopea.

Unlike reef-building corals, Cassiopea maintain their symbionts in specialized host cells, the motile
amoebocytes, residing in the mesoglea of the animal. In the first chapter of this thesis, | thus explored the
role of these cells in the nutrient uptake and exchange between host and symbionts. Stable isotope
labelling experiments were combined with correlated scanning electron microscopy and NanoSIMS
imaging, to achieve a better understanding of the fate of assimilated carbon and the photosynthate
translocation in hospite. Amoebocytes hosting clusters of symbionts were found primarily adjacent to the
subumbrella epidermis, and incubation experiments with !C-bicabonate demonstrated that
photosynthates produced by the symbiotic algae are transferred via the amoebocytes to host epidermis.
Thus, the amoebocytes facilitate nutrient transfer between host and symbionts, and enable host
assimilation of autotrophic carbon. Furthermore, incubations with *NH,* and ®NOs demonstrated that
Cassiopea prefer NH,* as their nitrogen source; assimilation of NOs~ was not detected in any of the
holobiont compartments investigated here by NanoSIMS imaging. Both the symbiotic algae and the host
animal contribute to the assimilation of NH4*. In conclusion, the amoebocytes appear to be a key
adaptation for the Cassiopea symbiosis, as they facilitate nutrient transfer in hospite and keeps symbionts

near the most light-exposed parts of the bell to optimize photosynthesis.

In the second chapter, | investigated the photobiology and physico-chemical microenvironment of
Cassiopea using microsensors. Photon scalar irradiance across the medusa was found to be highly
heterogenous and light availability was found to be highest at the apical parts (i.e., the oral arms and

manubrium) of the animal. Surface reflectance revealed that white granules (spheres of ca. 200 um in
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diameter) found in the bell tissue along rhopalia canals strongly scatter light, and scalar irradiance
measurements showed that light availability was locally enhanced in tissue containing white granules in
high density. Depth profiles of O, concentrations in the bell mesoglea of large individuals (> 6 cm) revealed
increasing concentration of O, down towards the middle of the mesoglea (i.e., halfway between sub- and
exumbrella epidermis), in light reaching levels 2-fold higher than the ambient water. During dark periods,
the O concentration slowly decreased deep in the bell but remained higher than ambient water levels,
demonstrating that the mesoglea acts as a storage for O, in Cassiopea. Light-dark shifts further supported
this as O; levels deep in the mesoglea would continue to increase in large individuals for several minutes
after the light was turned off, and vice versa when the light was turned on. Similar observations were
made for pH, but the response period was even longer (up to 10 minutes) and even small individuals
showed a slow response to pH changes with light-dark shifts. Based on these observations, it is concluded
that the mesoglea acts as a storage medium for Cassiopea, buffering O, and pH, and thereby providing a

highly stable environment for Cassiopea symbionts.

In the third chapter, | used optical coherence tomography (OCT) to non-invasively image the
micromorphology of Cassiopea medusae, generating 3D reconstructions of entire animals as well as
individual anatomical features. Using these scans, | explored the tissue organization and spatial
distribution of the algal symbionts clustered in amoebocytes, as well as the light scattering of white
granules in the bell tissue. Inherent optical properties from tissue with high densities of white granules
showed that these locally enhance the light availability for adjacent symbionts. These observations were
combined with isotopic labelling experiments to compare the relative carbon assimilation by symbionts
in bell tissue with and without white granules. Symbiont cells in tissue with white granules were
significantly more enriched in 13C relative to symbionts in tissue without white granules, supporting the
hypothesis that the white granules locally enhance photosynthesis in the Cassiopea system and play an

important role in host modulation of the light-microenvironment experienced by symbionts.

In the fourth chapter, | further developed a new approach to study photosynthetic performance of
Cassiopea permitting to investigate the heterogeneity of O, evolution across the umbrella. O, imaging
across the subumbrella bell, measured with planar O, optodes, indicated that photosynthetic activity was
highest near the bell center, along the bell rim, and along several major radial canals during light periods.
However, during darkness, the O, concentration did not show the same dynamics, with O, depleting to
pre-light conditions from the bell rim towards the center in a uniform direction. This supports the

conclusion of chapter 2 that the mesoglea buffers O, in the bell and that this buffering capacity is
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proportional to the thickness of the mesoglea, which is largest near the bell center. Additionally, the O,
concentration in the oral arms was found to be highly dynamic, as O, rapidly built up in and around the
arms during light periods, and conversely, is quickly depleted during darkness. However, the O, produced
in the arms did not appear to contribute to O storage in the bell mesoglea found directly below the arms,
suggesting O, might be primarily lost through gas exchange with surrounding water. The results provided
here show that O, production is more heterogenous than previously thought, emphasizing that
techniques — such as planar optodes — that cover entire areas of an organism are highly useful to correctly

assess their productivity.

In conclusion, this thesis provides new insights into the dynamics of Cassiopea primary production
and (sub)cellular-level nutrient assimilation. This functional understanding of the Cassiopea holobiont

advances this important model system and identifies knowledge gaps for exciting future research venues.



Résumé
La méduse symbiotique Cassiopea est benthique, vivant a I'envers et posée sur des sédiments

d’eaux peu profondes, afin de fournir a ses algues endosymbiotiques une exposition a la lumiere propice
a leur photosynthese. Ces derniéres décennies, Cassiopea est devenue un organisme modele de plus en
plus populaire pour I'étude de la photosymbiose, puisque, tel que les coraux constructeurs de récifs, ces
animaux dépendent de I'assimilation autotrophe du carbone par leur algues symbiotiques. Cependant,

les connaissances actuelles sur la photobiologie de Cassiopea sont trés limitées. Des études précédentes

ont mesuré la production d’0; et la consommation de CO; a I’échelle de I'individue entier. Les interactions
métaboliques entre I'h6te animal et ses algues symbiotiques ont été étudiées grace a des analyse
isotopiques globales du tissus hote entier versus la population de symbiotes. Pourtant, la symbiose est le
résultat d’interactions se produisant a I'échelle cellulaire influencées par le micro-environnement local.
Prendre en compte I'hétérogénéité cellulaire et spatiale de ces interactions est donc crucial pour

approfondir notre compréhension de la photobiologie chez Cassiopea.

A la différence des coraux constructeurs de récifs, Cassiopea maintien ses symbiotes dans des
cellules spécialisées et mobiles, les amoebocytes, résidants dans la mésoglée de I'animal. Dans le premier
chapitre de cette thése, jai donc exploré le role de ces cellules dans I'assimilation et I'échange de
nutriments entre I'"hOte et ses symbiotes. Pour cela, des expériences de marquage aux isotopes stables
ont été combinées avec de I'imagerie corrélative en microscopie électronique a balayage et en NanoSIMS,
afin de mieux comprendre le devenir du carbone assimilé et la translocation des photosynthétats in
hospite. Les amoebocytes hébergeant des grappes de symbiotes ont été trouvés principalement prés de
I'épiderme oral, et les expériences d’incubation avec du 3C-bicabonate ont démontré que les
photosynthétats produits par les algues symbiotiques sont transférés via les amoebocytes vers I'épiderme
de I'hGte. Par conséquent, les amoebocytes facilitent le transfert des nutriments entre I’'h6te et les
symbiotes, et permettent |'assimilation du carbon autotrophique par I’'h6te. De plus, les incubations avec
1>NH4* et 1°NOs™ révelent que Cassiopea préfére NH4*, car aucune assimilation de NOs n’a été détectée
dans les différents compartiments de I’holobionte lors de cette étude par NanoSIMS. Les algues ainsi que
I’h6te animal contribuent a I’assimilation de NH,*. En conclusion, les amoebocytes semblent étre la clef
de I'adaptation de la symbiose chez Cassiopea, en facilitant le transfert de nutriment in hospite et en
positionnant les symbiontes prés des parties de 'ombrelle les plus exposées a la lumiére afin d’optimiser

leur photosynthese.



Dans le second chapitre, je me suis intéressé au micro-environnement photobiologique et physico-
chimique de Cassiopea en utilisant des microcapteurs. Le rayonnement scalaire des photons a travers la
méduse s’est avéré hautement hétérogene, et la disponibilité en lumiére plus haute dans les parties
apicales (par exemple les bras oraux et le manubrium) de I'animal. La réflectance de surface révele que
des granules blanches (sphéres de ~200 um de diametre) trouvées dans les tissues de 'ombrelle le long
des canaux de rhopalie disperse fortement la lumiére, et les mesures de rayonnement scalaire ont montré
que la disponibilité en lumiere était localement accrue dans les tissues contenant une grande densité de
granules blanches. Les profils mesurant la concentration en 02 en fonction de la profondeur dans la
mésoglée de 'ombrelle de larges individus (> 6cm), ont révélé une augmentation dans la concentration
en 02 en descendant vers le centre de la mésoglée (par example a mi-chemin entre les épidermes oraux
et aboraux), atteignant des niveaux deux fois plus élevés que dans I'eau environnante a la lumiére. A
I’obscurité, la concentration en O, dans les profondeurs de I'ombrelle diminue progressivement, mais
reste plus haute que dans I'eau environnante, ce qui suggere que la mésoglée agit comme un stockage
d’0O; chez Cassiopea. Les passages entre lumiere et obscurité renforcent cette idée, comme le niveau d’'O,
dans la mésoglée profonde de I'ombrelle continuait a augmenter pendant plusieurs minutes dans les
grands individus apres I'extinction de la lumiére, et vice versa aprés que la lumiéere fut allumée. Des
observations similaires ont été faites pour le pH, mais le temps de réponse était encore plus long (jusqu’a
10 minutes), et méme de petits individus ont montrés une réponse lente aux changements de pH lors des
changements entre lumiére et obscurité. En se basant sur ces observations, il est proposé que la mésoglée
agit comme un moyen stockage chez Cassiopea, ayant un effet tampon pour I'O; et le pH, et par

conséquent fournissant un environnement trés stable pour les symbiotes de Cassiopea.

Dans le troisieme chapitre, j’ai utilisé la tomographie en cohérence optique (TOC) pour imager de
facon non-invasive la micro-morphologie des méduses de Cassiopea, générant ainsi des reconstructions
3D de I'animal entier et révélant des caractéristiques anatomiques de I'individue. En utilisant ces scans,
j’ai exploré l'organisation des tissues et la distribution spatiale des symbiotes groupés dans les
amoebocytes, ainsi que celle des granules blancs qui dispersent la lumiere dans le tissue de I'ombrelle.
Les propriétés optiques inhérentes aux tissues a haute densité de granules blanches ont montrées que
celles-ci augmentent localement la disponibilité de lumiére pour les symbiotes adjacents. Ces
observations ont été combinés avec des expériences de marquages avec des isotopes stables pour
comparer I'assimilation de carbone par les symbiotes dans les tissues de 'ombrelle avec ou sans granules

blanches. Les cellules des symbiotes présents dans les tissues riches en granules blanches étaient
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significativement plus enrichies en 3C que symbiotes résidant dans des tissus sans granules blanches,
renforcant la conclusion que les granules blancs améliorent localement la photosynthése dans le systeme
Cassiopea, et joue un réle important dans la modulation par I’h6te du niveau de lumiere dans les micro-

environnements ou vivent les symbiotes.

Dans le quatrieme chapitre, j’ai développé une nouvelle approche pour étudier les performances
photosynthétiques de Cassiopea afin de mesurer I’hétérogénéité de production d’0O; dans 'ombrelle. Les
images de la concentration d’O; prises le long de 'ombrelle orale grace a des «planar O2 optodes»,
suggerent que |'activité photosynthétique est plus élevée pres du centre et de la bordure de I'ombrelle,
et le long de plusieurs canaux majeurs pendant les périodes de lumiére. Cependant, lors du passage a
I'obscurité, la concentration en O, n’a pas montré les mémes dynamiques, avec une diminution de la
concentration en O; jusqu’au niveau de pré-illumination se faisant de facon uniforme du bord vers le
centre de 'ombrelle. Cela renforce la conclusion du chapitre 2 présentant la mésoglée comme un tampon
de I'O; dans 'ombrelle et dont I'effet est proportionnel a I'épaisseur de la mésoglée, plus large au centre
de I'ombrelle. De plus, la concentration en O; dans les bras oraux s’est avérée trés dynamique, car I'O;
s’accumule rapidement dans et autour les bras pendant les périodes de lumiere et de méme, diminue
rapidement a l'obscurité. Cependant, I’O; produit dans les bras oraux ne semble pas contribuer au
stockage de I'O; dans la mésoglée de 'ombrelle, se situant directement en dessous des bras, suggérant
gue I'O; pourrait étre principalement perdu lors d’échanges gazeux avec I’eau environnante. Ces résultats
montrent que la production d’0, est étonnamment trés hétérogeéne, soulignant I'intérét de techniques
telles que les « planar optodes », mesurant des parties entiéres d’'un organisme, pour mesurer

correctement leur productivité.

En conclusion, cette thése fournit de nouvelles informations sur les dynamiques de production
primaire et d’assimilation de nutriment au niveau (sous-)cellulaire chez Cassiopea. Cette compréhension
fonctionnelle de I’'holobiont Cassiopea fait avancer cette méduse en tant qu’organisme modele important,
et mets en lumiere des lacunes dans les connaissances actuelles, ouvrant ainsi de nouvelles et

passionnantes directions de recherche.

Keywords: Cassiopea, photobiology, photosynthesis, metabolic interactions, metabolism, light

microenvironment, physico-chemical microenvironment, NanoSIMS, microsensors
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Introduction

The upside-down jellyfish Cassiopea is a Scyphozoan jellyfish in the order of Rhizostomeae and is
the sole genus in the family Cassiopeidae (Figure 1). Cassiopeidae constitutes nine recognized species
(Jarms & Morandini 2019), that are found worldwide in shallow water along shores of tropical and
subtropical regions (Holland et al. 2004, Arai et al. 2017, Morandini et al. 2017), typically in shallow coastal
ecosystems, such as lagoons, seagrass meadows and mangroves (Bigelow 1900, Niggl & Wild 2010).
Cassiopea andromeda (Forsskal, 1762) was originally discovered in the Red Sea by Peter Forsskal (Forsskal
& Niebuhr 1775), and was later described in detail by Robert Payne Bigelow (1900) as Cassiopea
xamachana (Jamaica; see also Mayer 1910). Bigelow realized that the medusae and polyps of Cassiopea
contained numerous “green cells”, which were later identified as the endosymbiotic algae Symbiodinium
microadriaticum (Freudenthal 1959, 1962). It is now well established that Cassiopea live in close symbiosis
with photosynthetic dinoflagellates of the family Symbiodiniaceae (see recent revision from clades to
genera by Laleunesse et al. 2018), and this symbiotic relationship has encouraged scientists to adopt the
Cassiopea-holobiont system as a model for the study of photosymbiosis (e.g. Drew 1972, Hofmann &

Kremer 1981, Verde & McCloskey 1998, Lampert 2016, but see especially Medina et al. 2021).
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Figure 1 | Medusozoa phylogeny based on recent work (Bayha et al. 2010, Kayal et al. 2012, 2018),
illustrating the phylogenetic position of the Cassiopeidae family among other Scyphozoans (1, cnidae; 2,
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medusa stage; 3, rhopalia; 4, strobilation, and ephyra; 5, monodisc strobilation). Figure adopted from
Ohdera et al. (2018).

Morphology

Despite the benthic, upside-down lifestyle, the Bauplan of Cassiopea medusae resembles that of
other scyphozoan jellyfish (Lewis Ames 2018). The body contains a typical cnidarian body composition of
three layers: epidermis, mesoglea, and gastrodermis (Mayer 1910). The mesoglea is a gel-like matrix that
contains collagen fibers, which form a hydrostatic skeleton supporting the body of the animal and making
up the bulk volume of scyphozoan medusae. A gastric network divides the mesoglea into a sub- and

exumbrella layer, with the exumbrella typically much thicker than the subumbrella layer (Bigelow 1900).

Cassiopea is uniqgue among scyphozoans with the medusa stage exhibiting a flat umbrella, which
facilitates a benthic lifestyle similar to corals and sea anemones. The medusa has a large, smooth and flat
bell that can reach up to 25 cm in diameter, and a concave exumbrella (Figure 2), which allows the medusa
to adhere to the substrate by creating a slight suction (Bigelow 1900). White coloration is typically found
on the exumbrella of adult medusae, and patterns can vary greatly between individuals, but typically
white radial stripes run along the major rhopalia canals out towards the bell rim and reach the rhopalia
(i.e., eyespots for sensing light). The rhopalia and rhopalia canals are connected by larger bell segments
of anastomosing (i.e., connective) tissue between them (Figure 3).

Margin of
Oral Stomach  MANUEAUM  panubrial

Subgenital pit Manubrium

Rhopalium
Bell

Aboral Secondary mouth

Figure 2 | Schematic overview of the main structures of the Cassiopea body plan. Figure adopted from
Hamlet et al. (2011).
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Figure 3 | White striated pattern (white granules) are clearly visible in the subumbrella and in oral arms of
an adult Cassiopea (a). Rhopalium located in the bell rim (b). White arrows point to rhopalia location along
the rim.

Cassiopea typically grow four pairs of round, highly branched arms at the center of the bell, the
manubrium (Figure 2)(Bigelow 1900), and white coloration, similar to the rhopalia canals, is found running
from the base to the apex of these oral arms. Each arm can have 9-15 branches, with the arms sometimes
extending beyond the area of the bell, depending on the species (Mayer 1910). Like all rhizostome
jellyfish, Cassiopea do not harbor traditional tentacles for feeding but instead rely on secondary mouths
and vesicular appendages growing on the oral arms (Figure 2 & Figure 4). Each mouth is surrounded by
fringed digitata, and both mouths and appendages are covered in cnidocytes to capture and neutralize
prey before ingestion. Mouth openings run through the oral arms and into the main gastric cavity (the
stomach; Figure 2) at the center of the bell. From there, the main gastric cavity branches out throughout
the entire umbrella, with the radial canals in anastomosing tissue and the rhopalia canals constituting the

main channels (Bigelow 1900, Avian et al. 2022).
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Figure 4 | Morphological diversity of oral arms. a) Large blue-colored (“Cassioblue”) vesicles, along with
smaller, non-pigmented vesicles and secondary mouths. b) White pigmented vesicles along secondary
mouths. Fringed digitata can be seen surrounding secondary mouths (white arrows).

In addition to the white coloration in the bell and oral arms, Cassiopea show a range of pigments
from purple-blue to red and pink (Lampert et al. 2012). The pigments are typically associated with larger
vesicles growing on the oral arms in a variety of sizes, shapes, and in different growth patterns along the
oral arms depending on the individual (Bigelow 1900, Lampert et al. 2012). The two most common colors
are the green and blue host pigments (Blanquet & Phelan 1987). While green pigments have yet to be
identified, the blue coloration was recently described as a pigment family inherent to rhizostome jellyfish
(“Cassioblue”, pigment family of Rhizostomins; Lawley et al. 2021). The exact cause of various colorations
and their potential functions are not known, but the coloration is not related to the strain of dinoflagellate
symbionts within the medusa (Lampert et al. 2012). The coloration has been hypothesized to play a role
in photoprotection (e.g. against high irradiation or UV protection; Blanquet & Phelan 1987). Additionally,
it has been suggested that different colors in Cassiopea could generate different light microenvironments
(Lampert et al. 2012, Hamaguchi et al. 2021, Lawley et al. 2021) similar to what is known from corals (e.g.
Salih et al. 2000, Dove et al. 2001, Lyndby et al. 2016, Bollati et al. 2022). The Bauplan and pigmentation
of Cassiopea thus likely enables the host to modulate the light microenvironment experienced by algal
symbionts to optimize photosynthetic performance of these (Dove et al. 2008, Wangpraseurt et al. 2012,

Bollati et al. 2022).
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Life cycle
Cassiopea are gonochoristic (i.e., species with separate sexes), and adult females can typically be

identified by the presence of specialized brooding tentacles found at the center of the bell (Hofmann &
Hadfield 2002). It remains uncertain when medusae reach sexual maturity, but individuals have been
observed to reproduce already when the bell has reached a diameter of 7 cm (Hofmann & Hadfield 2002).
Planula larvae from sexual reproduction use bacterial cues to find a suitable place for settlement
(Hofmann et al. 1978), typically in shaded and secluded areas (Fleck et al. 1999, Fleck & Fitt 1999). Once
the planula has settled, it metamorphoses into a 3-4 mm long scyphistoma (i.e., a polyp) within a couple
of days (Figure 5 and Figure 6)(Bigelow 1900, Curtis & Cowden 1974). Once the polyp is formed, buds
begin to be produced from the aboral side of the calyx (i.e., the underside of the polyp head). Buds
eventually detach, forming motile planuloids (homologous to the planula larva) that will settle and

metamorphose into polyps on their own (“Asexual Budding”; Figure 5).
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Figure 5 | Life cycle of Cassiopea, showing each stage of the development from the sexually produced egg
up to adult medusa (black arrows), the asexual reproduction cycle (striped arrows), and the introduction of
symbionts for successful strobilation (white arrows) to complete the life cycle. Figure adopted from Medina
et al. (2021).
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Figure 6 | Various polyp stages and newly released ephyra. a) Recently fully metamorphosed polyp without
(visible) symbionts. b) Established polyp full of symbionts. A planuloid bud can be seen forming at the aboral
end of the calyx (white arrow). c) Newly released ephyra. Symbionts are clearly present throughout the
animal seen as auto fluorescence from chlorophyll.

Cassiopea are special in that the polyp requires dinoflagellate symbionts to initiate strobilation
(“Symbiont Infection”; Figure 5)(Hofmann & Kremer 1981, Hofmann et al. 1996, Mellas et al. 2014).
Surprisingly however, planulae do not receive these symbionts vertically from their parents, but instead
need to take them up from their environment once metamorphosed (Colley & Trench 1983, Sachs &
Wilcox 2006). Symbionts are acquired through phagocytosis by gastrodermal cells that subsequently
develop into amoebocytes (Colley & Trench 1983, Fitt & Trench 1983). The symbionts are primarily
clustered at the base of the tentacles and calyx of the polyp. While the initial uptake of symbionts appears
to be unselective, mature communities are commonly dominated by a single algal strain (Thornhill et al.
2006, Mellas et al. 2014). Unlike the sexually produced planula larvae, asexually produced planuloids can
bear symbionts vertically transferred from the original polyp (Figure 6)(e.g. Rahat & Adar 1980, Sachs &
Wilcox 2006).

The first strobilation appears to depend on temperature (> 25 °C) and the density of symbionts in
the polyp (Hofmann et al. 1978). While symbionts are required for the initiation of strobilation, studies
using photosynthesis inhibitors revealed that strobilation is initiated in the absence of photosynthesis
(Hofmann & Kremer 1981). Cassiopea are monodisc strobilating scyphozoans, meaning that only a single
ephyrais produced at a time. During strobilation, polyp tentacles are reduced, the apex of the calyx begins
to transition to a bell shape, while rhopalia start forming along the bell rim, and the polyp mouth start
forming at the base of the first oral arms (“Strobilation”; Figure 5).

18



Once the ephyra is fully formed, it detaches, leaving the polyp stalk from which a new head with
tentacles and mouth regrows before a new ephyra is produced (Hofmann et al. 1978). Polyps kept under
optimal light and feeding regimes appear capable of producing up to two ephyra per week (Fitt & Costley
1998). Released ephyra continue to grow and metamorphose over 2-4 weeks, depending on feeding
status (e.g. Muffett et al. 2022), into a fully developed juvenile medusae, that can eventually reach sexual

maturation and complete the life cycle.

Symbiosis and ecological expansion
Cassiopea harbor algal endosymbionts of the family Symbiodiniaceae, predominantly of the genera

Symbiodinium, Breviolum, Cladocopium, and Durusdinium (formerly clades A, B, C, and D, respectively),
similar to other symbiotic cnidarians (e.g. LalJeunesse 2001, Baker 2003, Thornhill et al. 2006, Mellas et al.
2014, Biquand et al. 2017). These symbionts are found in the highest densities in host-specialized
amoebocyte cells directly under the subumbrella epidermis and in the oral arms, which are more light-
exposed relative to the rest of the bell (Fitt & Trench 1983, Estes et al. 2003). Furthermore, symbionts are
found scattered in much lower densities in the mesoglea and near the exumbrella epidermis (Hofmann et
al. 1978, Colley & Trench 1983, Estes et al. 2003). Similar to reef-building corals, symbionts are responsible
for the brown coloration of the animal and facilitate autotrophic assimilation of inorganic carbon and

nitrogen (Welsh et al. 2009, Freeman et al. 2016).

In corals, exposure to environmental stressors like high temperatures, hypo-salinity, and
acidification can result in the breakdown of the host-algal symbiosis. In this processes, which is referred
to as coral bleaching, algae are lost from the animal through expulsion or digestion and the white calcium
carbonate skeleton becomes visible underneath the almost transparent coral tissue (Glynn 1996, Brown
1997). In comparison, Cassiopea appear extraordinarily resilient to environmental stressors, and
numerous studies have found them in environments deemed ‘extreme’ for corals (e.g. Goldfarb 1914,
Morandini et al. 2017, Klein et al. 2017a, Aljbour et al. 2017, Klein et al. 2019, Newkirk et al. 2020). While
bleaching can occur in Cassiopea, for example triggered by artificially induced heat stress or darkness (e.g.
Newkirk et al. 2018, 2020), it is rarely observed naturally under present environmental conditions (Klein

et al. 2019, Newkirk et al. 2020, Banha et al. 2020).

Studies have found that Cassiopea inhabiting different ecological niches also host different strains
of symbiont algae (e.g. heat-tolerant vs. heat-sensitive strains; Fitt et al. 2021). The flexibility to associate

with diverse and potentially more stress-resilient symbiont strains likely contributes to the broad thermal
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tolerance of Cassiopea (Berkelmans & van Oppen 2006, Newkirk et al. 2020). The ecological success of

Cassiopea is likely linked with its broad thermal tolerance (Aljbour et al. 2017, 2019, Klein et al. 2019).

The remarkable resilience of Cassiopea to environmental stressors and perturbations, combined
with their prolific asexual reproduction and open selection of symbiont strains (Schiariti et al. 2014,
Morandini et al. 2017), make the unintentional introduction to new regions by humans (e.g. transported
in ballast tanks of ships) very likely; especially in the polyp stage. This potential is illustrated by the recent
rapid expansion of C. andromeda that was originally confined to the Red Sea but has now expanded to
the Mediterranean Sea (Cevik 2006, Schembri et al. 2010), the coast of Brazil (Morandini et al. 2017), and
the Hawaii archipelago (Uchida 1970, Hofmann & Hadfield 2002, Holland et al. 2004).

