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Introduction

Symbiosis: an inherent piece of life

Symbiosis, a vital aspect of life and evolution, involves close and enduring relationships between two or

more species spanning from mutualistic to parasitic interactions. This phenomenon has significantly

influenced biodiversity and adaptation across different environments. A notable instance of symbiosis

is photosymbiosis, where a photosynthetic organism is in association with a host organism. In evolution,

photosymbiosis led to the integration of a photosynthetic machinery into eukaryotic hosts. In

freshwater and marine ecosystems, photosymbiosis is taxonomically and functionally very diverse. Well-

known examples include associations between green algae and host ciliates in freshwater ecosystems, and

dinoflagellate algae and corals in coastal marine environments. Such relationships not only shape

ecological dynamics but also impact the health and resilience of aquatic ecosystems. While

photosymbiosis is significant for diversity and evolution of life, there are still unresolved questions

regarding the cellular and physiological mechanisms taking place in these associations.
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I.1 Symbiosis

Life emerged on earth not only by combat but also by networking (Margulis and Sagan 2008). Symbiosis
comes from the Greek ‘together’and ‘living’ and its introduction in biology is attributed to the German
Anton De Bary (1831-1888) who defined symbiosis as “the living together of unlike organisms” (Sanders
2001). Symbiosis could be defined as a durable association across generations with at least two different
species. Despite its crucial role in the emergence of eukaryotic cells 1.8 Ga years ago, symbiosis was long
considered an exception to nature’s law during the 19+ century (Sapp 2004). The evolutionary role of
symbiosis was first formulated by the Russian biologist Mereschkowsky in 1910, but it was not
recognized until 1970, when Lynn Margulis confirmed and popularized the concept of “endosymbiosis”
as central in the evolution of life. In her book “Origin of Eukaryotic Cells”, she postulated that eukaryotes
evolved and acquired new organelles from endosymbiotic bacteria (Margulis 1996, 1998). Thereafter,
symbiosis was recognized as an essential biological phenomenon for the origin of plastids and
mitochondria within eukaryotic cells (Lépez-Garcia, Eme, and Moreira 2017). During evolution,
different symbiosis events led to plastid acquisition in different eukaryotic lineages. Primary
endosymbiosis involves the engulfment of a photosynthetic prokaryote (cyanobacterium) by a
eukaryotic host with a mitochondrion. This event was the origin of all plastids and resulted in the red,
green, and glaucophyte algae lineages (Matsuzaki et al. 2004; Moreira, Le Guyader, and Philippe 2000;
Puerta 2004; Stibitz, Keeling, and Bhattacharya 2000). Secondary endosymbiosis (internalization of a
eukaryotic alga with its primary plastid), led to “complex” plastids with three/four membranes (Fig. 1).
This secondary endosymbiosis gave rise to modern phytoplankton taxa (diatom, haptophytes) that
dominate the oceans. Dinoflagellates lost their secondary plastid but some species reacquired another
plastid through tertiary endosymbiosis by engulfing an alga containing a secondary plastid

(Bhattacharya, Yoon, and Hackett 2004) (Fig. 1).
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Chlorarachniophytes

Euglenophytes Apicomplexans Chromerids Perkinsids Dinoflagellates
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Land Plants
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Figure 1.Plastid evolution. The introduction of a cyanobacterium into a heterotrophic host initiates the
divergence into three distinct lineages: Glaucophytes, Chloroplastida, and Rhodophytes. Following this, two
subsequent secondary endosymbiotic events occur involving algae from the Chloroplastida lineage and two
heterotrophic hosts of unidentified origin, resulting in the emergence of Chlorarachniophytes (symbiosis 1) and
Euglenophytes (symbiosis 2). The evolutionary trajectory of secondary red plastids is not entirely elucidated, yet
the initial phase appears to be monophyletic (symbiosis 3). Although evidence suggests that the initial secondary
plastid originates from a monophyletic source, uncertainty persists regarding the number of subsequent hosts
involved (potentially additional symbioses a—c). In certain lineages, red complex plastids may originate from
tertiary endosymbiotic events (Zimorski et al. 2014).

Symbioses are facultative or obligate (e.g. one or both partners are unable to live or complete their life

cycle without the other) and symbionts can be physically integrated inside (endosymbiosis) or outside
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the host (ectosymbiosis) (Grube, Seckbach, and Muggia 2017). The impact of symbiosis can be assessed
based on the fitness (indicator of reproductive success) of the partners involved (e.g. mutualism= fitness
increase for both partners, commensalism= no fitness change; parasitism= fitness decrease in one
partner) (Lépez-Garcia et al. 2017). Yet, measuring the fitness in microbial symbioses is a difficult task,
so the nature of many symbioses remains unknown. Symbiotic interactions are a source of new
metabolic capacities, where the host and symbionts combine and integrate their metabolic functions
(e.g. photosynthesis, nitrogen fixation and recycling, methanogenesis, and sulfide oxidation). Typically,
symbionts benefit from a nutrient-rich microenvironment, and also protection from grazers or parasites
(Dziallas et al. 2012). Symbiosis is also a major source of genetic innovation (endosymbiotic gene
transfer) and can eventually lead to symbiogenesis and speciation (Margulis 1998). In today’s
ecosystems, symbiosis is integral to life, and there is a large diversity of symbiotic associations,

encompassing various partners and different configurations (McKenna et al. 2021) (Fig. 2).
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Figure 2. Diversity of eukaryotes and acquisition of chloroplasts in the evolution. On the branches of the
tree, the small cartoons indicate the major event of plastid acquisition through endosymbiosis with a
cyanobacterium (in the Archaeplastida; engulfed blue cell) and the several events of secondary and tertiary plastid
acquisition in other lineages (engulfed red cell) (McKenna et al. 2021).