Because of the relative robustness to a wide range of environmental conditions, the currently
projected global warming trajectories (van der Zande et al. 2020) and the accompanying increase in
anthropogenic pollution do not seem to have a major negative impact on Cassiopea population stability
and growth (e.g. Stoner et al. 2011, Aljbour et al. 2018, Thé et al. 2020), but might in fact promote their

proliferation throughout (sub-)tropical coastal ecosystems (Aljbour et al. 2017, Béziat & Kunzmann 2022).

Cassiopea holobiont metabolism
Cassiopea is a mixotrophic organism meaning that they can acquire nutrients via autotrophy

through its photosynthesizing symbionts, and via heterotrophy through host predation (Stoecker et al.
2017, Flynn et al. 2019, Djeghri et al. 2019). Inorganic carbon and nitrogen assimilated by the
photosymbionts are efficiently translocated to the surrounding host tissue (mainly NOs™ + NO;; NOy:
Yellowlees et al. 2008, Pitt et al. 2009), and this transfer is thought to be facilitated by motile host
amoebocytes (Colley & Trench 1985, Lyndby et al. 2020b). Conversely, the host is responsible for
acquisition of organic molecules not sufficiently supplied through inorganic assimilation, e.g., through
ingestion of zooplankton and particulate matter. However, the relative contribution of these trophic

strategies is still debated (Djeghri et al. 2019).

Photosynthesis and carbon assimilation
Similar to reef-building corals, Cassiopea can receive the majority of their organic carbon from

endosymbionts via photosynthesis (Trench 1971, Roth 2014). Glucose and glycerol are among the major
photosynthates delivered to the host. Hofmann and Kremer (1981) estimated that 5-10 % of net algal
photosynthates are released to the host and suggested that this might not be enough to cover the host's

daily carbon requirements. However, in a series of subsequent studies, translocation by algal symbionts
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was estimated to fulfil the majority of the daily carbon demands of Cassiopea, or even exceeding its daily
carbon requirements altogether (McCloskey et al. 1994, Verde & McCloskey 1998), independent of
medusa size and season (Verde & McCloskey 1998).

While Cassiopea potentially receive much more organic carbon than their daily metabolic
requirements, it is assumed that most of this is lost again through host-mediated processes; i.e., lost as
mucus for predation and/or protection. It is also debated how the algal symbionts within Cassiopea are
capable of maintaining high photosynthetic rates in a situation in which CO, demand for photosynthesis
seems to outpace CO, produced by holobiont respiration and/or acquired from the environment. For
example, is has been argued that the concentration of CO, in seawater at normal pH is low (relative to
HCOs') and carbon fixation rates during photosynthesis far exceed that of holobiont respiration (Kremer
et al. 1990, Verde & McCloskey 1998, Pitt et al. 2009). The majority of carbon acquired thus has to be
taken up from the surrounding water, and *C-bicarbonate labelling studies have shown that Cassiopea
actively assimilate bicarbonate (Hofmann & Kremer 1981), using carbonic anhydrase (CA; Weis et al. 1989,
Al-Moghrabi et al. 1996). CA is a family of enzymes involved in the process of catalyzing the conversion of

CO, to HCO3 with the following reaction:

CO, + H,0 - H,CO0; » H* + HCO3

CA is also capable of the reverse reaction, i.e., converting HCO3™ into CO; (Keilin & Mann 1939). Estes
et la. (2003) showed that CA levels corresponded with high densities of symbionts in Cassiopea
throughout the oral arms and subumbrella bell tissue, and that bleaching resulting in lower symbiont
densities also reduced CA activity. While CA activity appears to be a major factor in host-mediated CO,
supply for photosynthesis, host metabolism has also been shown to increase photosynthesis. Radecker et
al. (2017) found that photosynthetic activity was increased for Cassiopea incubated in seawater enriched
with glucose, and attributed the observed enhancement to an increase in respiration from Cassiopea and
seawater planktonic communities in the chambers. As such, heterotrophic feeding indirectly benefits
photosynthesis by increasing respiration, thereby attenuating any CO; limitations experienced by the

symbionts.

Nitrogen and phosphorus assimilation
In addition to carbon, Cassiopea sequester inorganic nitrogen (NHs*, NO2', NOs’) and phosphorus

(mainly as PO;*) from the environment (Todd et al. 2006, Yellowlees et al. 2008, Pitt et al. 2009). NO; can

be assimilated by the algal symbionts, and dinoflagellates have been shown to harbor the enzymes,
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nitrate- and nitrite reductase, required to reduce NOs™ into NO;, and NO;™ further into NH,* (Leggat et al.
2007, Yellowlees et al. 2008). While only the algal symbionts are capable of assimilating NOx (NO2 + NOs
), both host and symbionts are capable of assimilating NH,* (Miller & Yellowlees 1989, Wilkerson & Kremer
1992, Lyndby et al. 2020b), and rhizostome jellyfish, including Cassiopea, have been shown to
preferentially take up NHs* over NOy (Pitt et al. 2009, Welsh et al. 2009, Lyndby et al. 2020b). Grover et al.
(2003) showed that a reef-building coral, Stylophora pistillata, downregulated NOs assimilation pathways
when NH;* concentrations were increased in hospite, and a similar inhibitory response had been proposed
for Cassiopea (Yellowlees et al. 2008, Lyndby et al. 2020b). Furthermore, while symbionts are believed to
be the main sink for NOy assimilation in light (e.g. Welsh et al. 2009, Réthig et al. 2021), it has also been
suggested, as a result of ®N assimilation studies, that Cassiopea also live in symbiosis with non-
photosynthetic microbes that support NOs uptake during dark periods (Welsh et al. 2009, Jantzen et al.
2010, Freeman et al. 2016).

Finally, uptake of inorganic phosphorus has been examined in symbiotic scyphozoans (Wilkerson &
Kremer 1992, Pitt et al. 2005, Todd et al. 2006). Both Cassiopea and Linuche unguiculata have been found
to take up phosphate from their environment (Wilkerson & Kremer 1992, Todd et al. 2006), while
Phyllorhiza punctata did not (Pitt et al. 2005). However, inorganic acquisition of phosphorus might reflect
that of nitrogen, in the sense that medusae living in oligotrophic environments have limited access and
therefore actively assimilate dissolved phosphorus (Todd et al. 2006, Pitt et al. 2009). Cassiopea might
thus be able to regulate the intake of inorganic phosphorus depending on the nutritional state of their

environment.

Cassiopea heterotrophy
While Cassiopea rely primarily on algal symbionts for the assimilation of inorganic carbon, the

medusae are also known to be gluttonous eaters that rely on heterotrophy for their organic nitrogen
requirements (Welsh et al. 2009). Unlike other scyphozoans, rhizostome medusae primarily feed through
their secondary mouths. Cassiopea medusae seem to feed in two ways: 1) by exuding a mucus web full of
cassiosomes (i.e., stinging cells) into the water column, immobilizing and killing prey (Ames et al. 2020),
and 2) through bell pulsation, driving zooplankton up across their branched arms where appendages with
cnidocytes immobilize and kill prey before consumption. The subumbrella epidermis is lined with bands
of epitheliomuscular cells responsible for the contraction of the bell (Blanquet & Riordan 1981), causing
jets of water to flow vertically up from the medusa (Bigelow 1900, Jantzen et al. 2010). This activity is

known to enhance mass exchange across the bell surface and oral arms, and enhances predation by
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actively moving zooplankton across the oral arms (Hamlet et al. 2011, Santhanakrishnan et al. 2012). Bell
pulsation also moves nutrient-rich water from the sediment below the medusa, potentially providing the
holobiont with an additional source of nutrients (Pitt et al. 2009, Jantzen et al. 2010). Such bioturbation
might not just be beneficial to Cassiopea, but to their immediate environment in general (e.g.
phytoplankton and other autotrophic organisms) by enhancing nutrient fluxes between the sediment and
water column (Zarnoch et al. 2020). The mixotrophic lifestyle seems imperative for the Cassiopea
holobiont to function. In fact, studies on Cassiopea growth and nutritional state where animals are either
heterotrophically or autotrophically starved have resulted in growth stagnation or shrinkage of medusa

bell size (McGill & Pomory 2008, Rothig et al. 2021, Muffett et al. 2022).

Cassiopea as a model system for symbiosis
In recent years, Cassiopea have received increasing attention as a model system for the study of

host-microbe interactions (Lampert 2016, Ohdera et al. 2018, Medina et al. 2021). Cassiopea are an
attractive cnidarian-algal symbiosis model because they are closely related to corals (belonging to the
same phylum), exhibit similar anatomical traits and tissue organization, and harbor the same genera of
Symbiodiniaceae. But, unlike reef-building corals that require highly controlled aquarium conditions and
specially trained personnel for completing lifecycles, Cassiopea are easy to work within a laboratory
setting. Settled polyps rapidly reproduce asexually through budding, and motile planuloids quickly form
in thoroughly fed polyps, as early as 24 hours after the parent polyp is fully developed, making upscaling
of cultures fast (Van Lieshout & Martin 1992). The short time frame of the closed lifecycle of these cultures
further makes Cassiopea an ideal candidate for transgenic studies and several gene editing workflows are
currently being developed. Additionally, Cassiopea polyps readily take up the majority of Symbiodiniaceae
strains available. Taken together, these unique characteristics make the emerging Cassiopea-
Symbiodiniaceae model system a powerful tool to study host-microbe interactions under controlled

conditions (e.g. Thornhill et al. 2006, Lampert 2016).
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Thesis objectives and knowledge gaps

The main objective of this thesis is to advance our knowledge on the metabolic interactions
between the Cassiopea host and its endosymbiotic dinoflagellates in the context of Cassiopea
photobiology. Previous work has focused on the bulk uptake of carbon and nitrogen species in the
holobiont system, but the spatial distribution of resources at the (sub-)cellular level is missing. In this
work, | aim to visualize the assimilation and exchange of inorganic nutrients between host and symbiont
cells with subcellular resolution using Nanoscale Secondary lon Mass spectrometry to provide further
knowledge on the metabolic interplay in the Cassiopea-holobiont system. Furthermore, optical properties
and the physico-chemical- and light-microenvironments are major factors in a photosymbiotic system.
While such investigations have been conducted on corals over the last decades using various microsensor-
and imaging techniques, surprisingly little research has been done on Cassiopea. Therefore, the second
aim of this thesis work is to investigate the Cassiopea-holobiont modulation of their physico-chemical-
and light-microenvironments. This is achieved through a combination of electrochemical microsensors for
microscale-point measurements of the O, and pH dynamics of Cassiopea, and fiber-optic sensors for

investigation of the light field driving these dynamics in hospite.
The outline of the thesis is as follows:

Chapter 1 covers the basic metabolic interactions between Cassiopea and its algal symbionts
through a combination of stable isotope labeling experiments and NanoSIMS imaging, with a special focus
on carbon assimilation and exchange facilitated by amoebocytes. This is combined with the investigation
of assimilation of different sources of nitrogen (such as NH,;* and NOs’) to identify potential preference by

the holobiont.

Chapter 2 uses optical and electro-chemical microsensors to characterize the light-
microenvironment of Cassiopea and the holobiont-modulated light field that symbionts experience.

Further, O, and pH dynamics are studied in detail for the bell system of Cassiopea.

Chapter 3 builds on knowledge from chapter 1 and 2 by using non-invasive optical coherence
tomography to explore the micromorphology of the Cassiopea medusa, extract optical parameters for
light scattering structures (i.e., white granules), and investigates the effect of the white granules on

symbionts carbon assimilation.
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Chapter 4 expands on the photosynthesis and O, dynamics across the bell of Cassiopea, using O,
sensitive planar optodes to get a complete picture of the O, dynamics as a function of symbiont densities

estimated through spectral signatures of chlorophyll a content and absorption.
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General theory on major techniques used

This work constitutes a broad selection of techniques used to investigate the photobiology and
metabolic interactions of the Cassiopea-holobiont system. While methods are described in each chapter,
the nature of each chapter being presented as a final journal paper means method reporting focusses on
reproducibility rather than underlying theory. As such, the concepts and theories underlying the major

methods used in this thesis are introduced in the following.

Establishing and maintaining Cassiopea in culture
Establishing a culture of Cassiopea in Switzerland was integral to this thesis work. 45 medusae of 5-

12 cm were acquired through Delong Marinelife in Netherlands, and kept in a 200 L tank at an aquarium
facility at the University of Lausanne (Prof. Allison Daley, Animal Origins and Morphology Lab). Original
animals were supposedly acquired from around Cuba and therefore assumed to be either C. xamachana
or C. frondosa. However, molecular analyses have since revealed the animals to be the species C.
andromeda (see chapter 4). While C. andromeda is originally from the Red Sea, individuals have reportedly

been found in the Gulf of Mexico (Morandini et al. 2017).

The culture set up has undergone many iterations since the original group of animals were acquired
~3 years ago. At present, the system is running with ~180 L of artificial sea water (ASW) kept at 35 ppt, 26
°C, and a pH of 8.0-8.2. All filtration happens inside the main tank, and water is being filtrated by a protein
skimmer, a UV filter, and via a filtration sock (200 um). Additionally, biological filtration consists of a nylon
bag full of corrugated, black plastic tubes for bacterial growth, and a mangrove shoot in a container with
sand. The tank has 20-40 L of water replaced twice a month, and an automated top-up system supplying
de-ionized water to keep water level and salinity near constant. Light is provided on a 12H-12H schedule
via three 40W LED spots (cool white light) providing ~150 pmol photons m™ s at the water surface.
Animals are kept in white, perforated plastic containers on an elevated platform to keep them separated
from pumps and other equipment. To ensure water flow in the containers a small water pump with a
silicon hose pumps water into each of the containers. Animals are fed ad libitum two times per week with

freshly-hatched Artemia nauplii.

Adults are continuously spawning, and polyps are found settled inside corrugated black plastic
tubes. Tubes with polyps were originally maintained in a separate 20 L brooding-tank with ~50 pumol
photons m? s on a 12H-12H schedule, with 50-100 % water being exchanged with the main holding tank

weekly. Polyps were fed 4-5 times per week with Artemia nauplii, which ensured constant strobilation
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and release of ephyra. Ephyra were maintained in the brooding-tank until reaching 1-2 cm in diameter, at
which point they were moved to the main tank. This process allowed producing hundreds of individuals
for the culture, and the brooding-tank has since been replaced with a brooding container directly
connected to the main holding tank. The smaller brooding container ensures continuous production of

ephyra, albeit at a lower rate, with reduced maintenance requirements.

Nanoscale Secondary lon Mass Spectrometry (NanoSIMS)
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Figure 7: Schematic overview of the NanoSIMS instrument (adapted from Boxer et al. 2009). A primary ion
beam (Cs* or O°) accelerated (16 KeV) along the primary column and onto the sample, sputters secondary
ions from the sample. Secondary ions, charged oppositely to the primary beam, are then accelerated into
the mass spectrometer, where a magnet separates them according to their mass-to-charge ratio.

One of the primary tools used in this work is the Cameca NanoSIMS 50L ion microprobe mass
spectrometer (simply referred to as “NanoSIMS”), which permits elemental distributions and isotopic
composition of a biological sample to be imaged with subcellular lateral resolution (Hoppe et al. 2013).

NanoSIMS has been used for a broad range of studies in material science (e.g. Valle et al. 2011),
cosmochemistry (e.g. Floss et al. 2006, Hoppe 2006), geochemistry (e.g. Stern et al. 2005, Wacey et al.
2011), and biology (e.g. Pernice et al. 2012, Kopp et al. 2015). In the last decade especially, NanoSIMS
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have been utilized for analyses of marine biological samples, investigating incorporation of 3C and °N
into a range of aquatic organisms like cyanobacteria (Popa et al. 2007, Thompson et al. 2012), foraminifera
(Nomaki et al. 2016, Lekieffre et al. 2020), marine sponges (Hudspith et al. 2021), squids (Zumholz et al.
2007, Cohen et al. 2020), sea slugs (Passarelli et al. 2013, Cruz et al. 2020), corals (Pernice et al. 2012,
Kopp et al. 2015, Wangpraseurt et al. 2016), and symbiotic jellyfish (Lyndby et al. 2020b c). Of special
interest here is the NanoSIMS applied to the cnidarian-dinoflagellate symbiosis (i.e., corals, sea anemones,
and jellyfish), which are receiving increasing attention due to anthropogenic climate change (Hughes et

al. 2003, van der Zande et al. 2020).

Basic principles of NanoSIMS
NanoSIMS ion microprobe combines high isotopic image resolution and high mass resolution to

produce quantified (with a proper standard) elemental and isotopic maps of a solid, flat sample surface.
Extremely low concentrations (down to ppm) can be detected for elements that are easily ionized, and
NanoSIMS is in principle capable of analyzing all elements from the periodic table that efficiently ionize
from a given sample. NanoSIMS analysis involves bombarding the sample with a primary ion beam focused
to a specific spot size, sputtering off atoms from the sample surface (0-10 nm), and counting secondary
isotopes originating from the sample after complete separation from ions with similar masses in the mass
spectrum. Strictly speaking, the NanoSIMS is therefore a destructive method although the actual damage

done to a sample can in most cases be considered negligible.

In a little more detail, a focused primary ion beam of either Cs* (ca. 100 nm spot size) or O (ca. 300
nm spot size) is directed at a solid sample. The impact from the primary ion beam creates a collision
cascade and the displacement of near surface particles from the sample, some of which are ejected.
Depending on the element and the sample matrix, a fraction (usually small) of the ejected particles are
ionized. These secondary ions are accelerated through a magnetic sector mass spectrometer, which
separates ions by their relative mass-to-charge ratio. The separated ions are subsequently detected
individually by electron multipliers. The NanoSIMS 50L ion microprobe used in this work has 7 electron
detectors, allowing for the simultaneous counting of 7 different isotopes from a given area on the sample
surface. As the primary ion beam is rastered across the sample pixel by pixel, count rate maps are
produced of each of these 7 isotopes. By ratioing drift-corrected count-rate images of two isotopes of

interest, an isotopic map can be created, e.g., the 3C/*2C and **N/**N ratios.
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Sample preparations and requirements
The versatility of the NanoSIMS technique comes with some practical limitations that must be taken

into consideration when producing isotopic analyses on biological samples. Proper sample preparation is
crucial for successful NanoSIMS work. The NanoSIMS operates with the sample in an ultra-high vacuum.
Therefore, only solid samples that are dehydrated (e.g. through ethanol dehydration) and do not degas

substantially can be analyzed.

Classical preparation for NanoSIMS involves chemical fixation, tissue dehydration, and embedding
in resin (see section below for detailed description of the process). Classical preparation offers a relatively
easy approach, and the protocol and types of resin used can be adapted depending on the type of sample

and the desired analytical outcome.

However, tissue samples undergoing this process are typically prone to alteration in tissue
morphology during dehydration steps, as labile molecules are flushed from the system (Grignon et al.
1997, Grovenor et al. 2006, Loussert-Fonta et al. 2020). Furthermore, resin infiltration effectively
introduces (or replaces) large amounts of C in the sample, potentially diluting the samples original *3C-
enrichment (Loussert-Fonta et al. 2020). As such, classical preparation for NanoSIMS analyses is only
adequate for samples from isotopic labelling experiments during which assimilated 3C and **N is given
sufficient time to be anabolically incorporated into tissue and organelles. Tissue organization and density
play a role in the degree a sample is affected by dehydration and resin infiltration (Grovenor et al. 2006).
For example, the cnidarian mesogleal matrix is largely replaced while dinoflagellate cells appear less

altered due their strong cell wall that preserves their initial shape (e.g. Loussert-Fonta et al. 2020).

Sectioning and coating
NanoSIMS isotopic analyses can only be conducted on very flat surfaces; i.e., with micrometer scale

topography, or better. A common method for biological samples is to cut histological sections with

precision diamond knifes on a microtome in order to get a perfectly flat sample.

Samples are typically cut in ultrathin (70 nm) to semithin (200-300 nm) histological sections, and
placed on glass slips, silicon wafers, or TEM-grids before metal-coating and subsequent EM and NanoSIMS
imaging (see below). EM images can be correlated with NanoSIMS isotopic images to allow precise
determination of isotopic compositions in individual subcellular compartments and constituents (e.g.

Kopp et al. 2016, Lyndby et al. 2020b, Cruz et al. 2020).
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General protocol for NanoSIMS preparations used in this thesis
With these general considerations for SEM and NanoSIMS sample preparation, the protocol for

preparation and analysis was kept as close to constant as possible throughout this thesis work.

Chemical fixation
Samples were fixed in a solution containing 4 % Paraformaldehyde, 0.5-2.5 % Glutaraldehyde, 9 %

sucrose, and mixed in 0.1M Sérensen buffer (7.8-8.1 pH).

Post isotopic labelling with stable isotopes, samples were left in chemical fixative at room
temperature for up to 2 hours, and subsequently moved to cold storage at 4 °C until further processing.
Samples were usually kept less than 1 week in cold storage before processing to minimize loss of labile

compounds and tissue damage.

Pre-processing staining
Samples were rinsed extensively in Sérensen buffer, 2-3 times, to remove fixative, and then micro

dissected to pieces typically no larger than 2 mm?2,

Samples were then treated with Osmium at 1 % for 1 hour under constant rotation and darkness.
Osmium treatment is a post-fixation step necessary for the lipid preservation in the biological sample.

After Osmium staining, samples were rinsed 2-3 times (15 min per rinse) in Milli-Q water.

Sample dehydration and resin embedding
Samples were processed in an automated tissue processor (EM TP, Leica) by first dehydration and

subsequent Spurr’s resin infiltration as follow:

5 min in Milli-Q
45 min in 30 % ethanol — 70 % Milli-Q
45 min in 70% ethanol — 30% Milli-Q
2h 100% ethanol
2h 100% ethanol
2h 30% resin — 70% ethanol
2h 70% resin —30% ethanol
4h 100% resin
12h 100% resin + polymerizer
Samples were subsequently collected from the processor, transferred to molds with fresh 100 %

® NG A WN e

resin (including polymerizer) and left in an oven at 61 °C for at least 48 hours to cure.
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Resin blocks with samples were ready to cut using an ultramicrotome (Reichert Ultracut S
Microtome, Leica). Sections were cut from the block by first trimming the sample block with a diamond
trimming knife (Trim 45, DIATOME) to achieve a flat surface. Semithin sections of 200 nm were then cut

using a diamond sectioning knife (Ultracut 45°, DIATOME).

Sections for direct NanoSIMS analysis
Samples not intended for prior EM imaging were picked up and placed on glow discharged glass

slips. Glass slips were prepared using a glow discharger (ACE600, Leica), discharging the glass slips for 10
seconds. Discharging the glass slips results in a hydrophile surface, allowing the sample-sections to be

placed perfectly flat on the glass slips with no folds or wrinkles forming during subsequent air drying.

Samples for direct analyses with NanoSIMS had an additional section cut and placed on a
microscope slide. Here, the section was stained with Toluidine blue and imaged with a light microscope
(Axio Imager.M2m equipped with an Axiocam 506 color camera, Zeiss) for navigation of samples during
NanoSIMS analyses. Samples stained with Toluidine blue were not included in NanoSIMS analyses due to
the potential contamination of boron, which can be present in the Toluidine blue solution and create a

mass-interference of 1*B®0 on the >C'*N- ion that cannot be resolved.

Sections for correlative EM imaging

For correlative imaging of EM and NanoSIMS, cut sections were placed on glow discharged silicon
wafers. EM samples were then stained with uranyl acetate (2 %) for 10 minutes, cleaned with Milli-Q, and
then stained with Reynolds lead citrate for 10 min. After staining, samples are rinsed 2-3 times (15 min

per rinse) in Milli-Q water. Applying these stains improve the contrast of the sample with the EM imaging.

Samples on glass slips and silicon wafers were then gold coated with a 12.5 nm layer of gold under

high vacuum (EM SCDO050, Leica), and then mounted in the NanoSIMS for analyses.

NanoSIMS analytical parameters
NanoSIMS isotopic analyses were always configured the same way: Cs* ions were accelerated to 16

KeV and forming a beam of 2-3 pA focused to a spot-size of 100 nm on the sample surface. Image
acquisition was typically done of 40x40 um? areas of the sample surface, with 256x256 pixels, a dwell
time of 5000 ps pixel?, and 5 acquisition layers in total, to achieve high-quality images with sufficient
counts of minor isotopes. Secondary ions, >Cy, 13C12C;, 2C*N-, and *2C*>*N- were counted in parallel (multi-

collection) in electron multiplier detectors at a mass resolving power (M/AM; where M is the nominal
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mass and AM the difference between two species to be separated) of about 9000 or more, sufficient to
resolve isobaric interferences around the ions of interest, i.e., *2C*2CH" on 3C*2C  and 3C¥N" on 2C**N-
(Hoppe et al. 2013). To minimize drift error all 5 layers were corrected for machine drift and added
together before isotopic ratios were formed using the L'IMAGE software. Drift-corrected maps of 3C and
>N enrichment were obtained from the count ratios 3C*2C/*2C,” and C>N7/*?C¥N, respectively. The

enrichments were expressed with the delta notations (in permille):

R
813C (%0) = (ﬂ — 1) x 1000

standard

R
815N (%o) = (&ple - 1) x 1000

standard
where Rsample is the ratio of the enriched sample, and Retandard is the ratio of a control (i.e., unlabeled)

sample, prepared and analyzed in an identical manner.
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Chapter 1: Carbon and nitrogen assimilation in Cassiopea: A NanoSIMS
study

I. Context
Chapter 1 presents a final manuscript (as presented here) published in Proceedings Royal Society

B. Chapter 1 seeks to understand the basics of metabolically exchanged nutrients between the medusa

host and its endosymbiotic dinoflagellate algae.