1.2 Photosymbiosis in aquatic ecosystems

Photosymbioses involving a multicellular or unicellular heterotrophic host and one or more
photosynthetic partners are abundant and widespread in aquatic ecosystems (Davy, Allemand, and Weis
2012; Decelle, Colin, and Foster 2015). One of the first observations of photosymbiotic consortia in
plankton dates back to the 1850s, credited to the English naturalist Thomas Henry Huxley, who
documented the presence of yellow cells of unknown nature within colonies of Radiolaria (Decelle et
al. 2015). Physiological experiments then demonstrated that these yellow cells are not parasites but
beneficial algae (Brandt 1881; Geddes 1878). Yet, naturalists tended to pay more attention to terrestrial
photosymbioses such as lichens, resulting in a comparatively limited understanding of aquatic
photosymbiosis (Rohde 2005). In aquatic ecosystems, photosymbioses play different functional and
ecological roles and involve a wide taxonomic diversity of microbial partners (Grube et al. 2017).
Photosymbiotic associations are often found in oligotrophic waters (where nutrients are poorly
available), but such associations can also be found in more productive waters. Photosynthetic partners
can supply organic carbon (e.g. sugars, lipids) produced by photosynthesis as cellular energy to support
energetic needs of the host (Adams et al. 2020). In return, the host can provide diverse organic and
inorganic compounds (e.g. amino acids and carbohydrates) and/or a physical shelter against predators
and pathogens (Davy et al. 2012; Quevarec et al. 2023).

Many photosymbioses in marine ecosystems involve the dinoflagellates Symbiodiniaceae as
photosynthetic symbionts (commonly referred to as zooxanthellae) (Nitschke et al. 2022), while in
freshwater ecosystems, most symbiotic microalgae correspond to the class Trebouxiophyceae.
Cyanobacteria are also known photosynthetic symbionts in both marine and freshwater ecosystems
(Table 1).

The most emblematic photosymbioses in benthic coastal ecosystems are between members of the

phylum Cnidaria (e.g. hard and soft corals, sea anemones, jellyfish, and hydrocorals) and the
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Table 1. Diversity of Symbiotic organisms in marine ecosystems modified and extracted from (Grube et al.
2017).

Marine ecosystems

Host Symbiotic microalgae
Rhizaria: Acantharia - Dinophyta: Symbiodiniceae, Scrippsiella sp.
Foraminifera - Radiolaria Haptophyta: Phaeocystis
Alveolata: Ciliata Cyanobacteria.

Dinophyta: Symbiodiniceae

Alveolata: Dinoflagellates Cyanobacteria, eukaryotic algae
Porifera Cyanobacteria: Synechococcus sp.
Cnidaria Dinophyta: Symbiodiniaceae

Rarely Trebouxiophyceae

Acoelomorpha: Symsagittifera sp. Prasinophyceae: Tetraselmis
Acoelomoprha: Convoluta sp. Bacillariophyceae: Licmophora
Annelida: Echiuroidea Cyanobacteria
Mollusca: Bivalvia Dinophyta: Symbiodiniaceae
Urochordata: Ascidia Cyanobacteria: Prochloron

Symbiodiniceae (Davy etal. 2012). Dinoflagellate symbionts support the host coral metabolism, growth,
and reproduction in reef waters (Wang and Douglas 1997). Furthermore, these dinoflagellates also have
a high impact on the recycling of essential nutrients in the ecosystem. The loss of dinoflagellate
symbionts and/or their photosynthetic pigments from corals (bleaching event) due to abiotic or biotic
stress can ultimately result in the death of the coral and the destruction of the reef (Hughes, Kerry, et
al. 2017). In the host, dinoflagellates typically reside within the cells of the cnidarian’s gastrodermis (i.e.
the innermost tissue layer that borders the gastrovascular cavity) (Davy et al. 2012; Hoegh-Guldberg
1999). The sea anemone Azptasia became a model to study cnidarian-Symbiodiniaceae interactions

(sensu Exaiptasia pallida) (Grajales and Rodriguez 2014; Wolfowicz et al. 2016). One of the advantages
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of this model is the access to clonal lines, enabling the study of processes in the absence of biological
variation, as well as the possibility of having symbiont-free anemones in culture and re-establishing
symbiosis.