Authors contribution
NHL, ET, MK, and AM designed the experiment. NanoSIMS data acquisition was carried out by NHL,

NR, SE, and AM. SEM imaging was carried out by NHL and LHSJ. Molecular analyses were carried out by
SB. Data and statistical analyses were carried out by NHL and NR. All authors contributed to writing and

editing the manuscript.
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Amoebocytes facilitate efficient carbon and
nitrogen assimilation in the Cassiopea-
Symbiodiniaceae symbiosis
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Abstract
The upside-down jellyfish Cassiopea engages in symbiosis with photosynthetic microalgae that

facilitate uptake and recycling of inorganic nutrients. In contrast to most other symbiotic cnidarians, algal
endosymbionts in Cassiopea are not restricted to the gastroderm but are found in amoebocyte cells within
the mesoglea. While symbiont-bearing amoebocytes are highly abundant, their role in nutrient uptake
and cycling in Cassiopea remains unknown. By combining isotopic labelling experiments with correlated
SEM and NanoSIMS imaging, we quantified the anabolic assimilation of inorganic carbon and nitrogen at
the subcellular level in juvenile Cassiopea medusae bell tissue. Amoebocytes were clustered near the sub-
umbrella epidermis and facilitated efficient assimilation of inorganic nutrients. Photosynthetically-fixed
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carbon was efficiently translocated between endosymbionts, amoebocytes and host epidermis at rates
similar to or exceeding those observed in corals. The Cassiopea holobionts efficiently assimilated
ammonium, while no nitrate assimilation was detected, possibly reflecting adaptation to highly dynamic
environmental conditions of their natural habitat. The motile amoebocytes allow Cassiopea medusae to
distribute their endosymbiont population to optimize access to light and nutrients, and transport nutrition
between tissue areas. Amoebocytes thus play a vital role for assimilation and translocation of nutrients in
Cassiopea, providing an interesting new model for studies of metabolic interactions in photosymbiotic

marine organisms.

Keywords

Cassiopea, photosynthesis, stable isotope labelling, nutrients, electron microscopy, NanoSIMS.

Introduction
Animal-microbe symbioses represent a fundamental pillar of life in most habitats (McFall-Ngai et

al. 2013). In the marine environment, the symbiotic relationship between cnidaria and endosymbiotic
dinoflagellate algae of the family Symbiodiniaceae have been key to the evolutionary success of these
animals (Baker 2003, Lampert 2016, Laleunesse et al. 2018), epitomized by reef building corals. Metabolic
interactions between the coral host and endosymbiont dinoflagellate algae, as well as a diverse
microbiome (collectively referred to as the coral holobiont, (Rohwer et al. 2002, Rosenberg et al. 2007,
Bourne et al. 2009), facilitate efficient assimilation and recycling of organic and inorganic nutrients to
support the formation and maintenance of entire coral reef ecosystems (Muscatine et al. 1981, Falkowski
et al. 1984, Hatcher 1990, Kopp et al. 2015). The translocation of photosynthetically-fixed carbon from
the algae to the coral host provides the major energy source for the metabolism of the host, which in turn
supplies inorganic carbon to the algal photosynthesis from its respiration (Falkowski et al. 1984, Kopp et
al. 2015, Lyndby et al. 2020a). Besides efficient carbon cycling, the coupling of heterotrophic and
phototrophic metabolism also enables coral holobionts to efficiently assimilate and recycle otherwise
limiting inorganic nutrients, such as nitrate and ammonium (Grover et al. 2008). At the same time, these
tight metabolic interactions also render the corals highly vulnerable to the break-down of the symbiosis
(i.e., coral bleaching), which is now reoccurring on a massive scale in many reef localities (Hughes et al.
2003, 2017, Hoegh-Guldberg et al. 2019). Whether driven by global warming of seawater or local
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environmental stress, bleached corals no longer receive the same metabolic input from their diminished
dinoflagellate symbiont population and can starve to death on a timescale of days and weeks, causing
entire reef ecosystems to collapse (Brown 1997, Weis 2008). Because of the fundamental importance of
the cnidarian-dinoflagellate symbiosis to marine life — and urged on by the coral reef crisis (Hoegh-
Guldberg et al. 2019) — there is a strong effort to identify suitable model organisms that can bring forth
novel experimental opportunities and help illuminate the intricate metabolic relationships between
cnidarian hosts and their symbiont populations. In contrast with corals, scyphozoans seem to be thriving
despite the warming of ocean waters (Purcell et al. 2007). Often referred to as the ‘true jellyfish’, this class
of cnidaria also host symbiont dinoflagellate algae and one member of the scyphozoans, the upside-down
jelly fish Cassiopea, has recently received increasing attention as a good model system for studies of host-

algal metabolic interactions (Ohdera et al. 2018).

Cassiopea spp. exhibits unique characteristics that set it apart from corals (Ohdera et al. 2018): 1)
In contrast to the sessile corals, the life cycle of Cassiopea is dominated by a motile medusa stage (i.e.,
the adult form), which allows the animal to relocate in search for environmentally optimal conditions; 2)
In the medusa stage, Cassiopea exhibits the distinct morphological characteristics of scyphozoans (Lewis
Ames 2018), with epidermis and gastrodermis spatially separated by a (compared to corals) very large
mesoglea (Ruppert et al. 2004; 3) The microalgal symbionts in Cassiopea are, at least early in the medusa
stage, predominantly found inside motile amoebocyte cells located within the mesoglea (Colley & Trench
1985, Estes et al. 2003). In contrast, corals host algal endosymbionts exclusively inside their gastrodermal

cells.

Previous studies have demonstrated that active nutrient exchange does take place between
Cassiopea and its algal endosymbiont population (Welsh et al. 2009, Freeman et al. 2016, Djeghri et al.
2020), but the analytical methods employed did not allow to disentangle — at the tissue and single cell
level — the role of algal-containing amoebocytes in nutrient assimilation and the metabolic transfer to
adjacent tissue structures. Here, we present a tissue- and (sub)cellular level investigation of autotrophic
carbon and nitrogen assimilation and translocation in juvenile Cassiopea sp. medusae, in which the
endosymbiotic algae are exclusively (i.e., without observed exception) restricted to amoebocytes. By
coupling isotopic tracer (i.e., *C-bicarbonate, >°N-ammonium, and *N-nitrate) incubation experiments
with correlated ultrastructural imaging and ultra-high resolution stable isotopic mapping (NanoSIMS), we

qguantified the anabolic turnover in individual tissues and cellular compartments. This allowed us to
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disentangle the role of symbiotic amoebocytes for holobiont nutrition and illuminate the ecological

advantages of this unique feature of the Cassiopea-Symbiodiniaceae symbiosis.

Materials and Methods

Cassiopea husbandry
Adult specimens of Cassiopea sp. medusa originally obtained from Delong Marinelife (Netherlands)

were cultivated at the Marine Biology Section (MBS), University of Copenhagen (Helsing@r, Denmark), that
provides a steady supply of all life stages of the jellyfish. Juvenile Cassiopea sp. medusae with an umbrella
diameter of 6-10 mm were reared in a 20 L aquarium. The jellyfish were fed 5 times per week with newly
hatched Artemia nauplii. Animals used for incubations were heterotrophically starved for 24 hours before
experiments started. All animals were kept at 25 °C in artificial seawater (ASW) with a salinity of 35 ppt
and a pH of 8.1. Water was recycled inside the tank (20 litres) using a small filter pump. Light was
maintained with a programmable LED light source (Triton R2, Pacific Sun), running a 12/12-hour day/night
cycle with a downwelling photon irradiance (400-700 nm) of 500 umol photons m2 s, measured just

above the water surface using a calibrated spectroradiometer (MSC-15, GigaHertz-Optik).

Experimental setup
A water bath with approximately 10 L of deionized water was placed on top of 3 magnet stirrers

(RCT basic, IKA GmbH). The bath was fitted with a heater to keep the water at 25 (+0.5) °C and a small
pump to keep the water well mixed. All incubations were run in triplicates and each Cassiopea medusae
was incubated in a separate 100 mL beaker filled with 95 mL ASW and positioned in the water bath. Each
beaker was fitted with a mesh mounted a few centimetres above the bottom to separate the jellyfish from
the magnet bar during incubations. Magnet stirrers were set to spin at 180 RPM to ensure mixing of water
during incubations. The incubation chambers were illuminated by three identical tungsten halogen lamps
(KL 2500 LCD, Schott AG). Each adjustable light source was equipped with a fibre guide and a collimating
lens, and the incident photon irradiance for each chamber was adjusted to 350 umol photons m2s (400-
700 nm; Supplementary figure 1). This light level was chosen as a photosynthetically optimal irradiance
(just below saturation point) based on previous measurements of relative electron transport rates (rETR)
versus photon irradiance with a variable chlorophyll fluorescence imaging system (I-PAM, Walz GmbH,
Germany) measuring rapid light curves (RLC; Supplementary figure 2; (Ralph & Gademann 2005). Photon

irradiance measurements were done with a calibrated spectroradiometer (MSC-15, GigaHertz-Optik).
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Isotopic pulse labelling experiments

Preparation of isotopically enriched seawater
Artificial sea water (ASW) in the main holding tank at MBS had been monitored for concentrations

prior to experiments, and showed a NOs level of 0.01 mg L, suggesting overall low levels of dissolved
nitrogen in the system. Approximately 15 L of this water was collected and stored in a cold room (4 °C)
until use, a few days later. The evening prior to start of the experiment, 1 L of the collected water was
filtered (Millipore, 0.2 um) and kept overnight at 4 °C. The next morning, the filtered ASW was first
stripped for dissolved inorganic carbon (DIC) by reducing the pH to < 3 by the addition of 1 M HCl and
subsequent flushing with ambient air for 2 hours. The pH was monitored with a calibrated pH meter
(PHM220, MeterLab). Right before start of the experiment, 1 L of CO,-stripped, low pH ASW was
isotopically enriched by spiking the water with 255 mg of NaH*3CO; (99 atom%, Sigma Aldrich), and 1 mL
of stock solutions with either 3 mM K**NOj3 (99 atom%, Sigma Aldrich) or 3 mM *NH,Cl (99 atom%, Sigma
Aldrich) in milli-Q water. The pH was then increased by addition of about 1 mL of 1 M NaOH. The final
incubation medium had a pH of 8.0-8.1 and contained 3 mM NaH'3CO; and 3 pM of either K*®NO3 or
15N H,4CI, with a salinity of 35 ppt. The spiked ASW solution was then heated to 25 °C in a water bath and
used for incubations.
Pulse-label incubations

Cassiopea specimens contained in beakers were submitted to one out of five different pulse-label
incubations, with a combination of 3 mM NaH3COs and 3 pM K**NOs for (i) 2 hours in light, (i) 6 hours in
light, or (iii) 6 hours darkness, or with 3 mM NaH3CO; and 3 uM NH4CI for (iv) 6 hours in light, or (v) 6

hours in darkness (Figure 1). During the 6 hours incubations the solutions were changed at 2 and 4 hours.
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Figure 1 | Schematic overview of the 5 different incubations of Cassiopea sp. in stable isotope-spiked
artificial seawater (ASW). All incubations were run in triplicates, and each individual jellyfish was incubated
in 95 mL filtered ASW containing 3 mM NaH'3CO3s and either 3 uM K*NOs3 (incubations i, ii, and iii) or 3 uM
15NH4CI (incubations iv and v).

6 hours

At the end of incubations, the Cassiopea specimens were chemically fixed in cryotubes containing
1.5 mL of 2.5 % [v/v] glutaraldehyde (Electron Microscopy Sciences), 0.5 % [v/v] paraformaldehyde
(Electron Microscopy Sciences), and 0.6 M sucrose (Sigma-Aldrich) mixed in 0.1 M Sérensen phosphate
buffer. The chemically fixed Cassiopea specimens were kept at room temperature for 2 hours and were
then stored in a fridge at 4°C until transportation to Lausanne (Switzerland) in fixative for further

processing.

Histological sectioning for EM imaging and NanoSIMS analyses
Fixed Cassiopea specimens were rinsed 3 times in 0.1 M Sorensen buffer with 30 minutes between

changes. Samples were subsequently dissected to acquire a radial slice of the umbrella, from the central
manubrium to the bell margin, as illustrated in Figure 2a-b. In order to preserve lipids in the tissue,
dissected tissue was submerged in OsO4 solution (2 % in milli-Q water) for 30 minutes under constant slow
rotation in darkness. Samples were subsequently rinsed extensively in deionized water (3 changes at 30

to 60 minutes intervals), before further sample preparation.

Dissected tissue samples underwent dehydration via immersion in a milli-Q water/ethanol series
(50, 70, 90, and 100 % ethanol), and subsequent resin infiltration with ethanol/Spurr’s resin (30, 50, 75,
and 100 % resin). Resin-infiltrated samples were oriented and placed in moulds filled with 100 % Spurr’s
resin and cured for 72 hours in an oven at 60°C. Semi-thin histological sections (500 nm) were cut from

the resin blocks using an Ultracut S microtome (Leica Microsystems), equipped with a 45° histo-diamond
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knife (DIATOME). 1-2 sections were placed on 10 mm round glass cover slips, coated with a ca. 12 nm
layer of gold using a Leica EM SCDO050 gold coater (Leica Camera AG) and mounted in a sample holder for
NanoSIMS isotopic imaging. Additionally, selected thin-sections were placed on a microscope slide and
stained with Epoxy Tissue Stain (Electron Microscopy Sciences) for 30 to 60 seconds on a heating plate;
excessive stain was subsequently removed with deionized water, followed by heat-drying. The stained
sections were imaged on an optical microscope (Axio Imager.M2m, ZEISS) to guide NanoSIMS analyses.
SEM imaging

Semi-thin sections (500 nm) were cut as described above, and placed on silicon wafers before being
stained with 4% uranyl acetate and Reynolds lead citrate solution (Electron Microscopy Sciences). Images
were taken on a GeminiSEM 500 field emission scanning electron microscope (ZEISS), at 3 kV, an aperture
size of 20 um, and a working distance of 2.5-2.7 mm, using the energy selective backscatter detector (EsB,
ZEISS) with the grid set at 382-500 V. Images were acquired directly from the GeminiSEM 500 in TIFF

format without further processing.

NanoSIMS image acquisition
Isotopic imaging of semi-thin histological sections was done with a NanoSIMS 50L instrument.

Images (40x40 or 45x45um, 256x256 pixel, 5000 ps/pixel, 5 layers) were obtained with a 16 KeV Cs*
primary ion source focused to a spot-size of about 120 nm (2 pA). Secondary ions (*2C;, 3C*?C, 2C**N,,
and 2C¥®N") were counted in individual electron-multiplier detectors at a mass resolution power of about

9000 (Cameca definition), sufficient to resolve all potential interferences in the mass spectrum.

Isotopic images were analysed using the NanoSIMS software L’'Image (version 12-21-2017;
developed by Dr. Larry Nittler, Carnegie Institution of Washington), and contours were carefully drawn in
each image around the epidermis as well as individual amoebocytes and dinoflagellate cells. Epidermis
were counted as one region of interest (ROI; n = 1) for each image. Similarly, amoebocytes (clustered with
dinoflagellates) were usually treated as one ROI per image unless cell clusters were clearly separated.
Drift-corrected maps of 3C- and ®*N-enrichment were obtained from the count ratios *C*2C/*2C,” and

I5N2C-/1N12C, respectively. Measured enrichments were expressed in the delta notation:

Eq. 1: 813C (%0) = "€ x 1000
cC

Eq. 2: 815N (%0) = T’jﬂ X 1000
cN

39



where 1, and ¢ are the count ratios of 1*C*?C// 2C; in an enriched sample and a control (i.e. unlabelled)
sample, respectively. 1,y and 7,y are the count ratios of *®N*2C/**N*C  in an enriched sample and a control

sample, respectively. Total numbers of technical replicates (ROIs) is provided in Supplementary table 1.

Dinoflagellate identification
All animals used in this study contained dinoflagellate symbionts of the genus Symbiodinium

(previously clade A; Laleunesse et al. 2018). Algal symbionts were identified by DNA extraction, PCR
amplification with genus/clade specific primers (adapted after Yamashita et al. 2011) and visualization of

amplification using gel electrophoresis (see supplementary material).

Statistical analyses
We used R (version 4.0.2) with the packages nIme (version 3.1-148) and Ismeans (version 2.30-0) to

perform statistical analyses. Linear mixed model (LMM) analyses were used to test the relationship
between isotopic enrichment in Cassiopea sp. holobiont compartments and the conditions of time, light
availability, and nitrogen source taking into account the biological replicate as a random factor. 3C
enrichment data were square root transformed to achieve normality. Tukey post hoc analyses were used

for tests with more than 2 groups involved.

Results

Cassiopea histology
The juvenile specimens of Cassiopea sp. used in this study showed a high density of dinoflagellate

symbionts in the sub-umbrella. All dinoflagellates were found inside amoebocytes clustered in the
mesoglea, the vast majority of which were in close proximity to the (sub-umbrella) epidermal tissue layer
(Figure 2b), as previously described (Colley & Trench 1985, Estes et al. 2003). Dinoflagellates were never
observed outside amoebocytes or in other types of host cells or tissue layers in our juvenile specimens.
Cross-sections of amoebocytes showed that dinoflagellate cells were contained in a symbiosome-like
structure (orange triangles in Figure 2d-e; cf. (Colley & Trench 1983)). Furthermore, high magnification
electron microscopy images of amoebocytes/symbionts showed the presence of lipid droplets inside both

symbiont and amoebocyte cells (black triangles in Figure 2d-e).
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Epidermis
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Gastric cavity

Figure 2 | Histological and electron microscopy images of Cassiopea tissue architecture. (a) Photograph of
a juvenile Cassiopea. The solid white line indicates the orientation of histological sections cut for this study;
i.e., cutting radially from the central manubrium region to the edge of bell. (b) Optical microscopy image of
a histological section as indicated in (a). (c) Sketch of histological section illustrating key tissue structures.
(d and e) Scanning electron microscopy showing the micro-architecture of host amoebocytes densely
populated with symbionts next to the host epidermal tissue. Note that the grey-scale of panel (e) is inverted
relative to panel (d) for increased clarity of subcellular components. Subcellular components are indicated:
lipid bodies in symbionts (black triangles), pyrenoids (green triangles), and starch granules (blue triangles).
Orange triangles indicate symbiosomes (i.e., host vacuolar space surrounded by a membrane similar to
what is known from other symbiotic cnidarians hosting dinoflagellates) in amoebocytes.

Stable isotope enrichment in Cassiopea sp.
NanoSIMS images were acquired of compact clusters of dinoflagellate symbionts inside

amoebocyte cells residing in the mesoglea, particularly in the sub-umbrella tissue area (Figure 2; a
minimum of 25 dinoflagellate cells were imaged per biological sample, N = 3), including representative
regions of the (sub-umbrella) epidermal tissue (Figure 3). Note that, because of the classical sample
preparation methods employed here, which involves ethanol dehydration and resin embedding, most

soluble compounds are lost from the tissue and only structural components, i.e., proteins, fatty acids,
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RNA, DNA, etc., representing the products of anabolic metabolism, remain (Loussert-Fonta et al. 2020,
Gibbin et al. 2020). Isotopic enrichments shown in the following thus represent the relative anabolic

turnover of the tissue during the incubation experiments.

SEM images 82C (%o) 8N (%o)

2 hours, NO5

6 hours, NO5

0 Log scale 40000 0 Log scale 30000
Figure 3 | Correlated SEM and NanoSIMS images for light incubations of representative tissue areas of

Cassiopea sp. incubated with H3COs" and '5NOs for 2 hours (a-c) and 6 hours (d-f), respectively, and with
H3COs and ®NH4* for 6 hours (g-i). Scale bars = 8 pm.
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13C-assimilation in the holobiont
The incubation experiments described above resulted in clear *C enrichment differences between

holobiont compartment, incubation time and light availability (Supplementary table 1). As expected,
Cassiopea sp. incubated with H*CO; in darkness did not show detectable levels of 3C enrichment

(Supplementary table 1).

In contrast, after 2- and 6-hour light incubations, the tissue/cell types (Symbiodinium vs.
amoebocytes vs. epidermis) showed characteristic differences in 3C enrichment with the dinoflagellates
showing the highest and the epidermis the lowest levels of enrichment (LMM, F(1, 219) = 280.7, p < 0.001;
Figure 4a). The 3C enrichment increased in all three tissue/cell types in the 6-hour compared to the 2-
hour light incubation, but the relative increase was different for each compartment (LMM, F(2,219) =3.9,
p = 0.021; Figure 4b). Specifically, Symbiodinium 3C enrichment increased 2-fold (LMM, F(1,4) =3.70, p =
0.127), amoebocyte 3C enrichment increased 3.6-fold (LMM, F(1, 4) = 12.9, p = 0.023), and epidermis 3C
enrichment increased 6.5-fold (LMM, F(1, 4) = 18.0, p = 0.013) between 2 and 6 hours, respectively (Figure
4b).
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Figure 4 | (a) Observed mean *3C enrichment levels in Symbiodinium cells and Cassiopea sp. host tissue
for specimens incubated with *3C-bicarbonate (and '°N-nitrate) for 2- and 6-hours. Error bars indicate + SE
of mean. (b) Fold-change increase in *3C enrichment for individual tissue areas between 2 and 6 hours.
Error bars indicate + propagated errors.
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At the same time, we observed that *C enrichments were not affected by the source of inorganic
nitrogen available in the seawater. The 6-hour incubations with either ®NOs; or ®*NH4; showed no

significant differences in *C enrichment across holobiont compartments (LMM, F(1, 4) = 0.8, p = 0.425;

Supplementary table 1).
1>N-assimilation in the holobiont

Regardless of incubation time and light conditions, medusae incubated with *NOs" did not exhibit
any detectable N enrichments in any of the holobiont compartments (Figure 3c, f, Figure 5,
Supplementary table 1). In contrast, 6-hour incubation with >NH,* resulted in clear ®N enrichments
during both light and dark incubations for all holobiont compartments. Reflecting observed patterns of
13C enrichments, the different tissue- and cell types showed characteristic systematic °N enrichments,
with Symbiodinium exhibiting the highest and the epidermis the lowest >N enrichment levels during dark
as well as light incubations, respectively (LLM, F(2, 249) = 158.9, p < 0.001); see Figure 5 for relevant Tukey
post hoc analyses. Light availability made no difference on ammonium assimilation, with **N-enrichments

not significantly different between light and dark incubations across holobiont compartments (LMM, F(1,

4)=0.1, p = 0.818).
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Figure 5 | Observed *N enrichment levels in dinoflagellate symbionts and Cassiopea sp. host tissue. Error
bars indicate + SE. Capital letters indicate significant differences (p < 0.05; Tukey post hoc analyses).

Discussion
In contrast to corals and sea anemones that host their endosymbionts in the gastroderm tissue

layer (Davy et al. 2012), the symbionts of juvenile Cassiopea sp. are predominantly found residing in
44



amoebocyte host cells located within the mesoglea. Metabolic interactions and translocation pathways
in Cassiopea sp. could thus be expected to show both similarities with, and differences from those
observed previously in hermatypic corals. Our findings corroborated previous reports of active nutrient
exchange between Cassiopea and its algal symbionts. At the same time, the high resolution of quantitative
NanoSIMS isotopic imaging allowed us to trace the fate of assimilated nutrients in the symbiosis, and
qguantify their anabolic partitioning across cells and tissues. We clearly observed that motile amoebocytes
facilitated efficient assimilation of inorganic nutrients from seawater, and made isotopically enriched
nutrients available for anabolic processes in other tissue layers, strongly suggesting that amoebocytes

represent a key adaptation of scyphozoan jellyfish to a symbiotic lifestyle.

Translocation of photosynthetically assimilated *3C
The anabolic turnover of photosynthetically-fixed carbon in Cassiopea sp. was found to display non-

linear behaviour as a function of time in all investigated holobiont compartments. The enrichment level
of any cell or tissue at any given time point reflects the balance between anabolic incorporation and
catabolic consumption of isotopically-enriched compounds. As cells become more and more enriched
over time, the catabolic consumption of isotopically-enriched compounds increases. Consequently, the
increase in enrichment over time is expected to asymptotically approach the saturation point (i.e., 100%
13C enrichment). Such non-linearity was observed in Symbiodinium cells in which, over a 3-fold increase in
incubation time (from 2 to 6 hours), only a 2-fold increase in 3C enrichment was observed (from ca. 1860
to 3760%.; Figure 4). Similarly, a non-linear trend was observed in the amoebocytes and epidermis, which
showed a roughly 3.5- and 6.5-fold increase in **C enrichment (from ca. 120 %o to 420 %o in amoebocytes,
and from ca. 20%. to 110%. in epidermis), respectively, between the 2- and 6-hour light incubations
(Figure 4). This implies that the rate of anabolic incorporation of isotopically-enriched compounds must
have accelerated over time in the host tissue. The relative increase in the 3C enrichment levels over time,
thus, reflects the delay at which photosynthetically-fixed 3C became available to the respective
cell/tissue. The increasing ratios between 2- and 6-hour incubations allow to disentangle the order of
translocation of photosynthetically-fixed carbon in the Cassiopea-Symbiodiniaceae symbiosis:
Symbiodiniaceae translocate photosynthates to hosting amoebocytes, which subsequently can release

labelled carbon substrates to other compartments of the holobiont, such as the epidermis.

Importantly, the efficiency of carbon translocation in the Cassiopea-Symbiodiniaceae symbiosis
appears comparable to that of the coral-Symbiodiniaceae symbiosis. Using a similar methodological

approach, Kopp et al. (Kopp et al. 2015) observed a qualitatively similar, non-linear 3C enrichment curve
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for storage structures in dinoflagellates hosted by the hermatypic coral Pocillopora damicornis during a 6-
hour pulse labelling with H*COs". However, that study found slightly less efficient translocation dynamics,
i.e., 13C enrichment in adjacent host tissue was lower than the 3C enrichment in the Cassiopea
amoebocytes and similar to epidermal tissue in the present study. To the degree that such qualitative
comparison is possible (i.e., considering differences in experimental setup, dinoflagellate species,
distribution and density) this — at least qualitatively — indicates that translocation of *C-enriched
photosynthates is certainly not less efficient in Cassiopea compared to that in a symbiotic coral. This
conclusion is perhaps surprising considering that symbiotic corals rely on up to 95% of their metabolic
energy demand being supplied in the form of photosynthates translocated from their dinoflagellate
symbionts (Muscatine et al. 1981, Edmunds & Davies 1986, Kopp et al. 2015). However, our observations
are consistent with previous studies on metabolic interactions between Cassiopea and their symbiont
population, which indicate that Cassiopea can cover up to 170% of daily carbon demand via autotrophic

carbon assimilation, regardless of host size (Verde & McCloskey 1998).