In the oceanic single-celled plankton, photosymbiosis is also ubiquitous in surface waters, especially
within protistan hosts like Foraminifera and Radiolaria (eukaryotic supergroup Rhizaria). These host
organisms can harbor diverse symbiotic microalgae, including dinoflagellates (Brandtodinium),
haptophytes (Phacocystis), and prasinophytes (Decelle et al. 2012; Gast and Caron 2001; Shaked and De
Vargas 2006). Planktonic photosymbioses are ecologically important because they contribute to
planktonic biomass, carbon fixation (through photosynthesis of the algal symbionts), carbon export to
the deep ocean, and biogeochemical cycles of different elements (Biard et al. 2016; Brierley 2017; Decelle

etal. 2019).

1.3 Photosymbiosis in freshwater ecosystems

First identified by the Dutch microbiologist Martinus Willem Beijerinck in 1890 (Krienitz, Huss, and
Bock 2015), photosymbiotic relationships in freshwater ecosystems predominantly involve green algae,
previously referred to as Zoochorella. Now classified as the class Trebouxiophyceae, they constitute a
polyphyletic group encompassing diverse examples of symbiotic associations with various hosts
(Préschold et al. 2011). For example, endosymbiotic microalgae can belong to independent lineages of
the Trebouxiophyceae (Choricystis-, Elliptochloris-, AuxenoChlorella- and Chlorella-clades)
(Proschold etal. 2011) (Table 2).

Table 2. Diversity of Symbiotic organisms in freshwater ecosystems modified and extracted from (Grube
etal. 2017).

Freshwater ecosystems

Host Symbiont
Rhizaria: testate amoeba Trebouxiophyceae: Chlorella spp.
Alveolata: Ciliata: Trebouxiophyceae : Chlorella-clade
Paramecium bursaria, Stentor spp. Oophyra Chlorella spp., Micractinium conductrix




Page |8

Amoebozoa: testate and non-testate amoebae Trebouxiophyceae: Chlorella spp.
Porifera: Spongilla Trebouxiophyceae: Chlorella spp.
Cnidaria: Hydrozoa Chlorophyceae, Trebouxiophyceae: Chlorella-

clade, Chlorella variabilis, Nannochloris sp.,

Chlorella vulgaris
Acoelomoprha: Dalvella Trebouxiophyceae: Chlorella spp.
Mollusca: Bivalvia Trebouxiophyceae: Chlorella spp.
Chordata: Amphibia Trebouxiophyceae

Chlorella-clade includes four species: C. vulgaris in symbiosis with the ciliates Climatostomum virens,
Coleps, Euplotes daidaleos, and Paramecium bursaria. C. variabilis and the new species Micractinium
conductrix (Proschold et al. 2011) can be endosymbionts of P. bursaria depending on their geographic
distribution. The endosymbiotic lifestyle in the green algae of Trebouxiophyceae likely emerged
multiple times. The underlying factors that make microalgae from Trebouxiophyceae more susceptible
to establishing symbiotic associations are not yet fully elucidated. Potential factors favoring symbiotic
interactions could include co-occurrence in similar ecological niches, such as lakes and ponds.
Additionally, such associations may serve as a strategy to mitigate viral infections, particularly relevant
tor Chlorella algae susceptible to Chlorella virus (Fujishima 2009). In freshwater ecosystems, a diverse
array of symbiotic associations can be found including unicellular planktonic photosymbiosis like
ciliates, Euplotes, heliozoan and certain invertebrates (Grube et al. 2017; Proschold et al. 2011). The
host Hydra viridissima became a freshwater symbiotic model that improved our understanding of
photosymbiosis (Fig 3¢c). This small animal has been reported to be in symbiosis with green microalgae
belonging to the class Trebouxiophyceae (order Chlorellales, genus Chlorella) and Chlorophyceae
(order Sphaeropleales, genus Desmodesmus) (Rajevi¢ et al. 2015). This photosymbiosis is obligatory, as
the host Hydra cannot live without its symbiotic microalgae. Inside the host, the symbionts are enclosed
in the host endodermal epithelial cells within the symbiosome (Hamada et al. 2018). This association

has been described as mainly driven by metabolic exchanges: the algae depend on nutrients from the
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host, and in return, the host receives a significant amount of photosynthetically-fixed organic carbon
from the algae (Hamada et al. 2018). Another instance of multicellular photosymbiosis in freshwater
ecosystems involves the sponge Spongilla lacustris with Trebouxiophyceae (Fig. 3b). In this symbiotic
system, microalgae that are exposed to low-light are digested by the sponge. Consequently, a single
symbiotic sponge can exhibit both green and white areas, depending on variations in light availability
over space and time (Skelton and Strand 2013). Among vertebrates, a unique photosymbiosis was
reported involving an amphibian host: the spotted salamander dmbystoma maculatum and the green
algae Oophila amblystomatis. This symbiosis encompasses both ectosymbiotic colonization of the egg
capsule and intracellular infiltration of salamander tissues and cells (Burns, Kerney, and Duhamel 2020)

(Fig 3a).




Page |10

Figure 3. Examples of well-known freshwater hosts in symbiosis with green algae: a) Embryo of the
spotted salamander (Ambystoma maculatum) and green algae Oophila amblystomatis (Kerney et al., 2011). b)
Sponge Spongilla lacustris. Copy right: Kirillow O. ¢) Hydra Hydra viridissima. Copy right: Peter Schuchert d)
Ciliate Ophrydinm versatile colony. Copy right: Bewie 's Mikrowelt, €) Heliozoan Acanthocystis turfacea. Copy
right: Bewie 's Mikrowelt f) Ciliate Stentor pyriformis (Hoshina et al. 2021), g) Ciliate Paramecium bursaria
(CCAP1660/18) Copy right: Photosymbiosis Team.

I.3.1 Ciliate hosts

Ciliates, found in various aquatic environments (e.g. coastal waters, hydrothermal vents, anoxic
sediments, muddy zones, and both oxygenic and anoxic water columns) can host prokaryotic or
eukaryotic symbionts (Dziallas et al. 2012) including microalgae (Fig. 4). For instance, it has been
reported that 25% of aquatic ciliates contain internal “foreign” symbiotically-acquired chloroplasts via
photosymbiosis with microalgae or kleptoplastidy (i.e. the process by which a host organism sequesters
and retains algal chloroplasts) (Cruz and Cartaxana 2022). The main function of endosymbiotic
microalgae or stolen chloroplasts is very likely photosynthesis and the production of energy-carrying

carbohydrates (Foissner, Berger, and Schaumburg 1999; Nowack and Melkonian 2010).

Euplotes daidaleos Ophrydium naumanni

Stentor spp. Tetrahymena thermophila
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Figure 4. Ciliates in symbiosis with green microalgae of the class Trebouxiophyceae a) Ciliate
Climacostomum virens and symbiotic Chlorella in its cytoplasm (Karajan et al. 2007) b) Another ciliate from
freshwater Euplotes daidaleos c) Ophrydinm naumanni, in symbiosis with Chlorella observed in an oligotrophic
South Andean lake in Argentina (Queimalinos 1999) d) Endosymbiotic Chlorella are known to be present also
in other freshwater protozoa, such as Stentor spp., and e) Tetrabymena thermophila (Kodama and Fujishima
2005).

I.4 Photosymbiosis in the ciliate Paramecinm bursaria

The Paramecium-Chlorella symbiosis has been a model to study unicellular photosymbiosis for many
years. This model is particularly advantageous due to its ease of culture and presence in ecosystems. It
provides valuable insights into mutualistic and endosymbiotic relationships, uncovering the evolution
of ciliates (Kodama et al., 2014; Sheng et al., 2020). The host Paramecium bursaria, known as the
“Green ciliate” lives in symbiotic association with green algae from the Trebouxiophyceae class
(Préschold et al. 2011). Initially classified in the subgenus Chloroparamecium (Ehrenberg, 1833), it was
later referred to as Paramecium bursaria Focke (1836). “Bursaria” comes from the Latin word "bursa,"
which means "purse” or "pouch”, given the size of its contractile vacuoles. The green ciliates have an
oblong/slipper shape of ~150 microns in length and harbor hundreds of symbiotic microalgae

(Chlorella sp or Micractinium sp) within their cytoplasm (black arrows) (Fig. S).
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Figure 5. SEM micrography of Parameium bursaria a) The ciliate Paramecium bursaria (CCAP1660/18)
with symbiotic microalgae unveiled by light microscopy. Symbiotic microalgae Micractinium conductrix (only
three cells are indicated with black arrows). b) Transmission electron microscopy micrograph of Paramecium
bursaria, showing major cellular components: cilia covering all the surface of the cell (Ci), a section of the
micronucleus and macronucleus (mi; Mac), the oral cavity (OC) covered by cilia membranelles (CiM). SEM
micrography: A. Catacora-Grundy, P.H. Jouneau.

At the surface of Paramecium, cilia (Ci) are involved in motility (Valentine and Van Houten 2022).
The basal bodies of the cilia are located in the cell cortex (periphery of the Paramecium cell), where the
symbiotic microalgae are also found. Another important structure in the ciliate Paramecium is the oral
cavity (OC) positioned ventrally for predation. This cavity is fully covered by ciliary membranelles
(CiM) and serves to capture prey and endosymbionts (Hausmann and Allen 2010). Paramecium
bursaria contains one macronucleus (Mac) and one micronucleus (mi). The copy number of the
macronucleus in the ciliate cells is generally several hundreds or thousands of times higher than the

micronucleus (He et al. 2019). The Mac is responsible for gene expression and the micronucleus (mi) is
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involved in the gene transmission through sexual processes (conjugation) (Rautian and Potekhin 2002).
When conjugation does not take place, the ciliate undergoes binary division. For P. bursaria, five
syngens (reproductively isolated mating types) have been described so far (He et al. 2019; Spanner et al.
2022).

During P. bursaria’s cell cycle, the host and microalgae synchronously go through cell division: the
number of algae doubles before or during the division of the host cells and the algal population in the
two daughter cells is maintained at a constant level (Kadono et al. 2004; Kodama and Fujishima 2012).
In this case, endosymbionts are inherited by vertical transmission (inheritance of the photosynthetic
partner, directly into the daughter cells) but horizontal transmission might also take place in the natural
environment (a phenomenon that remains to be described) (Takahashi 2017).