Our results thus suggest a very efficient and high-throughput system for autotrophic carbon
assimilation in Cassiopea, in which a state of saturation of internal storage structures in symbionts is
quickly reached and assimilated carbon is rapidly translocated (via amoebocytes) to the host for
downstream biosynthesis (Figure 4). While we conclude that amoebocytes play a major role in the highly
efficient nutrient translocation in the Cassiopea holobiont, the exact pathways and underlying
mechanisms of such a system in Cassiopea, with the added complexity of photosynthates passing from

the symbionts, via the amoebocytes, through the mesoglea to the epidermis, remain to be explored.

Nitrogen assimilation and resource allocation
Patterns of >NH,* assimilation in the Cassiopea holobiont mirrored those previously described in

corals (Pernice et al. 2012). >NH4* was efficiently assimilated by both host and symbionts, regardless of
light availability (Figure 5). As both algal endosymbionts and the cnidarian host have the cellular
machinery for the metabolic incorporation of NHs* (Miller & Yellowlees 1989, Yellowlees et al. 2008), the
observed N enrichment patterns reflect a combination between the cellular incorporation of ®NH;* and
the translocation of fixed >N between the symbiotic partners. Despite the spatial separation of
amoebocytes from the surrounding seawater, Symbiodiniaceae showed the highest °N enrichment levels
in the Cassiopea holobiont. This implies that the close proximity of amoebocytes to the animals’ external

surface facilitates the, presumably, diffusion-controlled transport of NH4* to the algal symbionts.
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In contrast to this, > NOs™ assimilation was not observed (or was below the detection limit of the
NanoSIMS, which was roughly 0.2 % enrichment over the natural isotope ratio) regardless of light
availability (Figure 5). In line with this, Welsh et al. (Welsh et al. 2009) found that Cassiopea sp. collected
from South East Queensland, Australia, showed only a low net NOs + NO; (NO,) uptake in the light but
attributed a high release of NO, during dark incubations to the presence of surface-associated nitrifying
bacteria. Likewise, Freeman et al. (Freeman et al. 2016) found that ®NOs assimilation in Cassiopea
xamachana was highest in body parts with lowest Symbiodiniaceae density. In light of these studies, our
findings suggest that Symbiodiniaceae associated with Cassiopea either have limited access to NO3™ from
seawater or exhibit downregulated pathways for NOs; uptake due to high in hospite ammonium
availability (Yellowlees et al. 2008, Allemand & Furla 2018). Such reduced NOs assimilation by algal
symbionts could indirectly benefit the cnidarian host as previous studies have linked high rates of NO5
assimilation to reduced rates of carbon translocation from algal symbionts, and increased bleaching
susceptibility of corals during heat stress (Wiedenmann et al. 2012, Ezzat et al. 2015). Given the wide
tolerance to temperatures and salinity that Cassiopea exhibits in its natural environment (Holland et al.
2004, Morandini et al. 2017) (unlike what is commonly known for corals), we hypothesize that a reduced
or absent assimilation of NOs~ by endosymbiotic Symbiodiniaceae may increase stress tolerance of the
Cassiopea holobiont by enhancing energy availability for the host and reducing the bleaching susceptibility

of the symbiosis.

The ecological advantages of motile symbiont-bearing amoebocytes and Cassiopea as a model
system
Amoebocytes have not been widely studied in cnidarians (Gold & Jacobs 2013, Smith 2016), but

they are considered to be beneficial to non-symbiotic jellyfish by acting as part of the immune system
(Hartenstein 2006, Smith 2016), and take part in general tissue maintenance (Chapman 1999, Ladouceur
et al. 2013). Amoebocytes in Cassiopea have additionally been linked to the establishment of
dinoflagellate symbiont populations via phagocytosis in the polyp stage (Colley & Trench 1983, Fitt &
Trench 1983). The results of the present study further highlight the role of amoebocytes in the Cassiopea

holobiont as a key adaptation to facilitate efficient symbiotic nutrient cycling in medusae.

In symbiotic corals, endosymbiotic dinoflagellates are found exclusively in the gastrodermis, which
is in direct contact with the gastrovascular cavity and in close proximity to surrounding seawater, from
which it is only separated by a thin mesoglea and epidermal tissue layer. In contrast, the thick mesoglea

that makes up the bulk part of the medusa constitutes a significant spatial barrier separating gastrodermis
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from epidermis and may hinder efficient uptake of nutrients from the seawater by algal symbionts
through the gastrodermis. Motile, symbiont-bearing amoebocytes may help Cassiopea holobionts to
overcome these barriers to nutrient uptake created by the scyphozoan morphology. On one hand,
amoebocytes facilitate the relocation of algal symbionts from the gastroderm to other parts in the animal
with close proximity to the surface, and better access to nutrients from the seawater. On the other hand,
the motile nature of amoebocytes also allow for the release of autotrophically assimilated nutrients in the
vicinity of other tissue layers thereby ensuring a more efficient exchange of nutrients in the holobiont.
Symbiotic amoebocytes may thus be considered “cargo-ships”, efficiently shuttling symbionts to
(photosynthetically and nutrient-wise) optimal locations inside the thick mesoglea, as well as efficiently

transporting assimilated nutrients back to host tissue.

Taken together, symbiotic amoebocytes likely reflect a key adaptation of symbiotic scyphozoans to
facilitate efficient assimilation and exchange of nutrients. In addition to this, a reduced or absent NOs’
uptake of algal symbionts may further allow Cassiopea to thrive in highly dynamic habitats with strong
fluctuations in salinity, nutrient availability and temperature conditions. At the same time, its unique
characteristics set the Cassiopea-Symbiodiniaceae symbiosis apart from most other cnidarian-algal
symbiotic assemblages. Whilst corals and many other symbiotic cnidarians are in global decline due to
anthropogenic environmental change, Cassiopea spp. appear to thrive, producing massive blooms and
undergoing rapid geographical expansion in the Anthropocene (Arai 2001, Ohdera et al. 2018). Future
studies harnessing the unique advantages and characteristics of the Cassiopea-Symbiodiniaceae model
system may reveal key processes underlying the functioning and breakdown of cnidarian-algal symbioses

in general.
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Chapter 2: Light microenvironment and O, and pH dynamics measured in

the Cassiopea bell

I. Context
Chapter 2 presents a completed manuscript that has been submitted to Frontiers in Ecology and

Evolution for an article collection on Holobiont Interactions. In this chapter the physico-chemical

microenvironment and optical microniches of Cassiopea is investigated using microsensors.
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Abstract
The jellyfish Cassiopea has a conspicuous lifestyle, positioning itself upside-down on sediments in

shallow waters thereby exposing its photosynthetic endosymbionts (Symbiodiniaceae) to light. Several
studies have shown how the photosymbionts benefit the jellyfish host in terms of nutrition and O,
availability, but little is known about the internal physico-chemical microenvironment of Cassiopea during
light-dark periods. Here, we used fiber-optic sensors to investigate how light is modulated at the water-
tissue interface of Cassiopea sp. and how light is scattered inside host tissue. We additionally used
electrochemical and fiber-optic microsensors to investigate the dynamics of O, and pH in response to

changes in the light availability in intact living specimens of Cassiopea sp.

Mapping of photon scalar irradiance revealed a distinct spatial heterogeneity over different
anatomical structures of the host, where oral arms and the manubrium had overall higher light availability,
while shaded parts underneath the oral arms and the bell had less light available. White host
pigmentation, especially in the bell tissue, showed higher light availability relative to similar bell tissue
without white pigmentation. Microprofiles of scalar irradiance into white pigmented bell tissue showed
intense light scattering and enhanced light penetration, while light was rapidly attenuated over the upper

0.5 mm in tissue with symbionts only.

Depth profiles of O, concentration into bell tissue of intact, healthy/living jellyfish showed
increasing concentration with depth into the mesoglea, with no apparent saturation point during light
periods. O, was slowly depleted in the mesoglea in darkness, and O, concentration remained higher than
ambient water in large (> 6 cm diameter) individuals, even after 50 min in darkness. Light-dark shifts in
large medusae showed that the mesoglea slowly turns from a net sink during photoperiods into a net
source of O; during darkness. In contrast, small medusae showed a more dramatic change in O,
concentration, with rapid O buildup/consumption in response to light-dark shifts; in a manner similar to
corals. These effects on O, production/consumption were also reflected in moderate pH fluctuations

within the mesoglea. The mesoglea thus buffers O, and pH dynamics during dark-periods.

Introduction
Symbiont-bearing jellyfish in the genus Cassiopea exhibit a conspicuous lifestyle by settling upside-

down on sediment, exposing the subumbrella and oral arms to light. The oral side (i.e., the subumbrella
side) of the medusa is particularly dense in intracellular microalgal symbionts, which are dinoflagellates
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of the family Symbiodiniaceae (Lampert 2016). In contrast to corals where symbionts are found in
endoderm cells, symbiont algae in Cassiopea are kept in clusters in host-specialized amoebocyte cells,
directly below the epidermis in the mesoglea of the bell and oral arms (Colley & Trench 1985, Estes et al.
2003). Similar to many photosymbiotic corals and anemones, Cassiopea rely on a metabolic exchange of
carbon and nitrogen between the host animal and its algal symbionts (Welsh et al. 2009, Freeman et al.
2016, Lyndby et al. 2020b). Translocation of autotrophically acquired carbon from the algal symbionts to
the host covers a significant part of its daily carbon requirement, estimated to be at a similar or greater

level than what is known from reef-building corals (Muscatine et al. 1981, Verde & McCloskey 1998).

While most photosymbiotic cnidarians require a rather stable environment to maintain a healthy
symbiosis, Cassiopea appears extraordinarily resilient to fluctuating environmental conditions (Goldfarb
1914, Morandini et al. 2017, Klein et al. 2019, Aljbour et al. 2019, Banha et al. 2020) and are increasingly
regarded as an invasive species (Mills 2001, Morandini et al. 2017). Cassiopea are typically found in
shallow waters (e.g. lagoons, around seagrass beds, and mangroves) in tropical and subtropical regions
(Drew 1972, Hofmann et al. 1996) that are prone to strong diel fluctuations in both temperature, and
salinity, as well as high solar irradiance (Anthony & Hoegh-Guldberg 2003, Veal et al. 2010). Human
activities in such coastal ecosystems can further add to strong fluctuations in both nutrient input, O,

availability, and pH (Stoner et al. 2011, Klein et al. 2017a, Rowen et al. 2017, Arossa et al. 2021).

The photobiology and optical properties of marine symbiont-bearing cnidarians have been studied
in detail in reef-building corals, showing adaptations in host growth patterns, microscale holobiont light
modulation, and colony-wide symbiont organization to enable and optimize symbiont photosynthesis for
the benefit of the host. There has been a special focus on coral skeletons and host pigments (e.g. Falkowski
et al. 1984, Kiihl et al. 1995, Wangpraseurt et al. 2014b, Lyndby et al. 2019, Kramer et al. 2021, Bollati et
al. 2022). Studies have shown that in vivo light exposure of symbionts is modulated on a holobiont level
to enhance photosynthesis, including alleviating photodamage and bleaching (Lesser & Farrell 2004,
Enriquez et al. 2005, Marcelino et al. 2013, Wangpraseurt et al. 2017a), altering inter- and intracellular pH
(e.g. Kiihl et al. 1995, Gibbin et al. 2014), and directly affecting holobiont temperature (Jimenez et al.
2008, 2012, Lyndby et al. 2019). Recently, these experimental insights were integrated in a first
multiphysics model of radiative, heat and mass transfer in corals, simulating how coral tissue structure
and composition can modulate the internal light, O, and temperature microenvironment of corals (Taylor
Parkins et al. 2021). Given a similar global distribution and a benthic lifestyle relying on host-symbiont

metabolic interactions, it is feasible to assume that Cassiopea exhibit similar traits, but few studies have
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investigated to what extend Cassiopea modulate their physicochemical microenvironment (Klein et al.

2017a, Arossa et al. 2021).

In this study, we use a combination of optical and electro-chemical microsensors to investigate the
internal microenvironment of Cassiopea sp. medusae. We explore how light is modulated by host
morphology and distinct anatomical features. Furthermore, we show how the size of animals and the
thickness of their bell mesoglea affects the intracellular physicochemical microenvironment of intact,

living Cassiopea sp. medusae.

Methods

Cassiopea maintenance
Medusae of Cassiopea sp. were acquired via DeJong Marinelife (Netherlands) in 2018, and since

cultivated at the aquarium facility at the Marine Biology Section in Helsinggr, University of Copenhagen
(Denmark). According to the commercial provider, the obtained specimens originated from Cuba
indicating the species Cassiopea xamachana or C. frondosa, but no species identification was performed.
The medusae were kept in artificial seawater (ASW; 25°C, 35 ppt, pH of 8.1) in a 60 L glass aquarium, under
a 12h-12h day-night cycle using LED lamps (Tetra, Pacific Sun) providing an incident photon irradiance
(400-700 nm) of ~300 umol photons m2 s, as measured with a cosine corrected mini quantum sensor
(MQS-B, Walz, Germany), connected to a calibrated irradiance meter (ULM-500, Walz, Germany). Animals
were fed with living Artemia sp. nauplii twice a week, and 25% of the aquarium water was replaced with
fresh filtered ASW (FASW) 1 hour after feeding. Additionally, water was continuously filtered using an
internal filter pump, a filter sock (200 um), and a UV filter. Additionally, an air pump was used to ensure

water remained oxygenated at all times.

Light measurements

Photon scalar irradiance
Mapping of photon scalar irradiance in umol photons m? s (PAR; 400-700 nm) on the jellyfish

tissue surface was performed with a submersible spherical micro quantum sensor (3.7 mm diameter; US-
SQS/L, Walz, Germany) connected to a calibrated irradiance meter (ULM-500, Walz, Germany).
Measurements were conducted inside an aquarium tank filled with ASW and the inside covered with a
black cloth to avoid internal reflections from the container. The medusa was placed in the aquarium and
illuminated vertically from above by a fiber-optic tungsten-halogen lamp (KL-2500 LCD, Schott GmbH,
Germany), equipped with a collimating lens. Photon scalar irradiance was measured holding the sensor at
a ~45° angle, while measuring light on the surface of the animal within 7 areas of interest (AOI) of one
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animal (Figure 8B). Measurements were normalized against the incident downwelling photon irradiance,

as measured over the black cloth covering the inside of the container relative to each AOI on the animal.

Spectral scalar irradiance & reflectance
Both spectral scalar irradiance and reflectance measurements required the medusa to be fixed in

place on a large rubber stopper using hypodermic needles, and placed in a container filled with seawater.
Incident light was provided vertically from above with a fiber-optic halogen lamp (KL-2500 LCD, Schott
GmbH, Germany) fitted with a collimating lens. Spectral scalar irradiance was measured using a fiber-optic
scalar irradiance microprobe (spherical tip diameter ~100 um; Rickelt et al. 2016). Spectral reflectance
was measured using a fiber-optic field radiance probe (400 um diameter; Kiihl 2005). Both sensors were
connected to a fiber-optic spectrometer (USB2000+; Ocean Optics, USA), and spectral information was
acquired using SpectraSuite software (Ocean Optics, USA). Sensors were mounted on a manual
micromanipulator (MM33, Marzhauser Wetzlar GmbH, Germany) attached to a heavy-duty stand to
facilitate precise positioning of sensors on the medusa. Sensors were positioned visually using a dissection
microscope, while ensuring oral arms and other anatomical features did not shade the tissue studied. The
spectral reflectance probe was positioned by first moving the sensor to the surface of the medusa, then
moving the sensor 1 mm away. Similarly, the scalar irradiance probe was first positioned to touch the
surface tissue of the medusa (depth =0 um) and was then moved into the medusa in vertical steps of 200
um. Both sensors were held by the micromanipulator in an angle of 45° relative to the incident light. The
recorded spectral scalar irradiance was normalized against the incident, downwelling spectral irradiance
measured over the black cloth covering the inside of the container relative to each measuring position on
the medusae. The recorded spectral reflection spectra were normalized against a reference spectrum

measured with an identical setup over a 99% white reflectance standard (Spectralon, Labsphere) in air.

Microscale measurements of Oz and pH

General setup
For all O2 and pH measurements, individual medusae were placed in a cylindrical plexiglass chamber

with aerated, filtered ASW. Medusae were illuminated with a fiber-optic halogen lamp (KL-1500 LED,
Schott GmbH, Germany) equipped with a collimating lens, and providing defined levels of incident photon
irradiance (0, 42, 105, 160, 300, and 580 pmol photons m2s%; 400-700 nm), as measured for specific lamp
settings with a calibrated photon irradiance meter equipped with a spherical micro quantum sensor (ULM-

500 and US-SQS/L, Heinz Walz GmbH, Germany). O, concentration measurements showed O, production
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saturated at 300 pmol photons m? s, but production was not inhibited at maximum intensity of 580

umol photons m2 s,

Concentration profiles and dynamics were measured above and inside anastomosing bell tissue of
3 small (25-48 mm) and 2 large (63-67 mm) medusae. The microsensor tip was carefully positioned at the
tissue surface-water interface while watching the tissue surface under a dissection microscope. For
profiling, the sensor was inserted in vertical steps of 100 um until reaching the approximate center of the

mesoglea, relative to the subumbrella and exumbrella bell epidermis.

Oxygen measurements
The O, concentration measurements were done using a robust fiber-optic O, optode (OXR230 O,

sensor, 230 um diameter tip, < 2 s response time; PyroScience GmbH, Germany) connected to a fiber-
optic O, meter (FireSting, PyroScience GmbH, Germany). The sensor was linearly calibrated in O,-free and
100 % air saturated seawater at experimental temperature and salinity. The sensor was mounted slightly
angled relative to the incident light (to avoid shadowing) on a motorized micromanipulator (MU1,
PyroScience GmbH, Germany) attached to a heavy-duty stand, facilitating visual sensor positioning with a
dissection microscope. Data acquisition was done using the manufacturer’s software (Profix, PyroScience
GmbH, Germany). Measurements were performed at room temperature (22°C) in a dark room under
defined light conditions, and the temperature was continuously recorded in the experimental chamber
with a submersible temperature sensor (TSUB21, PyroScience GmbH, Germany) connected to the O»

meter.

For light-dark measurements, the O, sensor tip was inserted approximately midway between sub-
and exumbrella epidermis (depth ranging from ~800 to 3000 um from the surface depending on the
specimen size). Once the depth of interest was reached, the local O, concentration dynamics were
measured at 10 s intervals during experimental manipulation of the light. Local rates of net photosynthesis
and post-illumination respiration were estimated from the measured linear slope of O, concentration
versus time measurements (using linear fits in the software OriginPro 2020b) under light and dark
conditions, respectively. The local gross photosynthesis was then estimated as the sum of the absolute

values of net photosynthesis and respiration.

The O, concentration depth profiles were recorded at vertical depth intervals of 100-200 pum during

constant light or darkness. The measurements were recorded once the O, concentration reached a steady-
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state at each depth, starting from deepest inside the tissue and moving the sensor up until the sensor tip

was retracted up into the overlaying turbulent water column (100 % air saturation).

pH measurements
pH was measured using a pH glass microelectrode (PH-100, 100 um tip diameter, response time <

10 s, Unisense, Denmark) combined with an external reference electrode and connected to a high
impedance mV-meter (Unisense, Denmark). A motorized micromanipulator (MU1, PyroScience GmbH,
Germany) was used for positioning of the sensor, and data were recorded using SensorTrace Logger
software (Unisense, Denmark). Prior to measurements the sensor was calibrated at room temperature
using IUPAC standard buffer solutions at pH 4, 7, and 9 (Radiometer Analytical, France). Dynamic changes
in mesoglea pH levels were measured during experimental dark-light transitions and vice versa. pH depth
profiles were measured under constant light or darkness, and were recorded from the middle of the bell
and up into the water column in steps of 200 um, until the sensor tip was retracted into the overlying

turbulent water column (pH level of 8.1-8.4).

Results
Light microenvironment

Photon scalar irradiance
Macroscopic mapping of integral photon scalar irradiance of photosynthetically active radiation

(PAR, 400-700 nm) in 4 distinct regions of an intact, living Cassiopea sp. revealed a heterogeneous light
field across the medusa tissue facing the incident light as well as across the tissue. The manubrium center
experienced the highest scalar irradiance reaching 166 % of incident photon irradiance (Figure 8). Oral
arms experienced a photon scalar irradiance reaching 140 + 19 % of incident photon irradiance, while light
availability just below the oral arms was significantly lower (75 £ 12 % of incident photon irradiance). The
light levels of rhopalia canals reached 124 + 30 % of incident photon irradiance and light levels of
anastomosing tissue reached 96 + 8 % of incident photon irradiance on the subumbrella side. On the
exumbrella side, more light penetrated the anastomosing tissue (65 + 14 % of incident photon irradiance),
while the least amount of light penetrated through the rhopalia canals (39 + 9 % of incident photon

irradiance).

Reflectance
The oral arms and rhopalia canals of Cassiopea reflected more light than the manubrium and

anastomosing tissue, with oral arms reflecting 9.5 %, rhopalia canals 7 %, the manubrium 4.8 %, and

anastomosing tissue 3 % of incident irradiance (Figure 9).
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Spectral scalar irradiance
Depth profiles of spectral scalar irradiance in live Cassiopea tissue showed spectral absorption

signatures of chlorophyll (Chl) a (430—440, 675 nm), Chl ¢ (460, 580-590, 635 nm), and peridinin (480-490
nm), throughout the anastomosing tissue and near rhopalia canals (Figure 10). Spectral scalar irradiance
at the tissue-water interface (0 um) revealed a local enhancement near the rhopalia canals, while light
was more readily absorbed on anastomosing tissue. Depth profiles show a steady attenuation of light
within the first 400 um of the bell near rhopalia canals (Figure 10A). In contrast, scalar irradiance was
slightly enhanced at 200 and 400 um in the anastomosing tissue, until a strong attenuation was observed

at 600 um depth (Figure 10B).

Chemical microenvironment

Oxygen depth profiles
The O, concentration depth profiles were measured in a Cassiopea sp. medusa (45 mm @) under a

saturating photon irradiance of 300 pmol photons m? s (Figure 11). The O, concentration increased
strongly in deeper parts of the bell tissue below 1 mm depth, rising from 315 (+ 21) to 445 (+ 40) umol O,
I at a depth of 3.7 mm. A maximal O, concentration was measured at 4 mm, reaching ~500 pmol O I

(not shown in figure).

Similarly, O, depth profiles were measured in darkness in 3 different medusae (38-67 mm @), with
either 0, 15, or 50 min of darkness prior to the profile (Figure 12). Profiles reveal high O, depletion in the
top 1 mm layer of the bell with increasing length of dark incubation, while measurements deeper into the

bell showed a less dramatic decrease of O, concentration in the mesoglea of the medusae.

Light-dependent oxygen dynamics
The O, dynamics measured approximately in the middle of the mesoglea between the sub- and

exumbrella epidermis showed a delayed response to changes in light in large individuals, while the
response in smaller medusae appeared immediately after a light-dark switch or vice versa (Figure 13). The
0O, concentration measured in 2 large and 3 small medusae showed that the O, content continued to
increase in the mesoglea of large medusae several minutes after light was turned off, indicative of
diffusive supply from the surrounding tissue with a higher symbiont density and/or photosynthetic activity

prior to onset of darkness (Figure 14).

Locally measured photosynthesis versus photon irradiance curves showed that photosynthesis
increased linearly with irradiance until saturation was approached at ~300 umol photons m=2 s (Figure

15). At saturating irradiance, net photosynthesis rates in bell tissue ranged from 0.08 umol O, I sin large
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individuals, to 0.18 umol O; I'* s1in small medusae. Similarly, the estimated gross photosynthesis was

roughly 2-fold higher in small medusae, at 0.26 pmol O; It s vs. 0.14 pmol O, I st in large medusae.

! in large medusae regardless of

Post-illumination respiration rates were 0.04-0.07 pmol O; It s
illumination, while post-illumination respiration in small medusae increased to a maximum of 0.18 umol
0; It s at maximum photon irradiance (580 umol photons m? st). The respiration at saturating photon

irradiance (300 umol photons m s) was 0.08 umol O, I'* stin tissue of small medusae.

Spatio-temporal dynamics of pH
pH depth profiles measured after a combined 15 minutes light, 15 minutes darkness incubation

showed that pH dropped rapidly to below ambient water pH at the bell tissue-water interface (0 um) in
both the large and small medusae (Figure 16). pH then increased rapidly again within the first 1000 um of
the bell tissue (to above ambient water pH), and kept increasing to a maximum depth of 4000 um to a
final pH of ~8.8 for both specimens. The pH dynamics over experimental light-dark shifts showed a similar
pattern to what was observed with O, dynamics: pH changed relatively quickly in the small medusa, while
a much longer delay (usually > 10 min after the light change) was observed with the large medusa (Figure

17).

Discussion

Cassiopea harbors optical microniches
Light availability in the host is a key factor for an efficient photosymbiosis. It hast been shown that

host morphology and tissue plasticity, host pigmentation, and symbiont density can modulate the
scattering and absorption of photons in tissue of reef building corals, creating optical microniches in a
colony (D’Angelo et al. 2008, Wangpraseurt et al. 2014b, 2019, Bollati et al. 2022); and we note that the
coral skeleton is also important for the coral light microenvironment (e.g. Enriquez et al. 2005, 2017). In
Cassiopea, we found distinct spatial heterogeneity over the surface tissue in various regions of an adult
medusa (Figure 8). Local photon scalar irradiance was highest near apical parts of the animal, while it
dropped by 30-80 % underneath the same anatomical structures (Figure 8A). The largest decrease was
observed between measurements on the subumbrella and exumbrella epidermis along the rhopalia canal,
which dropped by 80 % on the exumbrella side. Additionally, spatial heterogeneity was observed over the
subumbrella bell tissue, with rhopalia canals experiencing on average ~30 % higher photon flux compared

to the anastomosing tissue right next to it.