In the natural environment, the aposymbiotic form of the ciliate P. bursaria and the non-symbiotic C.
variabilis have never been reported (Hoshina and Imamura 2008; Ogura et al. 2022). Under laboratory
conditions, both host and symbiotic microalgae can be separated and cultured independently. The
alga-less form of the ciliate can be obtained by the use of herbicides (e.g. paraquat). The symbiotic
microalgae can be mechanically removed from the host and be cultivated in nutrient-enriched media,
and then grown in its free-living form (Kodama and Fujishima 2012, 2016; Tanaka et al. 2002). The
flexibility behind this association makes this system a promising experimental model for

understanding essential phenomena and mechanisms in photosymbiosis.



Page |14

I.4.1 Diversity, specificity, and geographic distribution of Paramecium-

Chlorella symbiosis

Symbiotic algae isolated from different Paramecium bursaria are generally represented by Chlorella-like
species belonging to two genetically distinct “European” and “American” populations (Hoshina and
Imamura 2008). In the “European” population, phylogenetic analyses confirmed the occurrence of two
algal groups: Micractinium conductrix and Chlorella vulgaris (Proschold et al. 2011). The “American”
population is mainly represented by the species Chlorella variabilis and has been found in Paramecium
bursaria strains from the USA. An evolutionary scenario for P. bursaria presented by (Hoshina and
Imamura 2008) concerning algal acquisition and subsequent switching suggests the coexistence of both
species belonging to the “American” and “European” endosymbiont groups in one cell of ancestral P.
bursaria. Recently, a new geographic distribution of P. bursaria and its symbiotic microalgae was
revisited (Table 3). The five distinct genetic varieties (syngen) have specific geographic distributions
(Spanner et al. 2022). With this new phylogenetic analysis, the relationship between symbiotic species

and geographic distribution described previously is under revision.

Syngen Paramecium

Geographic distribution Symbiotic microalgae
bursaria
R1 Europe C. variabilis, M. conductrix
R2 Europe C. variabilis, M. conductrix

Europe, Asia, North America,
R3 C. variabilis
South America and Australia

Europe, North America and C. vulgaris, C. variabilis, M.
R4
South America conductrix

RS Europe C. variabilis, M. conductrix
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Table 3. List of the geographic distribution of Paramecium bursaria based on syngen type and the
identified symbiotic microalgae. Extracted from (Spanner et al. 2022).

I.4.2 Establishment of the photosymbiosis

To establish photosymbiosis, P. bursaria cell phagocytes “Chlorella” cells by the oral cavity
(Karakashian 1975). Through an unidentified mechanism referred as “membrane-membrane reaction”,
some of the engulfed microalgae resist to phagocytosis and digestion (Dolan 1992). A single symbiotic
Chlorella is then enclosed into a symbiosome (Perialgal Vacuole - PV) derived from the host Digestive
Vacuole (DV), where it is protected from digestion (Fujishima 2009; Gu et al. 2002; Takeda et al. 1998).
The timing and differentiation through the host’s digestive vacuoles, acidosomal and lysosomal fusions
have been extensively described in (Kodama and Fujishima 2005, 2007, 2008) (Fig. 6). The authors
observed that some microalgae acquire temporal resistance to lysosomal enzymes after phagocytosis in
the DVs. To establish endosymbiosis, Chlorella microalgae must be localized beneath the host cell cortex

after budding from the host DV (Kodama and Fujishima 2007) (Fig.6)
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Figure 6. Schematic representation of the endosymbiosis establishment between the microalgae Chlorella
spp. and their host Paramecium bursaria. DV: digestive vacuole, PV: perialgal vacuole. From: (Fujishima 2009).

The membrane-limited surrounding symbionts of host-origin was first described as “symbiosome” by
Roth et al. (1988). The term was used to define a “membrane-bound compartment containing one or
more symbionts and certain metabolic components and located in the cytoplasm of eukaryotic cells”
(Mohd Noor, Day, and Smith 2015). In Paramecium-Chlorella association, the symbiosome
corresponds to the perialgal vacuole membrane (PV) surrounding a single algal cell (Gu et al. 2002). The
symbiosome is hardly observable under light microscope (Fujishima 2009; Reisser and Wiessner 1984).
By electron microscopy, it has been reported that 25-180 nm is the average distance between symbiont
microalga cell wall and the host-symbiosome suggesting a breach small enough to allow direct molecular
interactions of the host and symbiotic microalgae (Song, Murata, and Suzaki 2017). In the host cell,
symbiotic microalgae are surrounded by extrusive host-organelles named trichocysts (involved in cell
defense against predators) and numerous mitochondria of the host (Fig. 7) (Song et al. 2017).

Symbiotic microalgae are maintained in the host symbiosome. The lysosomal and acidic characteristic
(low pH) of the symbiosome, due to its phagocytic origin, has been linked to play a role in the metabolic
crosstalk of photosymbiotic partners in the marine photosymbiosis Tridacna maxima giant clam and
corals Acropora yongei and Stylophora pistillata (Armstrong et al. 2018; Barott et al. 2015; Dorling,
McAuley, and Hodge 1997a, 1997b). In the symbiosome of Acropora yongei and Stylophora pistillata,
VHA (vacuolar-type H*-ATPase enzyme) may also be involved in the acidification of the compartment
and the enhancement of photosynthesis via carbon concentrating mechanism (CCM) as suggested by
(Barottetal. 2015; Tresguerres 2016). VHA utilizes energy from ATP hydrolysis to transport H" across
biological membranes, so creating local acidification. The speciation of inorganic carbon (Ci) into CO,,
is therefore more efficiently facilitated, to provide CO, over O, to the dinoflagellate ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCo), the terminal enzyme for carbon fixation (Leggat et al.
2002). A chemical approach using monensin (a carboxylic ionophore, known to induce cell-wall
acidification) showed Paramecium bursaria symbiosome increased in size, indicating that the

symbiosome membrane could contain an active proton pump (SchluBler and Schnepf 1992).
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Figure 7. Ultrastructural organization of the host Paramecium bursaria and its microalgae
Micractinium conductrix. SEM micrograph showing closer distribution of symbiotic microalgae in the host
P. bursaria. The black arrow indicates the gap between the microalga cell membrane and the host symbiosome
vacuole. S: symbiotic microalgae, Mac: macronucleus. Focused Ion Beam Scanning Electron Microscope (FIB-
SEM) micrograph from A. Catacora-Grundy, PH Jouneau.

I.4.3 Physiology and metabolism of the symbiotic microalgae

Within photosymbiotic associations, the host likely exerts an influence on the overall physiology and
metabolism of its microalgae. For instance, it has been noted that in Paramecium bursaria, the growth
of symbiotic microalgae is closely linked to the growth of their host (Kadono et al. 2004). In addition, it
has been reported that the host are thought to regulate symbionts by limiting metabolite exchange, non-
photosynthesizing symbionts, and acquiring new symbionts from the environment, although the
precise mechanisms are not fully understood (Lowe et al. 2016).

The German biologist Werner Reisser described some physiological parameters of symbiotic microalgae
in Paramecium bursaria. Notably, he observed that the host may support the carbon dioxide
requirements of the symbiotic microalgae in low-CO, environments favoring a high photosynthetic
activity (Reisser 1980). However, when comparing photosynthetic efficiency to their free-living forms,

symbiotic microalgae showed a reduced photosynthetic efficiency in terms of Fv/Fm (the intrinsic
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efficiency of photosystem II [PSII]) in normal conditions. This observed decline in Fv/Fm is suggested
to be linked with potential nutrient stress (i.e. host limited nutrient supply) (Lowe et al. 2016). Under
environmental fluctuations (e.g. light intensity and temperature), symbiotic microalgae residing within
the host exhibit different responses. Under high light, symbiotic microalgae are reported to better
dissipate excess light energy as heat without compromising photosynthetic efficiency (Serensen et al.
2020). Temperature variation impacts the photosynthetic efficiency (Fv/Fm) of P. bursaria symbionts,
leading to a decreased Fv/Fm in cells not acclimated to low temperatures (Mozdzen et al. 2018). Despite
the research conducted since the 1980s on the symbiotic microalgae of P. bursaria, further
investigation is needed to gain deeper insights into the physiological capabilities of these
symbiotic microalgae, particularly compared to their free-living forms.

In unicellular marine plankton, some morphological changes in symbiotic microalgae have been
observed, including expansion of chloroplast volume and higher carbon fixation capability (Decelle et
al. 2019, 2021a; Uwizeye et al. 2021). Whether this phenomenon is shared across other
photosymbioses from marine and freshwater ecosystems remains unknown.

The photosynthetic abilities of symbiotic microalgae are closely tied to their carbon metabolism, with
starch acting as the primary carbon reservoir (Ran et al. 2019). During the day, in green microalgae like
Chlorella, organic carbon produced by photosynthesis is stored as starch in the chloroplast. At night,
this stored starch is mainly used to support cellular processes and growth (Busi et al. 2014). Under stress
conditions (i.e. nitrogen/phosphorus limitation) organic carbon is stored in neutral lipids (e.g.
triacylglycerols (TAG), lipid droplets) in the cytoplasm (Ledn-Saiki et al. 2017; Ran et al. 2019). So far,
little attention has been paid to the dynamics of the allocation and turnover of photosynthates within
the symbiotic microalgae (carbon homeostasis). In the symbiotic dinoflagellate of Pocillopora
damicornis, *C-bicarbonate accumulation in subcellular compartments known as ‘C reserves’ (e.g.
starch granules and lipid droplets) was systematically recorded (Kopp et al. 2015). ‘C reserves’ of
symbiotic dinoflagellates follow a diurnal dynamic with the formation (during light) and utilization
(under dark) of lipid droplets and starch compounds (Kopp et al. 2015). In photosymbiosis, the
influence of the host on carbon fixation and carbon metabolism of its microalgae remains
unclear. To comprehensively understand the host effect, it is essential to investigate the

dynamics of carbon metabolism in symbiotic algae in comparison to their free-living forms.
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I.4.4 Metabolic connectivity: from the microalga to the host