Depth profiles of spectral scalar irradiance measured in tissue close to rhopalia canals and in

anastomosing tissue showed that light scattered differently within the upper 600 um of the two regions
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(Figure 10). Profiles in anastomosing tissue showed small variations in spectral scalar irradiance measured
in the top 400 um of this region (Figure 10B). Such small variations indicate the presence of a dense
symbiont population spread out in the top 400 um of the mesoglea, between the subumbrella epidermis
and the gastric network (Estes et al. 2003). Similar studies on corals have shown that light can be scattered
by host tissue and symbionts in the surface layers, enhancing the chance of photon absorption
(Wangpraseurt et al. 2012, 20144, Jacques et al. 2019). In contrast, we observed a strong light attenuation
over the first 400 um of the tissue near rhopalia canals, with an initial enhancement of local scalar
irradiance that quickly attenuated to levels below what was observed at the same depth in anastomosing
tissue (Figure 10B). Cassiopea contain distinct white striated patterns in dense layers along the rhopalia
canals in the bell and under oral arms (see white patches in Figure 8B) (Bigelow 1900). While little is known
about host pigments in Cassiopea and other rhizostome jellyfish (Hamaguchi et al. 2021, Lawley et al.
2021), our reflection data (compare e.g. rhopalia canal with anastomosing tissue in Figure 9) suggests that
the white pigmented tissue can play a role in scattering and reflection of light in Cassiopea medusae,
similar to host pigments and the skeleton in reef building corals (Wangpraseurt et al. 2014a, Jacques et
al. 2019). More detailed analyses are required to understand the full potential of light-modulating host

pigments in Cassiopea, and how the holobiont might respond and grow under various light regimes.

Cassiopea harbors its photosymbionts in a buffered chemical microenvironment
We investigated the light-driven dynamics of O, and pH on the surface and inside the bell tissue of

Cassiopea medusae. Depth profiles of O, concentration measured at saturating irradiance showed the
presence of a diffusive boundary layer (DBL) over the bell tissue (Figure 12). In light, the O, concentration
increased towards the bell tissue-water interface and continued to increase as the sensor penetrated
deeper into the tissue and mesoglea (Figure 11). We measured to a maximum depth of 4 mm into the
mesoglea reaching an O, concentration of roughly 2-fold that of the surrounding seawater concentration.
A similar study, measuring O, in cut-off oral arms of Cassiopea sp., found that O, concentration was
highest near symbiont populations (i.e., near the epidermis), while it decreased to a more constant level
deeper into the oral arm mesoglea (Arossa et al. 2021). However, our measured depth profiles in bell
tissue did not show any indication that O, buildup would stagnate or decrease at this point, suggesting
even higher concentrations might be possible in the bell mesoglea relative to oral arms. Passive
accumulation of O has been reported in non-symbiotic jellyfish like Aurelia labiata (Thuesen et al. 2005),
which was found to build up O, in the mesoglea when in O»-rich water, indicating that the mesoglea can

act as a natural reservoir for O3 in jellyfish. However, similar to measurements in oral arms of Cassiopea
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sp. (Arossa et al. 2021), measured depth profiles of O, concentrations in non-symbiotic jellyfish like Aurelia
appear to have the highest O, concentration near the tissue-water interface, with a steady decline
towards the center of the bell (Thuesen et al. 2005). In contrast our measurements indicate that the
presence of photosynthetic endosymbionts harbored within amoebocytes in the mesoglea (Colley &
Trench 1985, Medina et al. 2021) leads to internal O, production and accumulation in deeper tissue layers

during photo periods (Kihl et al. 1995, Arossa et al. 2021).

The diffusion of O, through cnidarian tissue and mesoglea has received little attention, however,
Brafield and Chapman (1983) determined an O; diffusion coefficient of 7.69x10° cm? s’ (Fick’s law) in the
mesoglea of the sea anemone Calliactis sp. Such a low diffusion coefficient in the mesoglea (as compared
to seawater) will impede mass transfer, especially in cnidarians with a particularly thick mesoglea like
jellyfish and sea anemones, and is probably a key factor in the observed buffering of O, dynamics in the
Cassiopea sp. bell. We further investigated the dynamics of O, in darkness and found that the top 1 mm
layer of Cassiopea bell tissue turned from a net O, source into a sink (Figure 12). Measurements in the
DBL showed a switch from a net export from the tissue into the surrounding seawater to a diffusive import
of O, from the seawater within the first 15 min (compare DBLs in Figure 12). A more pronounced depletion
of O, was observed in the top 1 mm of the bell after 50 min darkness. The higher O, consumption near
the subumbrella epidermis probably reflects the presence of abundant musculature required for bell
pulsation and motility of jellyfish (Blanquet & Riordan 1981, Thuesen et al. 2005, Aljbour et al. 2017), as
well as the presence of a dense population of endosymbionts (Estes et al. 2003, Lampert 2016). Both have
previously been ascribed to heavy diel fluctuations of O, measured in Cassiopea oral arms (Arossa et al.
2021). However, the O, concentration remained high at depths deeper than 1 mm into the bell even after

50 min of darkness, reflecting a lower cell density and diffusive transport of O,.

In the present study, experimental light-dark shifts performed on intact small (< 5 cm) and large (>
6 cm) Cassiopea sp. showed that the O, concentration in small medusae with a (relatively) thin bell of 2
mm thickness changed almost immediately in response to light-dark shifts similar to observed O,
dynamics in corals and dissected oral arms of Cassiopea (Figure 13A) (Kihl et al. 1995, Arossa et al. 2021).
Unlike the fast response observed in small medusae, larger medusae with a thicker bell tissue showed a
much slower response of O, levels to changes in light (Figure 13B). In fact, detailed O, dynamics measured
in several large and small medusae revealed a consistent pattern where O, would continue to build up in
the thick mesoglea of larger medusae for a few minutes after onset of darkness (Figure 14). These

observations indicate that O, generated in other regions with higher photosynthetic activity due to higher
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light levels and/or higher symbiont density can diffuse into and accumulate in the mesoglea, from where
it is not efficiently exchanged with the surrounding water due to the relatively low O, diffusivity in

mesoglea (Brafield & Chapman 1983).

Furthermore, an inverse relationship between medusa size and photosynthetic rate have previously
been reported (Verde & McCloskey 1998). We observed a similar inverse relationship, with smaller
medusae on average reaching roughly 2-fold higher photosynthetic rates (net and gross) at photon
irradiances above 200 pmol photons m?2s? (Figure 15). Post-illumination respiration also increased in
small individuals, while larger medusae did not show changes to respiration after illumination. The
combined effect of the diffusive properties of mesoglea, the relative thickness of the mesoglea, and the
overall size of the animal might together explain why the O, dynamics is more pronounced in medusae
(and other cnidarians) with a thin mesoglea like in juvenile Cassiopea bell or oral arms, while the O,

dynamics in medusae with a thick mesoglea is much more buffered.

Consistent with the measured O, dynamics, we found that pH changes in the mesoglea were
affected by changes in light, because pH increases due to photosynthetic carbon fixation in the light and
decreases during darkness due to respiration (Figure 17). This relationship between photosynthesis,
respiration, and pH seems prevalent in symbiotic cnidaria (e.g. Kiihl et al. 1995, de Beer et al. 2000, Chan
et al. 2016, Klein et al. 2017a, Arossa et al. 2021), largely driven by the shifting equilibrium between
carbonate species (i.e., CO,, H,COs, HCO3", CO5*) and the balance between photosynthesis and respiration.
de Beer et al. (2000) found that pH in coral tissue followed the trend of O, during experimental light-dark
shifts but with a delayed response (seconds to minutes), and attributed the delay to hypothetic processes,
such as proton pumps and other similar cross-tissue transport, that would buffer pH in coral polyps
(Palmer & Van Eldik 1983). External buffering has also been reported in polyps of Cassiopea, where Klein
et al. (2017b) found that polyps retained their internal pH at ambient water pH during the night, and only
symbiotic polyps would increase their internal pH during photoperiods due to a shifting carbonate
equilibrium. We observed a similar, but much longer (>10 min) delay before a pH change was observed in
the mesoglea of large medusa after light-dark shifts (Figure 17B). While external buffering is likely to occur
in medusae of Cassiopea as well, the pH dynamics inside the mesoglea is probably more affected by
diffusive transport phenomena. Depth profiles done in both small and large medusae thus show that
within 15 min of darkness the top 1 mm of the bell tissue became more acidic relative to ambient water

pH (0.3-0.5 pH lower; Figure 16), while pH in deeper tissue layers (>1000 um into the bell) remained
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alkaline and above ambient water pH. This strongly suggest that the mesoglea has a buffering effect on

pH in the bell tissue of Cassiopea.

The buffering capacity of the mesoglea could be of benefit for both host and symbionts. A reservoir
of O, can e.g. act as a steady supply of O, to both host musculature, needed for bell pulsation, and to
symbionts during dark periods or exposure to hypoxia (Thuesen et al. 2005). Similarly, buffering pH could
lower the possibility of the holobiont experiencing cellular acidosis (Smith & Raven 1979, Gibbin et al.
2014) that would otherwise disrupt cell-function (Madshus 1988). Thus, symbionts harbored in
amoebocytes in the Cassiopea mesoglea may exist in a more stable ecological niche as compared to algae
in corals that are more prone to rapid chemical dynamics. We speculate that the buffering of the chemical
microenvironment in the mesoglea of Cassiopea, might also be reflected in the fact that Cassiopea
medusae generally seem to only engage with a specific type of Symbiodiniaceae. Indeed, specific strains
of Symbiodiniaceae have been speculated to be favored by different hosts in symbiotic cnidarians
(Schoenberg & Trench 1980, Biquand et al. 2017), including Cassiopea (Colley & Trench 1983, Fitt 1985).
While specificity is generally attributed to a combination of symbiont cell size and a hospitable host
microenvironment (Biquand et al. 2017), Fitt (1985) found a correlation between symbiont cell size and
respective photosynthesis and respiration rates, and proposed that only specific symbiont strains are able
to establish symbiosis due to metabolic rates matching the hosts specific microenvironment. As such, the
Cassiopea-Symbiodiniaceae symbiosis may be successful even in extreme environments as Cassiopea is
capable of maintaining less stress-tolerant species due to the buffering nature of the Cassiopea chemical

microenvironment.

Summary
In comparison to corals, Cassiopea shares similar optical properties to that of reef-building coral

tissue. Both macroscale host anatomy and microscale structures play a role in modulating the internal
light field experienced by the symbionts via light scattering. Precisely how these structures affect
symbiont photosynthesis remains to be explored further. Furthermore, our microsensor measurements
indicated a buffering of chemical dynamics in the thick mesoglea matrix of Cassiopea sp. medusae,
suggesting that the internal physico-chemical microenvironment of the holobiont remains more constant
when experiencing abrupt changes in light conditions. This is in strong contrast to the rapid dynamics seen
in coral tissue, which has a much thinner mesoglea and where the endosymbionts are found within
endoderm cells. We hypothesize that the stabilization of the internal host microenvironment can be

beneficial to the holobiont during unfavorable external environmental conditions such as hypoxia, where
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stored O, in the mesoglea might act as an important reserve for keeping internal homeostasis. This may
also be key to the apparent success of Cassiopea to invade and persist coastal tropical habitats with strong
environmental fluctuations, that often preclude coral colonization. However, further studies are required
to determine the effect of the buffering capacity of large individuals in combination with true

environmental stressors over short and long periods.
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Figure 8 | Normalized photon scalar irradiance (PAR, 400-700 nm) measured at (A) the manubrium center
(Man.), oral arms, rhopalia canals (Rhop. canal) and anastomosing tissue (Anas. tissue) on a single adult
medusa of Cassiopea. Bright colors indicate values measured above, and shaded colors the values below
the medusa. (B) Overview of the specimen with exemplary positions for measurements (white arrows).
Light intensities were mapped at the tissue-water interface (above and below the medusa) at respective
anatomical structures (n = 7-17) using a submersible spherical quantum sensor (see methods), and
normalized against the incident photon irradiance intensity measured at the same sensor positions without
the medusae above a black surface. Note, only one measurement was performed above the manubrium

center.
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Figure 9 | Spectral reflectance (in % of incident irradiance) (A) measurements, and integrated reflectance
(400-700 nm) (B) averaged for 4 AOIs depicting differing morphological tissue regions of one large
Cassiopea medusa. Data represent mean £SEM (n = 3 for each tissue type). For increased clarity standard
errors are not shown in panel A, but are reflected in the £SEM shown for integrated values in panel B.
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Figure 11 | Average of depth profiles of Oz concentration in Cassiopea tissue measured under a photon
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with 1 profile each.
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Figure 12 | Depth profiles of Oz concentration in bell tissue of 3 different Cassiopea specimens (38-67 mm
@) incubated in darkness for 0, 15, and 50 min, respectively (38, 67, and 63 mm @ individual, respectively),
prior to measurements. Zero depth indicates the tissue-water interface. Note differences in the x-axis
scales.
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Figure 13 | Oz dynamics at 1 mm depth into the bell of a small medusa (A) and 3 mm into the bell of a large
medusa (B) during light-dark shifts. Gray areas indicate dark shifts and white areas indicate photo periods
of increasing incident photon irradiance (400-700 nm) noted with numbers in units of umol photons m-2 s-1,
Note differences in x- and y-axes.

69



100 —|_arge medusae

e S all medusae

80

60

40

O, (% normalized)

20

Time (min)

Figure 14 | O2 dynamics measured in mid-bell mesoglea (roughly halfway deep in the bells) of large and
small medusae from onset of darkness at O min, after a previous illumination with an incident photon
irradiance (400-700 nm) of 580 pumol photons m-? s, Data is normalized against maximum oxygen
concentration measured in each medusa, and then averaged for large (n=2) and small (n=3) individuals
+SEM.
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Figure 16 | pH depth profiles measured in the bells of a small and large medusae. Both individuals were
kept under an incident photon irradiance (400-700 nm) of 580 umol photons m-2 s light for >15 minutes
and then in darkness for ~15 minutes before profiles were done.
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Figure 17 | pH dynamics measured with a pH microsensor positioned at a depth of 1.6 mm into the bell of
a small medusa (A) and 2 mm into the bell of a large medusa (B) during experimental light-dark shifts. Gray
areas indicate dark shifts and white areas indicate photo periods of increasing incident photon irradiance
(400-700 nm) noted with numbers in units of umol photons m-2 s'1. Note difference in x-axes.
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Chapter 3: Non-invasive imaging of Cassiopea and investigation of inherent
optical properties

I. Context
Chapter 3 presents a completed manuscript that is intended for submission to Journal of

Experimental Biology. In this chapter the Bauplan of Cassiopea medusa is investigated using non-invasive
optical coherence tomography, and the optical microniches observed in Cassiopea is put into context of

nutrient assimilation.
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collection. NHL, SM, MK, and AM analyzed the data. All authors contributed to writing of the manuscript.
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Abstract

The jellyfish Cassiopea rely on photosynthetic endosymbionts to provide inorganic carbon, but how
holobiont morphology and optical properties affect the light microclimate and photosynthesis in
symbiotic jellyfish remains largely unexplored. Here, we use optical coherence tomography (OCT) to study

Cassiopea medusa morphology at high spatial resolution on live specimens. We include detailed 3D
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reconstructions of external micromorphology, and show the spatial distribution of endosymbionts
clustered in amoebocytes and white granules in the bell tissue. Furthermore, we use OCT data to extract
inherent optical properties from light scattering white granules in Cassiopea and show that white granules
enhance local light availability for symbionts in close proximity. Individual granules had a scattering
coefficient of s = 200-300 cm™, and an anisotropy factor of g = 0.7, while large tissue regions filled with
white granules had a lower ps = 40-100 cm™, and g = 0.8-0.9. We combined OCT information with an
isotopic labelling experiment to investigate the effect of enhanced light availability in whitish tissue
regions. Algal symbionts located in whitish tissue exhibited significantly higher carbon fixation as
compared to symbionts in anastomosing tissue (i.e., tissue without light scattering white granules). Our
findings support previous suggestions that white granules in Cassiopea play an important role in the host

modulation of the light-microenvironment.

Keywords: Medusa, morphology, symbiosis, chlorophyll fluorescence, light scattering, optical properties

Introduction
Characterization of anatomical structures and morphology is important to understand the interplay

between host light-modulation and photosymbiont spatial organization in complex holobionts, such as
corals and other photosymbiotic cnidarians. External structures can be relatively easily identified using
macro- and microscopic imaging in the visible wavelength range on intact individuals with various levels
of preparation (Sivaguru et al. 2014, Shapiro et al. 2016). However, imaging deeper into tissue is
challenging with conventional and laser scanning microscopes, where the observational depth is typically
limited to a few hundred micrometers before absorption and scattering of light reduces image quality
substantially, and fluorescent labelling of structures is often necessary to achieve sufficient contrast (Salih
2012). Invasive tissue clearing of fixed specimens can enhance light penetration for 3D reconstruction of
intact whole organisms (Dekkers et al. 2019). However, serial sectioning in combination with light or
electron microscopy is often necessary to obtain a combination of macrostructural observations and
detailed information of internal organization (Colley & Trench 1985). This is both destructive and slow,
and involves tissue sample preparation steps that can create artefacts in tissue organization (Huebinger

et al. 2018, Loussert-Fonta et al. 2020).

In this context, optical coherence tomography (OCT) (Huang et al. 1991, Schmitt 1999, Fercher et
al. 2003), which enables non-invasive in vivo imaging of live specimens using near infrared (NIR)
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wavelengths, presents an attractive alternative imaging modality. OCT allows for high-resolution
tomographic scanning of tissue in real time, and enables 3D reconstruction of large samples with a
potential depth of penetration of several millimeters depending on the scattering properties of the sample
(Schmitt 1999, Wangpraseurt et al. 2017b). Previous studies have utilized OCT for visualizing and
quantifying structural characteristics such as surface area, volume and porosity in biofilms (Wagner et al.
2010, Depetris et al. 2021), terrestrial plants (Hettinger et al. 2000), and marine invertebrates (Speiser et

al. 2016), including scleractinian corals (Wangpraseurt et al. 2017b, 2019).

The OCT measuring principle is analogous to ultrasound imaging and is based on the detection of
directly backscattered light from refractive index mismatches in a sample, measured as the echo time
delay and intensity of directly backscattered light from internal microstructures in materials or tissues
(Fujimoto et al. 2000). OCT imaging uses low coherent NIR light to generate tomographic data composed
of axial point measurements (A-scan) that are used to generate two-dimensional cross-sectional images
(B-scan) or three-dimensional data cubes (C-scan) of backscattered photons using interferometry. Besides
providing structural information from tomographic measurements of relative backscatter intensity, OCT
systems can also be calibrated for absolute measurements of reflectivity. In combination with a
theoretical bio-optical model based on an inverse Monte Carlo method (Levitz et al. 2010), calibrated OCT
datasets can be used to extract optical properties, i.e., the scattering coefficient, us (mm™) and anisotropy
of scattering, g (where g = 1 indicates completely forward scattered, and g = O indicates isotropic
scattering) from a sample. More details on the basic principle of OCT can be found elsewhere (Huang et
al. 1991, Schmitt 1999, Fercher et al. 2003). Furthermore, we note that OCT can also be combined with
spectroscopic measurements to obtain a wider range of optical parameters and higher spatial resolution

(Spicer et al. 2019).

The optical properties in corals have received increased attention over the last decade, and both
coral tissue and skeleton have been found to exhibit strong light scattering properties (Enriquez et al.
2005, 2017, Wangpraseurt et al. 2012, 2014a, Lyndby et al. 2016, Spicer et al. 2019). Host-produced
fluorescent pigments (FPs) in particular enable cnidarians to enhance scattering of incident light in the
tissue, and the backscatter of light from the coral calcium carbonate skeleton further enhances light
capture and photosynthesis by the endosymbiotic dinoflagellate algae (Enriquez et al. 2005, Teran et al.
2010, Marcelino et al. 2013, Wangpraseurt et al. 2014a, 2017a, Swain et al. 2016, Lyndby et al. 2016).
Wangpraseurt et al. (2017b) used OCT imaging for real-time quantification of tissue movement in coral

polyps, providing insights into symbiont and FP movement and density. They demonstrated how optical
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properties not only differ between tissue regions, but that tissue movement can lead to dynamic
modifications of local optical properties of the coral tissue, potentially enhancing or reducing photon
absorption (Wangpraseurt et al. 2019). However, we are not aware of such use of OCT for investigating

other cnidarians.

The so-called up-side-down jellyfish Cassiopea is currently promoted as an important model system
for cnidarian photo-symbiosis (Ohdera et al. 2018, Medina et al. 2021). Cassiopea hosts photosynthetic
algae belonging to the same dinoflagellate family (Symbiodiniaceae) as symbionts in scleractinian corals
(Lampert 2016). Adult Cassiopea medusa live mostly in shallow benthic environments, where they
position themselves up-side down on the sediment basking in the sun to expose their photosynthesizing
algae that supplement the carbon demand of the heterotrophic host with autotrophically acquired carbon
(Welsh et al. 2009, Freeman et al. 2016, Lyndby et al. 2020b). The symbiont algae are found concentrated
in the host tissue on the oral side of the bell and in oral arms of the medusa (Colley & Trench 1985, Estes
et al. 2003). Cassiopea exhibit a range of colors from purple-blue to reddish (Lampert et al. 2012, Lampert
2016) but most commonly have a blue pigmentation associated with the bell disc and oral vesicles
(Blanquet & Phelan 1987), which was recently identified as Rhizostomins (Lawley et al. 2021). Another
common trait of adult Cassiopea is the whitish appearance of certain tissue regions containing granules,
which is most pronounced in the oral arms and stretches radially from manubrium to the bell margin and
rhopalia (Bigelow 1900). The function of the white granules in Cassiopea is still unknown, but it has been
suggested to play a role in the mitigation of photodamage and enhancement of photosynthesis (Blanquet
& Phelan 1987, Phelan et al. 2006), where the white granules and colored pigments in Cassiopea might

serve similar functions to that of the skeleton and host pigments in corals.

Here, we used non-invasive OCT imaging to i) visualize the structure of live Cassiopea sp. medusae,
and ii) provide details of specific anatomical features in intact, living specimens as well as cut-out samples
from living specimens. We identified two highly heterogeneous tissue regions in the bell, namely the
rhopalia canals with white granules and the anastomosing tissue primarily containing clusters of
symbionts. Optical properties were extracted from these regions using the OCT data, and a labelling
experiment using stable isotopes of 3C-bicarbonate and >N-ammonium was conducted to test if the
different optical properties altered photosynthetic performance of symbionts found in the two tissue

regions.
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Methods

Cassiopea husbandry and preparation
Cassiopea sp. medusae acquired from Delong Marinelife (Netherlands) were cultivated at the

Marine Biology Section (MBS), University of Copenhagen (Helsinggr, Denmark) in a 50 L aquarium.
Medusae were fed 5 times per week with recently hatched Artemia nauplii, and supplemented with AF
Amino Mix (Aquaforest) 2-3 times per week. Medusae were kept at 25 °Cin artificial seawater (ASW) with
a salinity of 35 ppt and a pH of 8.2. Water was recycled inside the tank using a small internal filter, as well
as UV light filtration. lllumination was maintained with a programmable LED aquarium lamp (Triton R2,
Pacific Sun) running a 12/12-hour day/night cycle with a downwelling photon irradiance (400-700 nm) of
350 umol photons m2s?, as measured just above the water surface using a calibrated spectroradiometer
(MSC-15, GigaHertz-Optik). We used Cassiopea medusae in a size range from 7 mm up to several cm in

diameter to scan the internal and external anatomy of the Cassiopea medusa life stage.

Optical Coherence Tomography
We used a spectral domain OCT imaging system (Ganymede Il, Thorlabs GmbH) comprised of a base

unit with a non-coherent NIR light source (930nm; GAN611) and a scanning system (OCTG9) fitted with
either the OCT-LK3-BB lens kit (field of view 10x10 mm, lateral resolution 8 um, effective focal length 36
mm) for complete medusa scans, or an OCT-LK2-BB kit (field of view 6x6 mm, lateral resolution 4 pum,
effective focal length 18 mm) for closeup scans with a higher resolution. The axial resolution was 5.8 um.
For imaging, animals and cut-out tissue samples were kept in a small petri dish submerged in either
filtered ASW or 100 % glycerol, typically with a distance of 4 mm between the liquid and tissue surface.
Prior to the OCT imaging, animals were anaesthetized with MgCl, (50 % w/v in ASW) that was added
dropwise to the petri dish until the individual stopped pulsing. Cut-out tissue, if not stable in a favorable
orientation relative to the OCT system, was fixed with hypodermic needles onto a cork surface covered

with dark-cloth to reduce light reflection.

Extraction of optical parameters using OCT
Optical properties like the scattering coefficient ps [cm™] and the anisotropy of scattering g can be

estimated from OCT scans of biological tissues using theoretical models of light propagation based on the
inverse Monte Carlo method (Levitz et al. 2004, Thrane et al. 2005). A more detailed description of optical
parameter extraction from OCT scans of tissue can be found elsewhere (Fercher et al. 2003, Wangpraseurt

et al. 2019).
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Briefly, OCT B-scans were acquired with a resolution of 581x1024 pixels, over a fixed depth interval
of 2.8 mm, and variable distance in the X-plane. The setup was optimized to yield the highest signal at a
fixed distance of 0.4 mm from the top of the scan. The OCT reflectivity (R) was calibrated before
measurements using homemade reflectance standards with an immersion oil-glass, a water-glass, and an

air-glass interface. R values from the standards were determined using Fresnel’s equation:

2
. — (P12

Eq. 1: R= (n1+n2)

using the refractive index (n) for air (1), water (1.33), immersion oil (1.46), and quartz glass (1.52). The

OCT signal (in decibel, dB), from the samples, was then converted to the depth-dependent R via a linear

fit of logi0(R) versus OCT intensity values (see Wangpraseurt et al. 2019 for details).

Calibration of the focus function of the objective lens was performed by measuring the OCT signal
fall off, in steps of 0.1 mm, from either side of the focal plane (z =0.4 mm) to z = 0 and 0.8, respectively.
The signal loss from the focal plane follows an exponential decay function. The determined R values from
the sample scans were corrected by dividing with the exponential fit. Then the corrected R values were

plotted against sample depth (z, distance from focal volume) and fitted to the exponential decay function:

Eq. 2: R(z) =p x e™™2
where p (dimensionless) is the light intensity and p is the signal attenuation (cm™) from the focal volume.
The fit was considered satisfactory if R > 0.5. The first few pixels from each scan were excluded due to

high reflectivity at interface, arising from the refractive index mismatch between the water and epidermis.

Using the grid method (Levitz et al. 2010), values of p and p were matched to g and s based on the
theory described in other previous studies (Samatham et al. 2008, Wangpraseurt et al. 2019). It was
assumed that the Cassiopea tissue absorption at 930 nm was negligible and the absorption was dominated
by water (4. — 0.43 cm™?). The effective numerical aperture (NA) was 0.11. The refractive index of the

tissue was estimated to be 1.473 (see results and discussion).