In the realm of photosymbiosis, photosynthates such as sugars (i.e. glucose, maltose, glycogen) are
hypothesized as the primary metabolic currency exchanged from the symbiotic microalgae to the host.
It has been shown that the growth rate of P. bursaria is influenced by the abundance of endosymbiotic
microalgae (Karakashian and Karakashian 1965). These observations underscore the potential
significance of photosynthates (e.g., maltose/glucose) as an energy source for supporting host growth.
The ability of certain Chlorella microalgae species to establish symbiotic associations with various host
species could be linked to their capacity to release photosynthetically-derived small organic carbon
compounds, such as maltose and glucose, and potentially transfer it to the host (Kessler, Kauer, and
Rahat 1991). The release of these carbon compounds has been primarily identified under acidic
conditions. Chlorella variabilis and Micractinium reisseri, both symbiotic algae, can release about 40-
50% of their photosynthetically fixed carbon such as maltose or glucose under acidic conditions
(Muscatine, Karakashian, and Karakashian 1967), a capability not observed in Chlorella species that are
unable to do symbiosis (Arriola et al. 2018a; Kamako et al. 2005; Shibata et al. 2021). Symbiotic
Chlorella of Stentor polymorphus, Acanthocystis turfacea, and Hydra viridissima are also known to
excrete photosynthetic products (e.g. maltose) (Hoshina et al. 2013; Matzke, Schwarzmeier, and Loos
1990; Schiifbler and Schnepf 1992). Inside the host, the capability to release photosynthates is attributed
to the acidic environment of the symbiosome. (Schiiffler and Schnepf 1992) proposed that the host
Paramecium triggers the release of maltose from endosymbiotic Chlorella through symbiosome
acidification facilitated by an active proton pump. However, this remains a hypothesis requiring further
experimental investigation.

Carbon fixation and carbon storage of the symbiotic microalgae are likely linked to the transfer of
photosynthates to the host. (Ziesenisz, Reisser, and Wiessner 1981) proposed that endosymbiotic
Chlorella photosynthetically synthesized maltose under light conditions, but that maltose was produced
via starch degradation under dark conditions. Yet, despite the numerous studies on the release of
maltose by symbiotic algae (many of them date back the 70s and 80s), there is still limited
information on how symbiosis impacts the carbon metabolism of the symbiont prior to the

translocation of sugar compounds to the host. A broader understanding of the cellular mechanisms
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within symbiotic microalgae is pivotal, with particular emphasis on the spatial context, such as the
microenvironment in the host.

In the symbiotic relationship between Paramecium and Chlorella, the sugar-release capacity of
symbiotic microalgae is predominantly assessed in the extracellular environment rather than within the
host. Thus, the mechanisms governing carbon translocation to the host remain to be addressed. Within
the cellular environment, membrane transporters serve as primary facilitators for the movement of
compounds across cell membranes (Lizdk et al. 2019). Numerous studies have explored the
translocation and exchange of organic molecules supporting symbiotic interactions (Burriesci, Raab,
and Pringle 2012; Davy et al. 2012; Hofmann and Kremer 1981; Kopp et al. 2015). However, despite
its recognized importance, the molecular mechanisms underlying this transfer remain poorly
understood.

Sugar transporters facilitate or allow the movement of sugars across cell membranes, for nutrient uptake,
energy production, and cellular signaling in various biological interactions, including symbiotic
relationships (Carbé and Rodriguez 2023). Key sugar transporters involved in symbiotic associations
include MSTs (monosaccharide transporters), SUTs (sucrose transporters), and SWEET's (Sugar Will
Eventually be Exported Transporter) (Chen 2014; Eom et al. 2015). More particularly, SWEET
transporters have been described as pivotal in various cellular interactions, like plant-pathogen, plant-
rhizobia (Sugiyama et al. 2017), and plant-mycorrhizal symbioses, showing different transcriptional
regulation (Bezrutczyk et al. 2018; Manck-Gotzenberger and Requena 2016). Of note, SWEET have
been reported to be involved in facilitating sugar exchange in photosymbiosis contributing to the
translocation of organic carbon produced through photosynthesis (Maor-Landaw et al. 2023). Another
category of sugar transporter involved in photosymbiotic interactions is the Glucose membrane
transporters (GLUT-type) within the major facilitator superfamily (MFS). Phylogenetic analysis in
cnidarians identified two classes of GLUT transporters, emphasizing their role in transporting symbiont
photosynthates (Sproles et al., 2020). Iz silico predictions suggest that GLUT transporters are likely
located within the symbiosome. Higher transcription of GLUT transporters was reported in the medusa
Cassiopea andromeda (Carabantes et al., 2024), Hydra viridissima, as seen in anemone Aiptasia

(Lehnert et al., 2014; Sproles et al., 2018).
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I.4.5 Metabolic connectivity: from the host to the microalga