The targeted areas for extraction of optical properties in Cassiopea tissue were i) bell tissue with
white granules (along rhopalia canals), and ii) symbiont clusters in anastomosing tissue. Scans in ASW
were done on intact tissue and tissue, where the epidermis was removed by gently peeling the epidermis

from the underlying bell using tweezers.
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Raw OCT files, and selected animated figures, for figures 1-6 can be found in the supplementary

information.

Variable chlorophyll fluorescence imaging
The absorptivity and PSII quantum yield in the exposed bell tissue areas on each medusae were

imaged with a variable chlorophyll fluorescence imaging system using blue LED’s (I-PAM, IMAG MIN/B,
Walz; (Ralph et al. 2005) providing weak, non-actinic measuring light pulses, strong saturating light pulses,
as well as actinic light levels of known photon irradiance. All measurements of variable chlorophyll

fluorescence were performed, and AOIs drawn, by using the software ImagingWin (v2.41a, Walz).

For this, medusae were individually dark acclimated for 15 minutes in a petri dish filled with ASW.
During dark acclimation, the absorptivity was measured. The maximal PSIl quantum yield (Fv/Fm) was
then measured by applying a strong saturation pulse (>3000 pmol photons m2 s for 0.8 s). Rapid light
curves (RLCs), i.e., relative PSII electron transport as a function of photon irradiance, were subsequently
measured by measuring the effective PSIl quantum yield, Y(Il), and the relative electron transport rate,
rETR (= Y(ll) x PAR), at a range of increasing photon irradiance levels of photosynthetically active radiation,

PAR (400-700 nm; 0-700 umol photons m2 s%).

The surface areas of 6 areas of interest (AOI) on the exposed bell of each medusae were estimated
with the built-in analysis function using the ImagingWin software. Pixels were converted to an estimated

surface area:

Eg. 3: P x 0.0025 = A mm?

where P is the number of pixels in a given AOI, 0.0025 is the estimated conversion factor from the
software, and A is the final area in mm2. The AOIs were chosen based on visible white granules along

rhopalia canals and the anastomosing tissue connecting the canals.

Isotopic pulse labelling experiment

Experimental setup
A tank with ~10 L of deionized water was placed on top of 3 magnet stirrers (RCT basic, IKA GmbH).

A heater and a small water pump were fitted in the bath to keep water homogenously at 25 (+0.5) °C. A
white LED lamp (KL2500 LED; Schott AG) equipped with 3-furcated fiber guide was used for homogenous
illumination over each magnet stirrer. Each fiber guide was fitted with a collimating lens, and light was
adjusted to an incident photon irradiance of 350 pumol photons m2 s (400-700 nm), as measured with a
calibrated spectroradiometer (MSC-15, GigaHertz Optik). The photon irradiance was chosen based on the
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average RLCs (Figure 26c¢), where all individuals showed light saturation above 500 pmol photons m2 s,
Isotopic labelling was done in 100 mL plastic beakers placed in the thermal bath and fitted with a magnet

bar, as well as a mesh at the bottom to separate medusae from the rotating magnet (200 RPM).

Water preparation and pulse labelling
Prior to the labelling experiment, 1 L of isotopically enriched ASW was prepared: Filtered ASW (35

ppt, 8.2 pH; 0.2 um, Millipore) was stripped of dissolved inorganic carbon by lowering pH to < 3 with 1M
HCI, and was then flushed with atmospheric air over night. The ASW was then enriched with 3mM
NaH3CO0s (99 atom%, Sigma Aldrich), brought back up to experimental pH (8.2) with 1M NaOH, and 3uM
>NH4CI (99 atom%, Sigma Aldrich) was added. The mix was left to equilibrate with the experimental

temperature of the thermal bath (25 °C) before pulse labeling began.

Three Cassiopea medusae of roughly 3.5-4 cm in diameter were chosen for the labelling
experiment. For each medusa; 3-4 oral arms were removed using a tweezer and razor blade in order to
expose one half of the medusa bell surface area. Medusae were subjected to 6 hours of pulse labeling in
80 mL of isotopically enriched ASW, with a change of isotopically enriched ASW every 2 hours. At the end
of pulse labelling, one quarter of the bell from each medusae was chemically fixed in 10 mL of 2.5 % [v/v]
glutaraldehyde (Electron Microscopy Sciences), 4 % [v/v] paraformaldehyde (Electron Microscopy
Sciences), and 0.6 M sucrose (Sigma-Aldrich) mixed in 0.1 M Sérensen phosphate buffer. Chemically fixed
Cassiopea samples were kept at room temperature for 2 hours and then stored at 4 °C in fixative until

further processing.

Histological sectioning for NanoSIMS analyses
A detailed description of sample preparations can be found in (Lyndby et al. 2020b). Briefly,

isotopically labelled animals had a piece of the bell cut out including both anastomosing tissue and the
rhopalia canal with visible white granules. The cut-out pieces were divided into the two respective tissue
regions, and a smaller piece roughly halfway between manubrium and margin was extracted and
embedded in Spurr’s resin. Semi-thin histological sections with a thickness of 200 nm were then cut with
a Ultracut S microtome (Leica Microsystems), placed on glass slips and gold coated with a layer of 12.5

nm gold (Leica EM SCDO050, Leica Camera AG) for NanoSIMS imaging.

NanoSIMS image acquisition
Isotopic imaging of semi-thin histological sections was performed with a NanoSIMS 50L instrument

(Hoppe et al. 2013). Images (40x40 um, 256x256 pixels, 5000 ps/pixel, 5 layers) were obtained with a 16

KeV Cs* primary ion beam focused to a spot-size of about 120 nm (with a beam current of 2.2 pA).
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Secondary ions (}2Cy, 3C12C, 2C1*N-, and 2C'*N") were counted in individual electron-multiplier detectors
at a mass resolution of about 9000 (Cameca definition), sufficient to resolve all potential interferences in
the mass spectrum (Lechene et al. 2006, Clode et al. 2007, Pernice et al. 2015, Gibbin et al. 2018, Nufiez
et al. 2018).

Isotopic images were analyzed using the software L'IMAGE developed by Dr. Larry Nittler. Contours
were drawn in each image around the epidermis as well as around individual amoebocytes and
dinoflagellate cells. The epidermis in each NanoSIMS image was treated as a single region of interest (ROI;
n = 1). Similarly, amoebocytes were treated as one ROl per image unless their cell clusters were clearly
separated. Due to low amounts of symbionts in the exumbrella tissue, NanoSIMS analyses only include
subumbrella tissue. Drift-corrected maps of *C- and >N-enrichment were obtained from the count ratios

13¢12C-/12C, and PN2C/¥N®2C, respectively. Measured enrichments were expressed in delta notation:

Eq. 4: 8§13C (%o) = (‘;—h;‘ — 1) x 1000
contro

Eq. 5: 815N (%o) = (‘;—hl“ ~ 1) x 1000
contro

where Renriched aNd Reontrol are the count ratios of an enriched sample and a control (i.e., unlabeled) sample,

respectively. Total numbers of technical replicates (ROIs) are provided in Supplementary table 1.

Symbiont density estimation
The density of symbionts was estimated from bell tissue corresponding roughly to AOIls drawn in

ImagingWin (Walz GmbH). For each cut-out section, the subumbrella epidermis was carefully peeled off
using a pair of tweezers, leaving the thick mesoglea (bulk mass of the bell) with the ex-umbrella epidermis
still attached; simply referred to as “mesoglea” from this point. The subumbrella epidermis and the
mesoglea were analyzed separately by homogenizing the tissue in 1.5 mL of filtered (0.45 pum) ASW using
a T10 Standard Ultra Turrax handmixer (IKA) until samples were completely homogenized. Then 1 mL of
the tissue slurry was transferred to a Sedgewick-rafter cell S52 (Pyser-SGl), and dinoflagellate cells were
counted in 10 random squares on a microscope (AxioStar Plus, Zeiss). A total of 3 biological individuals
were used, each of which 6 tissue regions were extracted (3 rhopalia canals and 3 anastomosing tissue

regions).

Statistical analyses
We used R (version 4.0.5) with the packages nlme (version 3.1-157) to perform statistical analyses.

Linear mixed model (LMM) analyses were used to test the relationship between isotopic enrichment in
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Cassiopea holobiont compartments in 2 bell tissue regions (near rhopalia canals and in anastomosing
tissue) taking into account the biological replicate as a random factor. 3C enrichment data for
amoebocytes, and °N enrichment data for symbionts and host epidermis were square root transformed

to achieve normality.

Results and Discussion

Imaging Cassiopea morphology
Due to the near-neutral buoyancy of Cassiopea jellyfish, even small vibrations during OCT imaging

can cause the sample to move, creating distortion in the scans. Scanning speed and reference light
intensity was thus adjusted to achieve a relative short scan-duration without sacrificing signal intensity.
The field of view (FOV 7x7x2.8 mm; X-Y-Z) was adjusted to exactly cover the animal diameter, and the
number of pixels in each direction was kept to a minimum (350x350x1024 pixel; X-Y-Z) (Figure 18a). The
scan pattern resulted in a voxel size of 20x20x2.74 um (X-Y-Z). Given that the average diameter of
dinoflagellate symbionts found in Cassiopea are typically around 10 um (Fitt 1985, Biquand et al. 2017),
this voxel size provided sufficient resolution to identify symbiont clusters in form of amoebocytes (that
typically host >10 cells per unit, e.g., Lyndby et al. 2020b), even from complete specimen scans (Figure

18b).
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Figure 18 | (a) 3D scan (C-scan) of an entire juvenile Cassiopea sp. medusa, using a FOV of 7x7x2.8 mm
(X-Y-2Z), a resolution of 350x350x1024 pixels, giving a voxel size of 20x20x2.74 um. Rhopalia can be seen
along the bell rim (purple arrows), and first oral arm bifurcation (black arrow) and an oral grove (white
dashed circle) are clearly visible on the oral arms. (b) Tomographic cross section (B-scan) in the XZ plane
through the bell, revealing the in vivo distribution of dense symbiont clusters underneath the subumbrella
epidermis and diffusely spread deeper in the bell (white arrows), and large patches of white granules (purple
dashed circles) underneath epidermis. A faint line of the exumbrella epidermis is visible at the bottom (green
arrow). (c) Overview photo of the animal under OCT observation, the dashed white line indicates the B-
scan presented in (b). Scale bar represents 1 mm. An animated 3D representation and the raw OCT file
can be found in the supplementary information.

Externally, rhopalia were visible along the bell margin, and the first oral arm bifurcation and groves
were clearly visible. Individual arms showed signs of vesicles forming apically, while digitata were not yet
present (Muffett et al. 2022, e.g. Jordano et al. 2022) (Figure 18a). The bell-disk surface is not perfectly
flat, but appears ridged in a radial pattern, possibly due to the musculature lining the subumbrella
epidermis (Blanquet & Riordan 1981). Shading is apparent from oral arms and the marginal lobe reaching
in over the bell disc, and the OCT generally did not manage to penetrate through the entire animal system
from sub- to exumbrella epidermis due to multiple scattering effects degrading the contrast with depth.

Internally, symbiont clusters and white granules were found in high densities near the subumbrella
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epidermis (e.g., Estes et al. 2003, Lyndby et al. 2020b), and white granules can be seen extending further

down into the exumbrella mesoglea along rhopalia canals (Figure 18b).

Changing to a higher magnification objective, we could zoom in on the above-mentioned structures
to reveal more details, while also gaining more non-invasive information on the internal tissue
organization of Cassiopea. We used both intact animals and cut-out tissue regions from multiple

specimens of various sizes to scan a broad range of anatomical structures at different growth stages.

Rhopalia are specialized eyespots in Medusozoa that allow medusa to detect light and orientate
themselves in the water column (Martin 2002, Kayal et al. 2018). Cassiopea have on average 16 rhopalia
distributed along the bell margin (Bigelow 1900). Closeup scans with OCT showed that these eyespots are
well nested between two marginal lappets along the rim (Figure 19a-c). Rhopalia canals are major canals
of the gastric network extending from the center of the bell, out towards the rhopalia (Bigelow 1900)
(Figure 19d, e). Cross sectional scans near one of the rhopalia showed that these major canals fork into

two canals, each reaching out into a marginal lappet around the rhopalia (Figure 19d, e).
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Figure 19 | Rhopalia, the eyespots of Cassiopea medusae of ~4 cm (a) and ~1 cm (c) in diameter. (b) The
rhopalia were highly scattering of NIR light and appear almost solid (white arrow). (d) The rhopalia canal
can be observed running out to the base of the rhopalia (purple dashed circles), before splitting into two
canals that reach out into the marginal lappets on each side of the rhopalia (e). Throughout the scans,
clusters of symbionts and white granules were diffusely spread out in the bell margin and marginal lappets
along the rhopalia canal and into the bell margin. Scale bars represent 200 pm in panel b, and 100 pm in
d-e. High resolution scans were performed with the LSMO02 objective mounted on the OCT system.

Oral arms are highly branched at the center of the bell (Figure 20a). They typically occur in 4 pairs
in Cassiopea, and each arm harbors secondary mouths and vesicular appendages. Vesicular appendages
could be seen containing clusters of cassiosomes ready for deployment to catch prey (Ames et al. 2020)
(Figure 20b). Cassiosomes are snared off from the vesicular epidermis in amorphous ‘popcorn’ shaped
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tissue balls, with newly developing cassiosomes being formed underneath fully developed ones (Ames et
al. 2020). However, it was not possible to confidently discern individual cassiosomes underneath the
surface of the cluster, possibly due to the accumulated layers of dermis from each individual cassiosome,

greatly lowering scan penetration depth (Figure 20b).

Figure 20 | (a) Oral arm with oral groove (purple dashed circle; ~10 mm in diameter). Sectional scans of
the arm showed that the oral groove extended into the arm and further into the manubrium (not shown
here). Oral vesicles (white arrow) were found apically on the arm, along with secondary mouths covered in
frigid digitata (blue arrow). (b) closeup of vesicle with a developing cluster of cassiosomes (red dashed
circle). Scale bars in mm.

Improving depth penetration
During our OCT imaging work, we identified several factors that decreased the signal penetration.

Host epidermal tissue, symbionts, and white granules all greatly scattered the NIR light from the OCT light
source. To reduce the OCT signal loss at the upper tissue interface, we matched the refractive index of
the surrounding medium to the epidermis in Cassiopea. Glycerol has a refractive index of 1.473, and
submerging a piece of tissue in pure glycerol demonstrated that the Cassiopea epidermis has a very similar
refractive index, thus improving OCT imaging (Figure 21a). Sectional scans of a vesicular lappet clearly
showed the entire structure, and revealed a cavity in the center of the lappet (Figure 21b). Contrary to
tissue scanned in water, where the endodermis/gastrodermis appeared thin or transparent, the
endodermis of the lappet cavity appeared much clearer due to less backscattering in the epidermis.
Individual symbiont clusters also became more distinctly visible throughout the lappet system when

imaged in pure glycerol (Figure 21).
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Figure 21 | (a) Overview of an intact vesicular lappet submerged in pure glycerol. The refractive index of
glycerol and Cassiopea epidermis match closely, making the epidermis near-invisible and revealing
underlying dispersed clusters of symbionts in the mesoglea. (b) Cross-sectional scan of the lappet. The
epidermis was still faintly visible (white arrow). The endodermis (purple arrow) was much more distinct
compared with images in water, due to the refractive mismatch between the endodermis and mesoglea in
the lappet. The lappet clearly exhibits a closed cavity that does not extend back into the oral arm. What this
cavity consists of, or if symbionts are present inside, remains to be studied in further detail. Scale bar
represents 500 pum.

While pure glycerol matches the refractive index of the epidermis well, the high viscosity of glycerol
makes it difficult to image larger samples, and submerging intact medusae in glycerol did not improve
depth penetration due to water and mucus sticking to the surface of the animal, which resulted in lower

signal penetration and contrast.

To explore the deeper layers of the bell, we cut a piece of bell from a medusa and then carefully
removed the subumbrella epidermis and mesoglea using a pair of fine tweezers. Removing the
subumbrella epidermis greatly improved the OCT depth penetration, because the symbiont cell clusters
and the epidermis were the main sources of light scattering in these anatomical structures (Figure 22a).
When the tissue was cut, grabbing and ripping off the subumbrella epidermis proved easy, and even kept
parts of the exumbrella gastrodermis from radial canals still visibly attached to the exumbrella mesoglea

(Figure 22b).
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Figure 22 | (a) OCT scan of bell tissue with part of the subumbrella epidermis and mesoglea removed (right
side of dashed line), improving scan penetration depth and clarity in this area. (b) Overview of bell tissue
with subumbrella layer removed. The remaining gastrodermis from the radial canals was still attached to
the exumbrella mesoglea showing how these canals branch out over the entire bell. A dense carpet of white
granules was found in the exumbrella mesoglea underneath radial canals. Scale bars in mm.

Removing the subumbrella epidermis greatly improved visibility of symbiont clusters and white
granules present in the exumbrella mesoglea. A side-by-side comparison of the exumbrella mesoglea,
with half the scan covering the rhopalia canal full of white granules, and the other half covering
anastomosing tissue only with symbiont clusters, revealed a major heterogeneity in the structure and

content of the two tissue areas (Figure 23).
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Figure 23 | (a) 3D scan of a rhopalia canal with the subumbrella layer removed, revealing the density of
symbiont clusters in anastomosing tissue (left side) vs. white granules (right side). (b) A sectional scan
showing that white granules appear much denser than symbiont clusters. White granules were mainly
spherical in shape (up to 80 um in diameter), and appeared to be solid particles as judged from the OCT
signal. (c) closeup-scan of symbiont clusters. (d) closeup-scan of white granules. Due to the density of
granules it was not possible to discern symbiont clusters in this tissue region. Scale bars in panel a, ¢, and
d in mm. Scale bar in panel b represent 200 um. An animated 3D representation of panel a can be found
in the supplementary information.

High-resolution scans
High-resolution scans with a voxel size of 0.5x0.5 (Figure 23c) or 1.0x1.0 um area (Figure 23d), and

2.7 um in height, were used for detailed scans of the spatial distribution of symbiont clusters and white
granules. White granules were found in high density along the rhopalia canal, and appearing to be ‘solid’

spheres of roughly 80 um in diameter (Figure 23b). Symbiont clusters were also found in surprisingly high
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density in the exumbrella epidermis, although more diffusely spread out compared to the white granules.
Symbionts appeared to be positioned in elongated clusters, stretching up to 80 um across. Given that the
average size of Symbiodinium cells in hospite with Cassiopea are normally around 10 um in diameter (Fitt
1985, Biquand et al. 2017), this indicates that amoebocytes can harbor more than 10 symbionts depending
on clustering, as previously estimated (Lyndby et al. 2020b). Due to the high density of white granules
near rhopalia canals, clusters of symbionts were hard to detect or distinguish from the granules in this
region (Figure 23d). However, symbiont densities quantified from the two regions by cell counting were
found to be equally distributed between the anastomosing- and rhopalia canal tissue (Figure 24a). We
also found that the symbiont populations were more than 3-fold higher in the subumbrella side relative
to the exumbrella side (Figure 24b). The data is in agreement with the larger OCT scans of intact tissue,
which showed that symbiont population was much denser near the subumbrella epidermis compared to

the rest of the Cassiopea medusa (Figure 18b).
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Figure 24 | (a) Symbiont densities in anastomosing tissue and rhopalia canals averaged over the entire
depth of the bell. (b) Symbiont densities observed within the anastomosing tissue and rhopalia canals but
distinguishing between the subumbrella and exumbrella side of the endodermis. Densities were averaged
against the estimated surface area of tissue cut-outs (see methods). Data show means +SE (n = 3 biological
replicates).

Optical properties of Cassiopea bell tissue
Studies of the optical properties of cnidarian tissue is an expanding field, yielding important

information about how host tissue and symbionts modulate and interact with their light environment.

Such information is also important for the development of models that simulate radiative transfer e.g. in
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corals (e.g. Taylor Parkins et al. 2021). While the function of the white granules in Cassiopea remains
unknown, other pigments in Cassiopea have been speculated to be either photoprotective or photo-
enhancing (Blanquet & Phelan 1987, Phelan et al. 2006), similar to host pigments found in corals (Salih et
al. 2000, e.g. Lyndby et al. 2016). The high density of the heterogeneously distributed light scattering
white granules in the bell and oral arms suggests that the light microenvironment could be greatly altered
in these tissue regions relative to tissue with no white granules. We estimated the optical properties of
Cassiopea bell tissue with light scattering white granules using optical parameter extraction from OCT

scans (Wangpraseurt et al. 2019).
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Figure 25 | The optical properties, i.e., scattering coefficient (us), and anisotropy of scattering (g), extracted
from OCT scans of narrow regions targeting individual white granules (full circles) or large areas comprising
of multiple granules (width of 10-20 granules per region; open circles) in rhopalia canal tissue with epidermis
removed.

The optical properties of tissue with white granules near the rhopalia canals were vastly different
from the anastomosing tissue (Figure 25). The scattering coefficient of tissue with white granules were
estimated to be ps = 200-300 cm™, and with an anisotropy factor of g = 0.7 for individual white granules
(i.e., analyses targeting narrow regions with individual granules; Supplementary figure 1a). Estimates from

larger areas of tissue (i.e., analyses averaged over large areas, comprising multiple granules with a width
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of 10-20 granules; Supplementary figure 1b) indicated that g increased to 0.8-0.9 and the scattering
coefficient dropped to ps = 40-100 cm™. This suggests that the arrangement of light scattering white
granules in the tissue increases both the photon residence time and depth penetration, thereby enhancing
the chance of absorption by symbionts near white granules, similar to reflective (and fluorescent) host

pigments in corals (Lyndby et al. 2016, Wangpraseurt et al. 2019).

It was not possible to determine the optical properties of symbiont clusters in anastomosing tissue.
Symbiont densities in the exumbrella mesoglea were on average 3-fold lower than in the subumbrella,
with few clusters that were diffusely spread in the mesoglea, as judged from B-scans of this tissue region
(Figure 23b, c). This prevented the extraction of meaningful optical properties and indicates that light
travels through the exumbrella mesoglea in anastomosing tissue relatively unhindered. These differences
suggest that symbionts in mesoglea with white granules might be more light-exposed based on an

increased light scattering in this region, as compared to other tissue regions.

Photosynthetic performance in different Cassiopea tissue compartments
Given that the optical properties of light scattering white granules can drastically alter the local light

microenvironment, a 6-hour isotopic labelling experiment was conducted in combination with NanoSIMS
isotopic analyses (Pernice et al. 2012, Kopp et al. 2015, Krueger et al. 2017, Lyndby et al. 2020b). We used
13C-bicarbonate and *N-ammonium incubations to investigate if carbon and nitrogen assimilation rates
differed between symbiont algae in the subumbrella anastomosing tissue and rhopalia canals, and
combined it with variable chlorophyll fluorescence imaging to investigate the photosynthetic

performance and carbon assimilation of symbionts in the two tissue regions.

PAM chlorophyll fluorescence imaging showed no differences in Fv/Fm between symbionts found
along rhopalia canals vs. anastomosing tissue in intact bell tissue (Figure 26a), and the effective quantum
yield was also similar for the two regions, as measured with RLCs (Figure 26b). However, removing the
subumbrella layer, and running RLCs on the sub- and exumbrella layers side-by-side showed that
symbionts deeper in the bell had a drastically lower threshold for light saturation, and rETR saturated
already around 100-200 umol photons m2 s (Figure 26d), relative to the 400-500 pmol photons m2 s
for symbionts in the subumbrella layer (Figure 26c, d). This stark contrast indicates that symbionts in the
exumbrella epidermis are acclimated to lower light levels, suggesting that most light is absorbed at the

subumbrella epidermis directly, or is backscattered by the white granules.
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Figure 26 | Variable chlorophyll fluorescence imaging of anastomosing tissue and rhopalia canals. (a)
Maximum quantum vyield (Fv/Fm) after 15 min dark adaptation, (b) effective PSII quantum yield [Y(ID], (c)
relative electron transport rate (rETR) of intact medusae, and (d) rETR measured on cut-out bell tissue
(from different medusae) with subumbrella and exumbrella sides separated as a function of incident photon
irradiance. Data show means +SEM (n = 3 biological replicates for panel a-c, and n = 1 biological replicate
for panel d).

Stable isotope labelling of three sub-adult specimens of Cassiopea showed a significant difference
in the 13C assimilation by symbiont algae near white granules, relative to symbionts found in anastomosing
tissue (LMM, F14 = 8.8, p = 0.041; Figure 27a), suggesting that photosynthesis is locally enhanced by the
light scattering from white granules. No differences in 3C-enrichment were observed in amoebocyte cells
(LMM, F14 = 1.2, p = 0.342) or host epidermis (LMM, F14 = 0.5, p = 0.508). Finally, no differences in °N
uptake were found for symbionts (LMM, F14 = 0.04, p = 0.854), amoebocytes (LMM, F,4 = 0.5, p = 0.508),
or host epidermis (LMM, F.14 = 0.2, p = 0.649), comparing between rhopalia canals and anastomosing
tissue (Figure 27b), indicating that each region had equal access to nutrients during the labelling

experiment.
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Optical microniches in Cassiopea remains an unexplored field. Here, we provided evidence that the
Cassiopea host directly alters the light microenvironment, benefitting nearby symbionts. White light
scattering granules in Cassiopea provide a mean for the host to not only enhance photosynthetic
performance of symbionts, but to guide light further down into the host tissue, potentially supporting
symbiont populations present in shaded parts of the animal. While it remains unknown what triggers
production of white light scattering granules in Cassiopea, it is possible that individuals living in overall
more shaded environments, e.g., mangroves, would be more inclined to produce white light scattering

granules to enhance photosynthesis of symbionts; this hypothesis could be rigorously tested.

Additionally, symbiont densities are typically found to be especially high near the subumbrella
epidermis due to the high light availability here. However, the Mie scattering effect, guiding light through
the Cassiopea tissue, might explain why roughly one quarter of the symbiont population is found deeper
into the bell and exumbrella layers. Furthermore, light penetrating all the way through the animal to the
substrate will potentially be backscattered up into the animal, additionally enhancing photon availability

in the exumbrella.
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Figure 27 | Mean 13C- (a) and *N enrichments (b) of symbiont algae, amoebocyte cells, and host epidermis
in subumbrella tissue in 3 sub-adult Cassiopea medusae after a 6-hour pulse labelling incubation with 2C-
bicarbonate and *®N-ammonium. * indicates significant difference at the level p < 0.05 between respective
tissue/cell types from the two tissue regions. Error bars indicate +SEM (n = 3 biological replicates). See
supplementary information for complete dataset of all ROls included.
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Conclusion
Optical coherence tomography can provide detailed scans of the in vivo tissue organization of intact

Cassiopea, showing the distribution of symbiont clusters, white granules, and other structures at a high
spatial resolution. The methods presented here enable detailed mapping of the distribution of entire
symbiont populations or similar distinguishable objects in intact, living cnidarian systems, providing new
means for non-invasive monitoring of the internal dynamics of symbiotic cnidarians, under both
homeostasis and during stressful events. Additionally, we provided the first evidence on how light
scattering granules in Cassiopea medusae can enhance the photosynthetic performance of their
symbionts near these granules. Our observations support previous suggestions that white tissue regions
with granules in Cassiopea play several roles in modulating the light microenvironment of Cassiopea, by
enhancing light availability in the upper layer, while potentially minimizing it in the deeper tissue, thus
displaying both photo-enhancing and photoprotective properties. The presented approach to study
structure and function in Cassiopea is also applicable to other photosymbiotic cnidarians (e.g. cnidarian
model systems such as Exaiptasia sp. and Hydra sp.), but we propose that OCT could find broad application
for non-invasive monitoring of structure and morphology of particular tissues or whole specimens in many

types of invertebrates.
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Supplementary information

Supplementary table 1 | NanoSIMS isotopic enrichment data summary. Treatment IDs correspond to the 2
bell regions detailed in the methods section of the main text. Delta values of 13C and 5N represent mean
values +SEM calculated from all replicates of a given treatment/tissue area as described by equation 4 and
5 in the methods section.

Bell region Tissue/cell type Replicates 83C 8°N
Anastomosing Symbionts 218 3798.3+122.9 2181.8 £94.0
Anastomosing Amoebocytes 45 236.2+22.0 621.4+62.4
Anastomosing Epidermis 39 74.1+7.5 222.3+24.1
Rhopalia canal ~ Symbionts 203 4192.9+158.8 2163.3+97.4
Rhopalia canal  Amoebocytes 45 180.1 £ 18.5 617.7 £ 65.8
Rhopalia canal Epidermis 37 64.4+7.2 246.8 £ 28.6

Supplementary figure 1 | Example of rhopalia canal tissue regions for inherent optical parameter extraction,
showing the region for (a) individual white granules, and (b) large area with multiple granules (width of 10-
20 granules).
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Chapter 4: Investigation of the O, dynamics in Cassiopea using O;-sensitive

planar optodes

I. Context
Chapter 4 presents work that has not yet been finalized for submission to a journal. In this chapter,

we investigate the O, dynamics in greater detail by using O,-sensitive planar optodes to image the O3
dynamics throughout the entire Cassiopea umbrella.
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Introduction
The symbiont-bearing jellyfish Cassiopea exhibits a benthic lifestyle in subtropical and tropical

coastal habitats, positioning themselves upside down on the substrate (Bigelow 1900, Drew 1972,
Hofmann et al. 1996) in order to autotrophically acquire carbon through their algal symbionts
(Symbiodiniaceae), in a fashion similar to reef building corals (Hofmann & Kremer 1981, Welsh et al. 2009,
Freeman et al. 2016, Lyndby et al. 2020b). Like other symbiont-bearing cnidarians, Cassiopea get their
brown coloration from their photosymbionts (Lampert 2016), which are present in high densities near the
subumbrella epidermis and in oral arms, and with a more dispersed occurrence near the exumbrella
epidermis and in the mesoglea (Bigelow 1900, Lampert 2016, Lyndby et al. 2020b, 2022b). Unlike corals,
however, the dinoflagellate photosymbionts in Cassiopea are mainly associated with specialized host cells,
i.e., amoebocytes, which are motile cells responsible for transporting nutrients between the host and
symbionts (Colley & Trench 1985, Estes et al. 2003, Lyndby et al. 2020b). Additionally, the bell and oral
arm tissue can contain white granules, stretching in radial stripes across the bell and along the underside
of the oral arms from base to apex (Bigelow 1900, Lyndby et al. 2022b). The white granules have been
found to effectively scatter light (Lyndby et al. 2022b), and are speculated to have a photo-enhancing
and/or photo-protecting function in Cassiopea by altering the light field and thus the photosynthetic
performance of symbionts in near proximity of these granules (Hamaguchi et al. 2021, Lyndby et al.
2022b). Furthermore, O, have been hypothesized to be buffered in the thick mesoglea of the medusae,
providing a seemingly stable supply of O, for symbionts and host tissue (e.g. musculature) during dark
periods (Lyndby et al. 2022a). While both symbiont distribution, light fields and metabolic activity in

Cassiopea thus exhibits spatial heterogeneity, spatial mapping of these parameters remains to be done.

Investigations of optical properties and photosynthetic performance of photosymbiotic cnidarians,
such as reef building corals and jellyfish, have mostly focused on investigating photosynthesis on the
colony or jellyfish-scale using closed chamber respirometry (e.g. Verde & McCloskey 1998, Hoogenboom
et al. 2010, Mammone et al. 2021), or at the microscale (i.e. single polyps/point measurements) using
microsensors (e.g., Kihl et al. 1995, Brodersen et al. 2014, Wangpraseurt et al. 2017a). However, previous
studies have shown that photosynthesis can happen heterogeneously throughout coral colonies (de Beer
et al. 2000, Al-Horani et al. 2005, Wangpraseurt et al. 2014b), potentially leading to an
over/underestimation of actual oxygen (O2) production, and missing spatial information at either scale
(Schrameyer et al. 2014, Lyndby et al. 2020a). More recent studies have used chemically sensitive optical

dyes immobilized in O,-, pH-, and temperature-sensitive planar optodes and nano/microparticles for
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imaging 2D or 3D analyte distributions (Koren & Kiihl 2018, MoRhammer et al. 2019). Imaging of sensor
particles adds a new dimension to optical sensing, but their use involves the challenge of keeping them
homogeneously distributed in a medium and/or sample. Nevertheless, chemically sensitive sensor micro-
and nanoparticles directly coated on flow-exposed tissue surfaces have produced reliable results in

several studies (Fabricius-Dyg et al. 2012, Koren et al. 2015, 2016, Brodersen et al. 2020).

Planar optodes are limited to sensing in one plane only, but offer a more straightforward way to
map chemical dynamics in organisms or systems in 2D, provided that the region of interest can be pressed
tightly onto the planar sensor foil (Santner et al. 2015). They are capable of delivering high spatial and
temporal resolution of O, and pH dynamics in aquatic systems and organisms, and planar optodes have
been used for visualizing photosynthetic activity in microbial biofilms, root systems, endolithic algal
populations in corals and in the Prochloron-ascidian symbiosis (Glud et al. 1999, Jensen et al. 2005, Kihl
et al. 2008, 2012, Larsen et al. 2011, Brodersen et al. 2017). In this study, we used O; sensitive planar
optodes to investigate O, dynamics internally and on the surface of Cassiopea andromeda medusae. We
combine information from variable chlorophyll a fluorescence imaging and hyperspectral imaging with O,
dynamics for mapping the chemical dynamics and heterogeneous distribution of respiration and

photosynthetic activity at high spatial resolution in the C. andromeda holobiont system.

Methods

Cassiopea specimens
Juvenile Cassiopea andromeda medusae (parents originally supplied by Delong Marinelife,

Netherlands; simply referred to as “Cassiopea” from this point on) were reared at an aquarium facility at
the Institute of Earth Sciences, University of Lausanne, Switzerland. Detailed information on the molecular
identification of animals is given in the supplementary information. A group of medusae with diameters
between 10-50 mm were selected and transported to the aquarium facility at the Marine Biology Section
(MBS), University of Copenhagen (Helsinggr, Denmark) to a 50 L aquarium. Here, medusae were fed 5
times per week with recently hatched Artemia nauplii, and supplemented with AF Amino Mix (Aquaforest)
2-3 times per week. Medusae were kept in ASW (35 %o and 25 °C, pH of 8.2) under a programmable LED
light source (Triton R2, Pacific Sun; Supplementary figure 2), running a 12/12-hour day/night cycle,
provided a downwelling photon irradiance (400-700 nm) of ~350 pumol photons m?2 s at the water

surface.
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Planar optode O, imaging

Preparing planar optodes
Planar O, sensitive sensor foils, i.e., planar optodes, were prepared by dissolving 3 mg of the red-

emitting O»-sensitive dye Pt(ll) meso-tetra(pentaflourophenyl)porphine (Frontier Scientific, USA), 3 mg of
the green-emitting reference dye Macrolex Yellow, and 200 mg of polystyrene pellets (CAS# 3003-53-6)
in 2 g of tetrahydrofuran (Glud et al. 1999). This sensor-cocktail was knife-coated onto a transparent, O»-
impermeable PET foil using an applicator frame (80 mm wide, 90 um gap, BYK-Gardner) to get an even
sensor film after evaporation of the solvent. The optode foil was then cut out in pieces, and taped onto a
microscope slide, with the O, sensitive surface facing away from the glass slide. The presence of O,
reduces the luminescence intensity of the phosphorescent indicator dye, which can be read-out via
ratiometric imaging with a regular SLR camera to correlate changes in the emission of the indicator dye

with changing O, concentrations (see Koren and Kihl (2018) and MoRhammer (2019) for more details).

Ratiometric camera system and setup for O, imaging
The imaging system is based on ratiometric luminescence imaging with a modified SLR camera (EOS

1000D, Canon, Japan) equipped with a macro lens (Macro 100 f2,8 D, Tokina, Japan), a 530 nm long-pass
filter, and a yellow plastic filter in front to reduce background fluorescence (Larsen et al. 2011). Samples
were illuminated using a 405 nm multichip LED (LedEngin Inc., UK) to excite the reference dye as well as
the indicator dye in the planar optode during image acquisition. The software Look@RGB (imaging.fish-n-
chips.de) was used for controlling both camera and light source during acquisition. The acquired images
were automatically split into the red, green, and blue channels by the software, and were analyzed using
the image processing package Fiji (2.9.0) for ImagelJ (1.53q). Images of O, concentration were calculated

by dividing the red image (O, sensitive emission) with the green image (reference emission).

Images were calibrated by obtaining a series of images with filtered ASW at known O,
concentrations from 0-100 % air saturation, however, due to fitting, the range was extrapolated to higher
concentrations allowing confident estimations of up to 250 % air saturation, albeit with greater error. The
Stern-Volmer relationship was applied to plot the relative emission intensity against their respective O,

concentrations as:

I
Eqg. 1: Ii = relative intensity
f

where 119 is the intensity of fluorescence without O, present (0 % air saturation), and I is the intensity of

fluorescence with O, at specific saturation levels (between 0-100 % air saturation). See supplementary
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information for calibration curves. A simplified two site model was used to fit the data to extract to, Ksy,
and f (Carraway et al. 1991, Klimant et al. 1999), where 1o is the luminescence in absence of O,, Ksy is the
operational quenching constant, and f is the quenchable fraction of the sensor material. Ratioed images
(R/G) from Cassiopea samples were then calibrated by applying these values to the image stacks, and
regions of interest (ROIs) were drawn in Imagel over the images to extract O, concentrations for further

analysis (Supplementary figure 3).

The camera system was mounted on a tripod and positioned perpendicular above the sample. The
405 nm multichip LED light source for excitation of the sensor material illuminated the sensor foil from
one side at an angle of 30° (relative to the horizontal plane imaged by the camera), while a fiber-optic
white LED lamp (KL2500 LED, Schott AG) was illuminating the sample form the other side at a similar angle
with a downwelling photon irradiance (400-700 nm) of 200 umol photons m? s, as measured with a
cosine corrected mini quantum sensor (MQS-B, Walz), connected to a calibrated irradiance meter (ULM-
500, Walz). Samples were positioned on a height-adjustable platform below the camera to keep the
camera focal point and distance to the light sources constant while focusing on the sample (optode)
surface. For planar optode imaging, the LED lamp was briefly turned off to avoid interference with the

emission signal of the O, sensitive dye.

Preparation of Cassiopea medusae for planar optode imaging
Medusae were prepared in two orientations for O, imaging: 1) oral arms were removed with a razor

and tweezers to image the subumbrella bell surface. The entire bell surface was spread out flat on the
planar optode surface, and a 1 % solution of ultrapure low melting agarose (Thermo Fisher) in 35 %o
filtered ASW (kept semi-liquid at ~30 °C) was carefully dripped onto the animal to cover the entire bell.
Finally, a plastic case or microscope slide would be pressed down on top of the bell and held in place until
the agarose hardened (Figure 28); 2) medusae were cut into slices of ~2 mm using a razor, typically with
the cut running through the center of the bell to include oral arms. The slices were then placed on the
planar optode, covered in the agarose solution, and the case or microscope slide pressed against it until
the agarose hardened. In the event that tissues collapsed on the surface they were gently reorganized
using thin tweezers entering from the side, to rearrange the tissue for a clear sideways view into the bell.
All samples were immediately prepared in this manner, and encased in 1 % agarose, except for samples
imaged with an I-PAM system (see description below). All O, optode imaging was completed within 1-2

hours after this preparation.
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Figure 28 | Schematic overview of the planar optode setup. The SLR camera was mounted perpendicular
from above via a tripod. Both the 405 nm LED and white light were mounted in 30 degrees relative to the
horizontal plane. The Cassiopea sample, pressed tightly against the Oz sensitive optode foil, and embedded
in 1 % agarose in a case, was placed with the optode foil facing up towards the camera.

Variable chlorophyll a fluorescence imaging
Absorptivity and PSII quantum yield were measured with focus on the newly exposed bell areas on

each medusae using a variable chlorophyll fluorescence imaging system (I-PAM, IMAG MIN/B, Walz; Ralph
et al. 2005, see also Lyndby et al. 2022b), providing weak, non-actinic measuring light pulses, strong

saturating light pulses, as well as actinic light levels of known photon irradiance.

Medusae were dark acclimated individually for 15 min in a petri dish filled with ASW, and maximal
PSII quantum yield (Fv/Fm) was measured by applying a strong saturation pulse (> 3000 umol photons m-
251 for 0.8 s) using the I-PAM. Rapid light curves (RLCs), i.e., relative PSII electron transport as a function
of photon irradiance, were subsequently run with photosynthetically active radiation (PAR, 400-700 nm)
at intensities ranging 0-681 pumol photons m? s'* to measure the effective PSIl quantum yield; Y(I), and

relative electron transport rate (rETR = Y(II) x PAR).

ROIs corresponding to the ROls selected for the O, image analysis were carefully drawn on images
of the bell surface and cross section samples for each medusa, and data extracted for further processing.

All I-PAM measurements were performed, and ROIs drawn, in the software ImagingWin (v2.41a, Walz).

Hyperspectral imaging
Cassiopea medusae were imaged with a hyperspectral camera (SNAPSCAN VNIR, imec) fitted with

an anti-shading lens (Xenoplan 2.8/50, Schneider Optics Inc.). The hyperspectral unit was mounted above
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a height-adjustable platform, and 4 halogen light spots were mounted around the camera to generate a
homogenous light field over the imaging area. Samples were imaged with the hyperspectral unit after
planar optode measurements. To do this, the planar optode was removed, and the sample, still encased
in agarose, placed under the camera. In case of movement by bell contraction, a solution of 50 % MgCl,

in 35 %o filtered ASW was dripped onto the medusae until the animal stopped moving.

Similar imaging with a 95% diffuse reflectance standard (SG3151-20-alu, imec) was used to calibrate
sample images in % reflectance. Both image acquisition and extraction of spectra were done using the
system software (HSI studio v 1.2.1.0, imec). Spectra were extracted from ROIls drawn around rhopalia

canal tissue with white granules visibly present, and anastomosing tissue with no white granules visible.

Results
Variable chlorophyll a fluorescence
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Figure 29 | Variable chlorophyll fluorescence data extracted from the subumbrella of a single individual.
a) Relative electron transport rates (rETR). b) The effective quantum yield [Y(Il)]. c) Maximal quantum yield
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(Fv/Fm) after 15 min darkness. d) Subumbrella Fv/Fm measurement, with ROIs along rhopalia canals and
anastomosing canals used for analysis. The shown ROIs reflect those used for planar optode analyses and
hyperspectral imaging analyses. Note, due to the body plan of Cassiopea the bell rim folds up and is out
of focus for the I-PAM camera and was thus avoided for analyses.

Variable chlorophyll a fluorescence imaging revealed no differences between fluorescence values
(i.e., Y(I) and Fv/Fm) in ROIs along the anastomosing- and rhopalia canals. The maximal quantum yield
was found to be ~0.55 for both tissue regions after oral arms had been removed, indicating the system
was stressed from arms being removed (Figure 29c¢, d)(compare with Fv/Fm values from individuals with
arms removed in chapter 3; Lyndby et al. 2022b). rETR showed that the photosystem saturated in both
tissue regions around 250 pumol photons m2 s and photosynthesis became photoinhibited after 400 pmol
photons m? s (Figure 29a). The effective quantum yield revealed no differences in photosynthetic

performance between the two tissue regions (Figure 29b).
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Planar optode imaging
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Figure 30 | Ratiometric imaging of Oz dynamics in a Cassiopea medusae subumbrella (oral arms removed)
pressed against an Oz sensitive planar optode, and imaged during constant light for a total of 30 min (left
column), or after onset of darkness for a total of 60 min (right column). Color bars represent 0-250 % air
saturation. Note, due to the long photoperiod the bell became supersaturated in Oz, and only the first 20
min of light exposure is shown due to most of the bell surface O2 concentration exceeding the calibration
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limit after this point. Animations of the observed Oz production and consumption across the subumbrella
can be found in the supplementary information.

The O, buildup was heterogeneous during the photoperiod, with the bell center, the bell rim, and
several major radial canals showing a fast buildup to > 100 % air saturation within the first 5 min; and the
entire bell surface had reached at least 200 % air saturation after 20 min of light exposure (Figure 30, left
column). Conversely, during the dark period, O, was more uniformly depleted at the surface tissue,
starting at the bell rim and at the very center of the bell where oral arms had been removed (Figure 30,
right column). The O, depletion happened much slower compared to O; buildup, and the entire bell
surface did not reach a pre-photoperiod O, concentration (~25 % air saturation) until after 45 min in

darkness.
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Figure 31 | Comparison of Oz evolution in subumbrella epidermis (top row), mesoglea (middle row), and
exumbrella epidermis (bottom row), as seen from a cross section, at 200 umol photons m-2 s** downwelling
irradiance (left column) and darkness (right column). Data presented as mean values +SEM (n = 2, technical
replicates). Animations of observed O: production and consumption in the cross section can be found in
the supplementary information. Note, data in Figure 30 and Figure 31 is obtained from different individuals.

Cross sectional comparisons of O, evolution in the tissue revealed the subumbrella epidermis to be
the most productive tissue in the system, with all but the outermost subumbrella (near the bell rim)
reaching 100 % air saturation within the first 5 minutes (Figure 31, top row). Both subumbrella and
exumbrella epidermis continued to build up O, to a maximum of 100-300 % air saturation, with the

subumbrella and exumbrella epidermis at the manubrium site reaching the highest concentrations, and
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the exumbrella closest to the bell rim reaching the lowest of ~140 % concentration after a 30 min
photoperiod. Additionally, the mesoglea would continue to build up O; to higher concentrations than the
surrounding tissue, for all sites except the manubrium, reaching between 200-340 % air saturation (Figure
31, top row). During the dark period, the manubrium was again the site with the highest activity, depleting
most of the stored O, within the first 30 min, while sites further out towards the bell rim would deplete
their storage down to a minimum only after 40-45 min. All sites would reach a minimum of 15-20 % air
saturation, before showing a minute increase towards the end of the measurement (still in darkness;

Figure 31, bottom row).
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Figure 32 | Oz evolution of the center of the Cassiopea medusa bell imaged with the ratiometric imaging
system using planar optodes on the oral arms and associated external growth. a) Arms were subjected to
a 30 min photoperiod (200 umol photons m-2 s1), b) followed by 60 min of darkness. Data show mean
+SEM, and ROIs are shown in panel c.

O, concentrations reached > 100 % air saturation in the oral arms within the first few minutes. O,
continued to build up in and near the arms to a maximum of 300 % after 30 min of light (Figure 32a). O,
quickly depleted in the oral arms, reaching a minimum of 25 % air saturation within 30 min of darkness

(Figure 32b).
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Hyperspectral imaging
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Figure 33 | Hyperspectral imaging of reflectance of Cassiopea bell tissue, a) comparing rhopalia canals
(with white granules) vs. anastomosing tissue canals (without white granules), and anastomosing tissue
near the center of the bell, midway between rim and center, and bell rim. Color codes in plot match the
shown ROIs in panel b. b) Image showing calibrated reflectance across the bell at 669 nm (calibrated
against a 95 % white diffusing standard). Areas marked in red in b) indicate oversaturation and are not
included in the analysis. c) NDVI extracted from the HIS Studio software, using wavelength 669 and 799
nm (indicated by dashed lines in panel a). Due to a misalignment in the hyperspectral camera there is a
drop in the spectrum around 630 nm, but this does not interfere with the data extracted.

Hyperspectral imaging showed that tissue with white granules on average reflects photons two-
fold compared to areas without white granules (Figure 33a). Additionally, the spectra clearly show the
presence of chlorophyll a (indicated by a major dip in reflectance around 660-680 nm). Normalized

difference vegetation index (NDVI) comparing the Chl a absorption peak from symbionts at 669 nm with
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799 nm (Tucker 1979), across the whole bell, indicate higher concentrations of symbionts found in

anastomosing tissue, with the major radial canals showing overall highest values (Figure 33c).

Discussion
We present the first application of O, imaging on medusae of the symbiotic jellyfish, Cassiopea

andromeda, using O, sensitive planar optodes to map their O, dynamics under light and dark conditions
at high spatial resolution. We found that O, buildup and depletion is highly heterogenous at the bell
surface and within the bell system, where the mesoglea exhibits the slowest dynamics. Furthermore,
hyperspectral imaging showed that symbiont densities are focused around the bell center and along major
radial canals of adult medusa. Symbiont densities alone however did not correlate with O, buildup

observed across the bell surface.

O2 dynamics in Cassiopea bell tissue
The 0O, production was heterogeneous throughout the bell surface in large medusae during

photoperiods, where O, production primarily took place at the center and rim of the bell. Additionally,
several major radial canals, both of rhopalia canals and anastomosing tissue canals, exhibited signs of high
0O, buildup, and thus high photosynthetic performance, near the bell surface (Figure 30). Cassiopea
medusae are known to harbor the majority of their symbionts directly under the subumbrella epidermis
(Estes et al. 2003, Lampert 2016, Lyndby et al. 2022b). A previous study working on animals of the same
origin as in the present study found no significant difference in symbiont densities at the subumbrella
epidermis when comparing between rhopalia canals and anastomosing tissue (Lyndby et al. 2020b). In the
current study, I-PAM data showed no difference in photosynthetic efficiency comparing the two types of
tissue (Figure 29). However, hyperspectral imaging of the bell surface revealed distinct differences in the
overall reflectance comparing canals and regions of immediately adjacent tissue near the bell center and
rim (Figure 33). Focusing on the 669 nm waveband (close to the in vivo absorption peak of Chl a), the bell
showed clear signs of symbionts being heterogeneously distributed, with higher densities found near the
bell center and radial canals in anastomosing tissue (Figure 33b), thus explaining the fast O, buildup
observed here (Figure 30, left column). However, bell surface O buildup appeared equally fast near the
bell rim relative to the center, while hyperspectral data suggested symbiont densities being the lowest
towards this area of the bell (Figure 33). Previous work has shown that the mesoglea can buffer O, supply
in medusae when experiencing hypoxic conditions, and Cassiopea medusae are able to build up their own

O, storage in the mesoglea during photoperiods which seem proportional to the thickness of the mesoglea
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layer (Thuesen et al. 2005, Lyndby et al. 2022a). Our cross section O, imaging supports this finding, as
mesoglea near the thick center of the bell appeared to store higher concentrations of O,, while gradually
reaching lower concentrations towards the bell rim (Figure 31). As such, it is likely that the thin mesoglea
at the bell rim will not store much of the produced O,, but instead show a combined effect of sub- and

exumbrella symbiont photosynthesis as the cause of fast O, buildup in this tissue region (Figure 30).

White granules in Cassiopea tissue are typically found along rhopalia canals, giving the medusa a
distinct white striated pattern reaching from the manubrium to the bell rim (Bigelow 1900). These white
granules have been shown to enhance the local scattering of light, benefiting carbon assimilation in
symbionts in close proximity (Lyndby et al. 2022b). In accordance, our hyperspectral data of the bell
surface showed more light reflected near the granule-rich areas in our medusae (Figure 33). However, O,
buildup at the bell surface was not found to be related to the presence of white granules in our medusae.
On the contrary, radial canals in anastomosing tissue had, on average, a slightly faster O, buildup than
rhopalia canal tissue (Figure 30 and Supplementary figure 4). The Mie scattering effect caused by the
white granules, effectively scattering light deeper into the tissue in areas with white light scattering
granules (Lyndby et al. 2022b), potentially play a role in the observed differences in O, buildup in the two
regions, as light will be spread out more throughout the entire tissue column in the rhopalia canal region,
while most light will be absorbed by the symbionts near the surface in anastomosing tissue. However,
whether our result is due to differences in symbiont densities and presence of white granules, or other
(unaccounted) internal processes such as O, transport through the gastric network, remains to be

determined.

Light-dependent O; buildup and dark respiration
Unlike the heterogenous O, buildup, O, depletion at the bell surface appeared much more uniform,

with the very center of the manubrium (where oral arms had been removed) and the bell rim being the
first parts depleted of O, (Figure 30). As previously mentioned, the buffering capacity of the mesoglea is
proportional to its thickness. This effect can be observed in the medusa during the dark period as the O,
concentration reduces to pre-photoperiod levels at the rim first, and then gradually depleting towards the
thick center of the bell over 45 min (Figure 30). Interestingly however, the very center of the manubrium
where the oral arms were removed revealed the highest activity in both O, buildup and depletion of the
bell (Figure 30). Within 3 min, O, concentrations at the center went from < 50 % air saturation to > 100 %
air saturation, and O, was again rapidly depleted here during the dark period. Furthermore, this area

always appears to contain slightly more O, relative to the surrounding tissue. The center of the bell is
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known to harbor important organs like the main stomach and gonads of the medusa (Bigelow 1900), and
muscle bands line the epidermis for bell contraction (Blanquet & Riordan 1981). It is likely that such vital
organs have a higher physiological demand for O, and as such O, might not just be stored in this area but
potentially directed there by unknown internal transport mechanisms (e.g. pumping through radial
canals). Finally, removing the oral arms no doubt caused stress to the animal (as observed from the Fv/Fm
data; Figure 29c), and wound regeneration requires O, and other metabolites for fast recovery (Henry &
Hart 2005, Ostendarp et al. 2022). As such, directing excess O, towards the wounded site might explain

some of the observed O, dynamics observed at the bell center during light- and dark periods.

Cassiopea oral arm contribution to O, production
Cassiopea oral arms are considered a major contributor to photosynthesis in the medusae system

due to high densities of symbionts present (e.g., Arossa et al. 2021) and our planar optode imaging of
intact oral arms supports this notion (Figure 32). The O, level in and around oral arms quickly went from
~50 % to > 100 % air saturation within the first few minutes, and continued to increase to ~300 % within
30 min of light. Additionally, arms quickly depleted O, around them, reaching pre-photosynthesis levels
within 20 min of darkness (Figure 32). The oral arms reached pre-photosynthesis levels faster than the
bell surface and cross section analyses of the bell, suggesting that the arms are not only a major source of
0, during photoperiods, but also have a high demand of O; similar to the bell center (Arossa et al. 2021).
Such high 0, demand might be explained by muscular movement of oral arms and the secondary mouths
constantly searching for food around them. Interestingly, the high O, productivity in the oral arms did not
seem to affect O, levels in the mesoglea below them, suggesting that O, is not delivered to the bell for
storage, but is instead lost to the surroundings and potentially removed by water moving over the oral
arms as the bell pulsates (Hamlet et al. 2011, Santhanakrishnan et al. 2012, Battista et al. 2022). To further
understand this exchange, the combination of chemically sensitive dyes with particle image velocimetry

would be required (e.g., Ahmerkamp et al. 2022).

Conclusion
The Cassiopea-dinoflagellate holobiont is known as a highly productive photosynthetic unit. Here,

we have shown that O, production happens heterogeneously throughout the Cassiopea system,
illustrating the need for applying techniques that cover whole areas of photosynthetic organisms to
correctly assess their productivity. O, dynamics across the bell surface of Cassiopea were found to only
partially correlate to symbiont density and the presence of light scattering white granules. We speculate

that unaccounted internal transport mechanisms beyond that of the mesoglea, (e.g., using radial canals
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for circulation of O, rich water; see chapter 3; Lyndby et al. 2022b) might play an important role in
transportation of O, to parts of the Cassiopea system where it is needed. Additionally, O, buffering of the
mesoglea was illustrated, and we show that buffering occurs in individuals even when light levels do not
stimulate photosynthesis to reach supersaturating O, concentrations in the bell system. However, oral
arms that are typically associated with high production in Cassiopea due to a high density of symbionts,
did not visibly contribute to buffering of O, in the bell manubrium. We hypothesize that excess O, is
instead lost due to gas exchange and continuous pulsation that drives water across the oral arms,

removing excess O,. However, such dynamics remain to be identified.

Acknowledgements
This study was supported by an award from the Gordon and Betty Moore Foundation (MK; grant no.
GBMF9206; https://doi.org/10.37807/GBMF9206), and the Swiss National Science Foundation (A.M.;
grant no. 200021_179092).

Supplementary information

Molecular identification
Pieces of tentacles (~¥250 mg) were collected from three individual jellyfish and homogenized for 30

s at full speed in 800 pL of CD1 buffer (PowerSoil Pro DNA extraction kit; Qiagen, Germany) using a
Polytron Immersion Disperser (Kinematica, Switzerland). The resulting homogenate was stored at -20 °C
until further processing. For DNA extraction, samples were gently thawed on ice. The homogenate was
then added to PowerBead Pro Tubes supplied with the PowerSoil Pro kit, and bead beaten at 90 Hz three
times for 30 s. Samples were then loaded into the QlAcube Connect DNA extraction platform (Qiagen,
Germany) and DNA was extracted using the PowerSoil Pro DNA extraction kit following the manufacturer’s
instructions. The purified DNA was eluted in 100 pL of solution C6. Quality and quantity of purified DNA
was assessed using a NanoDrop 2000C spectrophotometer and Qubit fluorometer, respectively (both

Thermo Fisher Scientific, US). Purified DNA was stored at -20 °C until further use.

For species identification, a fragment of the mitochondrial cytochrome oxidase (COI) subunit was
amplified using the primer pair CasF (5'-GGTTCTTCTCCACCAACCACAARGAYATHGG-3’) and CasR (5'-
ATTTCTATCHGTTARYAACATTGTRAT-3’) (Maggio et al. 2019). Each PCR reaction was performed in

duplicate in total reaction volumes of 10 pL and consisted of 5 pL Qiagen Multiplex Mix (Qiagen, Germany)
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with 1 pL DNA input (normalized to a concentration of 10 ng/uL) and a total primer concentration of 1
UM. The PCR conditions were as follows: Initial denaturation at 95 °C for 15 min, followed by 30 cycles of
denaturation at 94 °C for 30 s, annealing at 48 °C for 30 s, and extension at 72 °C for 30 s, and a final
extension at 72 °C for 7 min. In addition, a null template (no DNA input) ‘negative’ control reaction was
run to assess for PCR reagent contamination. After confirmation of a specific PCR product in the expected
size range in electrophoresis (1 % TAE agarose gel stained with GelRed Nucleic Acid Gel Stain; Biotium,
USA), post-PCR clean-up was performed by adding 2.5 uL of lllustra ExpProStar 1-Step to 12.5 uL of PCR
product and following the manufacturer’s instructions (GE Healthcare Life Sciences, Germany). Purified
PCR products were sent to Fasteris (Genesupport SA, Switzerland) for Sanger sequencing services on an
Applied Biosystems 96-capillary 3730x| platform. The obtained sequences were quality trimmed in
CodonCode Aligner (CodonCode Corporation, USA) and queried against the Nucleotide Collection on NCBI

using the BLASTN tool, which confirmed a percentage similarity of >99 % to the species Cassiopea

andromeda.
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Supplementary figure 2 | Spectrum of light provided by the programmable LED light (Triton R2, Pacific Sun)
illuminating the Cassiopea holding tank, providing ~350 umol photons m2 s* on a 12/12-hour schedule.
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Supplementary figure 3 | calibration curves for Oz-sensitive planar optode. Relative intensity of ratioed
images of the red and green channel (R/G) plotted against their respective Oz concentrations (left), and the
Stern Volmer relationship applied to relative intensities (right). A two-site model was fitted against the Stern
Volmer plot to extract Ksy, f, and To.
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Supplementary figure 4 | Oz concentrations measured along major radial canals of anastomosing tissue (b)
and rhopalia canals (w). Data represent mean £SEM, and n = 4 (technical replicates) for each tissue type.
Note, calibration range is 0-100 % air saturation, thus measured values above this is extrapolated from
original range and source of uncertainty.
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General discussion

In this thesis, the symbiotic model system Cassiopea was used to investigate metabolic host-
symbiont interactions and relate this interplay to the photobiology of the system. The first chapter
addressed the basic metabolism of Cassiopea, with stable isotope labelling experiments in combination
with correlated SEM and NanoSIMS analyses, to lay the foundation for understanding the exchange of
metabolites between the animal host and its algal symbionts. The second chapter sought to map the
internal light field in the host, and investigate photosynthetic activity and chemical dynamics of the
Cassiopea bell tissue using microsensors. The third chapter built upon the previous two, by investigating
the (in hospite) micromorphology of Cassiopea with non-invasive optical coherence tomography to
generate 3D reconstructions of the holobiont system with spatial resolution sufficient to distinguish
symbiont algal cells. Additionally, chapter three further combined knowledge acquired from the previous
two chapters to investigate the optical properties of white granules in Cassiopea bell tissue and their
potential role for enhancing the photosynthetic performance of adjacent algal symbionts, as quantified
with 3C-bicarbonate labeling and NanoSIMS imaging. Finally, the fourth chapter explored the
photosynthetic performance across the entire bell and the O, buildup in different layers of the bell,
specifically the sub- and exumbrella epidermis and the mesoglea. While each chapter represents a
standalone project, the experiments were designed to supplement each other. The results are put into

context and discussed in the following.

Inorganic nutrient assimilation in Cassiopea and the role of amoebocytes
The Cassiopea-Symbiodiniaceae symbiosis is distinct from other symbiotic cnidarians in that

Cassiopea predominantly harbor their symbionts in amoebocytes, diffusely distributed in the vast
mesoglea of the host. This adds an extra layer of complexity to the translocation pathways and the
exchange of nutrients, as the mesoglea represents a significant spatial barrier between the host tissue
and the symbiont cell. While the first chapter corroborates previous reports that nutrients are indeed
actively transferred between Cassiopea and its symbionts, the high resolution of NanoSIMS isotopic
analyses improved our spatio-temporal understanding of this exchange, as correlated SEM-NanoSIMS

analyses clearly provided new evidence of photosynthate translocation in Cassiopea.

The amoebocytes have already been identified to play an important role during symbiosis
establishment in Cassiopea (Colley & Trench 1985) and studies on other scyphozoans revealed
amoebocytes to be involved in tissue maintenance (Shaposhnikova et al. 2005). Here, we further illustrate

how amoebocytes are important for Cassiopea by facilitating nutrient translocation between host and
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symbionts, suggesting they are key actors in nutrient cycling in the medusa. Previous work focused on
bulk uptake in symbionts cells and host tissue (e.g. Welsh et al. 2009, Freeman et al. 2016), while the
dynamics of underlying nutrient exchange were not resolved. By using a correlated imaging approach in
combination with stable isotope labeling, we revealed anabolically incorporated photosynthates inside
respective holobiont compartments (i.e., the symbiont cell, amoebocytes, and host dermis). This allowed
us to infer a natural order of translocation as follow: Dinoflagellates fix carbon and subsequently
translocate photosynthates to their host amoebocytes. Amoebocytes then move close to host tissue and
release carbon substrates (e.g. lipids) to other compartments of the holobiont, such as the epidermis.
However, exact pathways and underlying mechanisms of such exchange between the respective cells,

including stimuli for amoebocyte movement, remain to be identified.

Nitrogen species and assimilation in Cassiopea
Nitrogen assimilation mechanisms in Cassiopea mirror those observed in corals (Pernice et al.

2012). The Cassiopea holobiont has previously been found to assimilate nitrogen in the form of NH4*, NO3
, and NOs". While the host animal is only able to sequester NH,4*, the algal symbionts cells are capable of
reducing NOy (i.e., NOy” + NO3’) into more bioavailable NH,*, which can then be incorporated into both
symbiont and host tissue. However, our study comparing the uptake of NOs” and NH4* in Cassiopea found
that only > NH4* was readily taken up, while isotopic enrichment from incubation experiments using >NOs

could not be detected in NanoSIMS images.

Previous studies have investigated the uptake of nitrogen in Cassiopea by measuring the relative
removal of NOy in incubated water (i.e., measuring the disappearance of nitrogen species from incubation
water) and accredited the measured difference to assimilation in the holobiont. While such experiments
are relatively straightforward, they do not account for the fate of NOx within the Cassiopea system, and
studies have suggested that the presence of non-photosynthetic, nitrate-sequestering microbes
associated with Cassiopea can be partially responsible for nitrogen removal (e.g. Freeman et al. 2016).
Furthermore, NO;3™ assimilation has been shown to reduce the carbon translocation from symbionts to
host, as the symbionts require more energy to reduce acquired NOs’; indeed corals relying on NOs™ have
shown increased susceptibility to bleaching during stress (Wiedenmann et al. 2012, Ezzat et al. 2015).
Finally, previous work on corals has suggested that enzymatic pathways for the uptake of NO; get
downregulated when in hospite NH,* levels get high (Grover et al. 2003). The same assumptions can be

made for Cassiopea, given the phylogenetic similarities shared with corals, and that symbionts are of the
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same family (Symbiodiniaceae), thus suggesting that NH," is the preferred nitrogen species for Cassiopea.
Taken together, these studies suggest Cassiopea avoids uptake of NOs", potentially as a trophic strategy
to enhance their resilience to environmental stressors, and maximize photosynthate delivery from

symbionts, as long as NH." is readily available from internal and external sources.

Mesoglea buffers the chemical environment of symbionts
Autotrophic assimilation of inorganic carbon through photosynthesis has primarily been studied via

isotope labelling experiments with bulk analyses of tissue enrichment or through closed chamber
measurements investigating the evolution of O, or CO; in the chamber. While these techniques can give
a good estimate of the primary production and respiration of the entire holobiont, they typically fail to
identify any granularity/heterogeneity, e.g. niche areas for high production/consumption, that might be
present in the system. Point measurements with microsensors investigating photosynthesis have shown
that coral respiration/photosynthesis can be highly heterogenous and dynamic throughout a colony (e.g.

Wangpraseurt et al. 2014b).

Microsensors are fragile and proper setup and careful handling is required when applying these
tools on stony corals where tips may easily break. Gelatinous animals like Cassiopea, however, present
another unique challenge, in that the rather large medusa constantly pulse to move water. This motion
potentially makes measurements imprecise and could damage the sensor. As such, using microsensors on
Cassiopea is not straightforward, and only one previous study used this approach prior to this thesis by
investigating the microenvironment in dissected oral arms (Arossa et al. 2021). In this thesis, the first

microsensor measurements on intact Cassiopea medusae are presented in Chapter 2.

We found that the O, dynamics of the Cassiopea system seem to resemble those observed in corals.
The bell, even with pulsing behavior, exhibits a boundary layer across the bell surface, and the holobiont
changes from a net source of O, during photosynthesis, to a net sink during darkness. Measurements
inside the bell proved that O, concentrations can increase dramatically during photoperiods, reaching O,
levels much higher than the surrounding water. Previous studies have shown that non-symbiotic jellyfish
like Aurelia labiata exhibit a similar O,-absorbing mechanism (i.e., passive accumulation of O, in the
mesoglea) in the bell (Thuesen et al. 2005), and the same was recently shown in the oral arms of Cassiopea
(Arossa et al. 2021). However, unlike the oral arms of Cassiopea and the non-symbiotic A. labiata bell, the

thick mesoglea in Cassiopea proved to accumulate O, to a much higher degree. This confirms that the bell
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mesoglea acts as an important storage compartment buffering changes of O; in the holobiont and

suggests that the presence of endosymbionts in Cassiopea enhances this ability during photoperiods.

While O, buffering in the bell first became evident with depth profiles revealing supersaturated
concentrations of O, deep in the bell, light-driven dynamics of O, and pH provided further evidence for
this mechanism. Light-dark shifts performed on small and large individuals showed significant changes in
the O, dynamics within the mesoglea. While small medusae exhibited O, dynamics similar to that
observed in corals (i.e., immediate responses in O, evolution and pH changes caused by the change in
light), the large medusae showed a slower response. The slow response meant a continued
buildup/consumption of O, deep in the mesoglea for several minutes after light had been turned off/on,
respectively. Similarly, pH would continue to increase/decrease for 5-10 minutes after light was turned
off/on, respectively. Based on the results provided in chapter 2, we hypothesized that the Cassiopea bell
mesoglea provides a very stable and buffered environment for their symbionts. As such, this buffering
capacity may enable Cassiopea to cope with the pronounced environmental fluctuations associated with
a benthic lifestyle and potentially explains their broad environmental resilience. However, further studies
are required to fully understand the buffering capacity of the Cassiopea mesoglea, and its effect on

Cassiopea resilience to environmental stressors.

Light scattering in Cassiopea
Light availability in the host is a key factor for efficient photosymbiosis. The host morphology, host

and symbiont pigmentation, and symbiont density can affect scattering and absorption of light in
symbiotic cnidarians and generate optical micro-niches in the system. Light modulation and
photosynthesis at the microscale have already been thoroughly studied in reef building corals (e.g.
Enriquez et al. 2005, D’Angelo et al. 2008, Wangpraseurt et al. 2014b), however, to our knowledge only
one other study on microscale O, dynamics has been done for Cassiopea (Arossa et al. 2021), despite it

representing a model system for symbiosis and photosynthesis.

The structural complexity of Cassiopea no doubt gives rise to the possibility of optical micro-niches
for the hosted symbionts. In chapter 2 we showed the presence of a heterogenous light field across the
medusa with the oral side and apical parts (i.e., oral arms/the manubrium) having the overall highest
photon flux relative to the remaining bell (Lyndby et al. 2022a). The bell itself also revealed interesting
heterogeneity, as white granules along rhopalia canals in the bell were found to enhance light scattering

and reflectance near the white granules. As such, the results provided in chapter 2 lead to the speculation
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that the white granules play a role similar to the light scattering skeleton in reef building corals (Enriquez
et al. 2017). The optical properties of the white granules and the overall structure of Cassiopea medusa

were further investigated in chapter 3, using Optical Coherence Tomography (OCT).

The chemical composition of the granules is currently not known. We were unable to determine if
these granules are due to a mineral aggregation or crystal formation, or purely organic in composition
(see also Hamaguchi et al. 2021). However, these granules are typically found in high density along the
rhopalia canals and in oral arms. While their exact purpose remains to be determined, the optical
properties of tissue regions with abundant white granules revealed that they have strong light scattering
properties, suggesting they play a role in photoprotection and/or photo enhancement of symbionts in
close proximity. Higher densities of white granules lead to higher scattering locally, resulting in an
increased chance of photon absorption by symbionts in close proximity. Unfortunately, the optical
properties of the host epidermis were not possible to characterize with the tools available, but OCT data
indicate that photons travel relatively unhindered through the mesoglea, once they have passed the

epidermis and the dense symbiont population in the subumbrella.

Investigating micromorphology and organization of symbionts in Cassiopea medusae
In general, studies of morphology and ultrastructure of organisms provide important information

on how these organisms function. Conventional observations typically include various types of
microscopy, which often requires sample preparation steps that introduce tissue artifacts. This is
especially true in Cassiopea, as their tissues have high water content and are prone to distortion of the
morphology and displacement of constituents. The clear spatial segregation of symbionts into mobile
amoebocytes situated in the mesoglea, i.e., spatially separated from the medusa gastro- and endodermis,
raises intriguing questions about the inner workings of this holobiont, but also represents an extra
observational challenge. The non-invasive imaging tool OCT elegantly overcomes issues related to sample
preparation and furthermore provides 3D spatial information (chapter 3) (Wangpraseurt et al. 2017b).
OCT scans were achieved at a resolution high enough to identify microstructures, such as amoebocyte
clusters and light scattering white granules in the umbrella. While individual symbiont cells could not be
distinguished within individual amoebocyte clusters, these clusters were typically observed as elongated
spheres, up to 100 um long, suggesting that they have the capacity to harbor much more than 10
dinoflagellate cells per cluster. The OCT observations thus radically change the estimate of dinoflagellates-
per-amoebocyte obtained with more conventional observations, such as TEM or histological sectioning;

cf. chapter 2 (Lyndby et al. 2020b). While the algal symbionts in Cassiopea are highly efficient in
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assimilating inorganic nutrients, it is also known (i.e., from corals; Jokiel et al. 1994, Dubinsky & Berman-
Frank 2001) that — at high density — the algal symbionts begin to compete for nutrients, although
photosynthate release to host remains unchanged regardless of competition pressure (Krueger et al.
2020). Given the high density of symbionts in the subumbrella and the local high density of symbionts that
can be found within individual amoebocytes (> 10 per cluster; cf. chapter 3), it is likely that such
competition occurs in Cassiopea as well. Quantitative data to prove or disprove this hypothesis are still
not available, but given that host-mediated nutrient limitation is believed to stimulate release of
photosynthates in corals (Dubinsky & Berman-Frank 2001) similar mechanisms are likely at play in

Cassiopea.

OCT investigations of deeper bell mesoglea revealed that symbiont clusters were also present but
more diffusely scattered deep inside the bell. Based on histological sections (chapter 1) the deeper
mesoglea layers appeared mostly empty with few amoebocyte-clusters dotted across the entire bell (see
figure 2b in Lyndby et al. 2020b). However, the OCT scans showed clusters of symbionts across the entire
bell. As described in chapter 1, the motile amoebocytes clearly play a role in facilitating efficient nutrient
translocation between the host and its symbionts. However, amoebocytes with clusters of symbionts
several mm deep into the bell seem unlikely to serve the function of exchanging nutrients with the host
epidermis, and measurements of PSll-related relative electron transport rate (as a proxy for
photosynthetic activity) with an imaging PAM revealed that symbionts deep in the mesoglea quickly
reached supersaturation, thus limiting photosynthesis. At this point, it is unknown to what extent these
deep-dwelling symbionts contribute to the host metabolism, but several possibilities should be
considered. The symbionts might act as a reserve population to replenish the subumbrella region in case
of symbiont loss (e.g. through bleaching). Alternatively, the deep-dwelling symbionts represent a different
strain of symbionts, or simply a sub-population optimized for the darker environment experienced there.
However, more studies are needed to identify the role of these seemingly shade-acclimated symbionts

deep in Cassiopea mesoglea.

Photosynthesis and nutrient assimilation across the bell
Point measurements and depth profiles of photosynthetic performance for algal symbionts near

the subumbrella epidermis (chapter 2) focused on the anastomosing tissue based on the visibly high
density of symbionts in this region. In chapters 2 and 3, distinct optical microniches of the bell were
identified, primarily through light scattering by the white granules located in the rhopalia canals. The

optical properties of the white granules determined from the OCT observations/data are such that they
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permit very efficient scattering of light and larger densities of white granules locally enhance such
scattering, thereby increasing the chance of photon absorption by adjacent algal symbionts. Stable
isotope labelling experiment combined with NanoSIMS imaging showed that symbionts near white
granules have significantly higher rates of *C-bicarbonate assimilation into starch and lipids relative to
symbionts found in anastomosing tissue without (visible) white granules (chapter 3), demonstrating that
the environment for photosynthesis is very heterogeneous across the bell. This aspect of Cassiopea
physiology was explored in greater detail in chapter 4 through the use of O,-sensitive planar optodes to
image O production across the entire bell surface with a sufficient lateral resolution to distinguish major

radial canals in the bell.

In the studied animals (roughly 4 cm in diameter), O, imaging across the subumbrella bell surface
suggested that photosynthetic activity is highest near the bell center and along the rim. However,
symbiont density resolved via hyperspectral imaging as relative absorption by major chlorophyll a
absorption peak (669 nm wavelength) also indicated that these were found in higher density along radial
canals in anastomosing tissue and towards the center, while the tissue near the rim exhibited the lowest
algal density. The thickness of the bell varies substantially from the center and manubrium region (thick
bell) to the rim, where the bell is several times thinner. As such, it is likely that the O, buffering effect of
the mesoglea is negligible near the rim, and that observed O, buildup in the bell-rim represents an
accumulation with contributions from the entire symbiont population between sub- to exumbrella,
possibly explaining the relatively high production observed in thin tissue, similar to previous studies on
photosynthesis in oral arms (Arossa et al. 2021). Several major radial canals also showed signs of high O,
buildup but were not correlated to either symbiont density nor to the presence of light scattering
granules, which were otherwise shown to enhance the carbon assimilation (chapter 3). Radial canals act
as the main passage ways for distribution of food/nutrients and uptake of symbionts in Cassiopea
medusae, and water flow is facilitated through cilia beating. It is therefore likely that radial canals also
provide a mean for internal gas exchange with the mesoglea (across the gastroderm), and as such O,
buildup during photoperiods might be more actively re-distributed internally than first assumed.
However, further studies are required to understand the potential role of the gastric network for internal

gas transport and exchange in Cassiopea.
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Concluding remarks and future perspective

In this thesis work, | have explored the photobiology and metabolic interactions between the
Cassiopea medusa and its dinoflagellate symbionts. The work has revealed new aspects of the Cassiopea
physiology, such as the fate of autotrophically assimilated carbon that is efficiently transferred between
symbiont and host via the motile amoebocytes. The physico-chemical microenvironment of Cassiopea bell
mesoglea showed that mesoglea effectively buffers the environment of the symbionts by storing O, and
alleviating dramatic changes in pH. | investigated the micromorphology of Cassiopea using non-invasive
3D imaging, and provided a new perspective on the organization and distribution of symbionts and white
granules across the umbrella system. Optical parameters extracted from light scattering white granules
provided evidence of enhancement of carbon assimilation in nearby symbionts and support the
hypothesis that white granules serve as a photo-enhancing mechanism similar to what is known from
coral host pigments and skeleton. Finally, | showed that photosynthetic activity across the bell is much
more heterogeneous than previously assumed. These results expand our knowledge of how the Cassiopea

holobiont functions, and open up for new —higher level— questions for scientists to answer.

Given the results at hand, a number of future research objectives immediately present themselves:
The amoebocytes play a key role in the exchange of autotrophically acquired carbon between symbiont
and host tissue. However, the extent and regulation of their motility remains unknown. Future research
should explore what triggers amoebocytes to move, and to what extent they move around in the
mesoglea. In the same vein, amoebocytes harboring algal symbionts is a unique trait of symbiotic
scyphozoans like Cassiopea. It remains unknown, whether this trait enables dynamic relocation of
symbionts inside Cassiopea, and whether active redistribution of symbionts can happen towards damaged

or bleached tissue areas for repopulation?

The buffering capacity of the bell mesoglea appears to be an extraordinary preadaptation to survive
in a more ‘extreme’ environment (relative to corals), e.g. under hypoxic conditions or other environmental
extremes in shallow coastal habitats. The extent of this buffering effect should be explored in greater
detail, to understand the limits to the buffering capacity for O, and pH. Does this buffering capacity truly
offer a more stable environment for symbionts when the host is stressed (e.g. from excessive heating or
salinity)? Does the buffering capacity extend beyond O, and pH, and could mesoglea act as a storage for

(in)organic nutrients like nitrogen, phosphorus, and even species of carbon other than CO, /HCO3™?
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Finally, the usage of O, sensitive planar optodes proved to be a very powerful approach to explore the
photosynthesis and O, dynamics in Cassiopea. However, the results provided here only showed a glimpse
of the activity in Cassiopea. While the planar optode method should be improved, it should also be
considered in combination with suspended O, sensitive nanoparticles for a more complete overview of
the photosynthetic activity in 3D, to investigate O, dynamics under various feeding- and environmental
scenarios.

In summary, the results of this thesis advance our understanding of the photobiology of Cassiopea

and offer exciting new research venues for the future investigations of this symbiosis model system.
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