The association between Paramecium and the symbiotic microalgae Chlorella is likely supported by a
nutritional and metabolic exchange. The growth and metabolism of algae must rely on essential
nutrients supplied by the host (e.g. nitrogen). Previous research identified Ammonium and L-glutamine
as nitrogen sources transported from the host (Albers, Reisser, and Wiessner 1982). In a more detailed
study comparing the impact of various nitrogen sources on symbiotic (from the Japanese strain P.
bursaria) versus free-living Chlorella, the symbiotic form exhibited a growth increase in culture when
specific amino acids (e.g., Asparagine or Serine) were added to the culture media, in contrast to the free-
living form (Quispe et al. 2016). The absence of nitrate reductase further implies that the symbiotic
microalgae may depend on its host to supply ammonium or amino acids. A pH-dependent proton
symport was described as a potential system for general amino acid transport in symbiotic microalgae
(Kamako et al. 2005). Additionally, a differential expression analysis based on transcriptomics in
symbiotic microalgae Chlorella variabilis confirmed the presence of amino acid transporters (Hoshina
and Imamura 2008). Of note, a "N enrichment metabolomic approach highlighted that in “American”
symbiotic Chlorella, the transfer of nitrogen from the host to the symbiotic microalgae is more likely to
occur through amino acid and purine pathways (i.e. arginine)(Serensen et al. 2020). The host may also
regulate nitrogen service to its symbionts through digestion to reduce its total investment in nitrogen

provisioning (Lowe et al. 2016).
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I.5 PhD Objectives

Microalgae:
Photosynthesis
Carbon fixation

Carbon storage
dynamic

Host
synthesis  consumption

In symbiosis

L\ ) pyrenoid

starch plates

starch grains

lipid droplets

General scheme 1 presenting the objectives of this PhD thesis. In plants and microalgae, photosynthesis
takes place in chloroplasts (Chl), where carbon fixation enables the conversion of atmospheric carbon dioxide
into organic molecules, that can be stored for cell growth and cellular processes. The carbon metabolism of
microalgae is known to be dynamic, following a diurnal rhythm for carbon synthesis (e.g. starch) during the day
and carbon consumption during the night. Long-term storage compound (e.g. neutral lipids/ lipid droplets) are
generally accumulated in the cell under stress conditions. In symbiosis, photosynthetic carbon is the main
currency of exchange. Yet, little is known about the influence of the host on the carbon metabolism of the
symbiotic microalgae before the translocation of carbon to the host (e.g. sugars).
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The Paramecium-Chlorella freshwater model is a valuable system for investigating potential
morphological and physiological changes of symbiotic microalgae. This cellular model is easy to
maintain in culture and the non-symbiotic form for both, the microalgae and the host can be obtained
in laboratory conditions. Photosynthesis and carbon metabolism play central roles in photosymbiotic
interactions, yet the host's influence on microalgae carbon dynamics in symbiosis remains
uncharacterized, despite being pivotal for carbon exchanges with the host. So far, key questions

regarding the carbon metabolism of the symbiotic algae have not been addressed:

Question 1. What is the impact of symbiosis on the central carbon metabolism of the microalgae?
Question 2. What is the impact of symbiosis on the morphology/cellular architecture of the
microalgae (chloroplast)?

Question 3. What is the metabolic connectivity between host and algae and what are the sugar

transporters expressed in symbiotic versus free-living forms?

Chapter 1.

Chapter I of my Ph.D. project will study the subcellular architecture and the central carbon
metabolism of symbiotic microalgae and unveil the dynamics of carbon partitioning compared
with the free-living form.

In this work, a multiscale study combining 3D subcellular imaging (e.g. Focused Ion Beam Scanning
Electron Microscope) will allow us to visualize and obtain morphometrics information from free-living
and symbiotic microalgae focusing on their major organelles such as chloroplast and mitochondrion.
Another objective of this study is to provide new insights into the quantity and temporal dynamics of
carbon storage (e.g. starch and lipid droplets in the morning versus the afternoon) in both stages.
Additionally, I aim to integrate photophysiological measurements with subcellular imaging. This
combination aims to establish a comprehensive link between subcellular information and functional
aspects, providing a more thorough understanding of the carbon metabolism of microalgae in symbiotic
relationships.

Objectives of Chapter 1.
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e Unveil subcellular architecture and morphometrics of symbiotic and free-living microalgae
focusing on chloroplast and mitochondrion.
® Measure over time (morning versus afternoon) the carbon storage (lipid and starch) of symbiotic
and free-living microalgae by FIB-SEM (Focused Ion Beam Scanning Electron Microscope) and
bulk quantification (e.g. Enzymatic quantification and spectrophotometry)
® Measure physiological parameters related to carbon uptake and carbon fixation of both living
forms (e.g. Carbon uptake, Rubisco quantification, oxygen production).
Chapter II.
Light is a major factor influencing photosynthesis and carbon production. For instance, in benthic
corals symbiotic microalgae are kept in distinct microniches within host tissues exhibiting significant
diversity in light patterns. Thus, the integration of spatial distribution of symbionts could serve to gain
a holistic understanding of coral ecophysiology and unveil heterogeneity among the symbiont
population.
Chapter II of my Ph.D. project study aims to unveil morphometric changes of symbiotic
dinoflagellates from the same multicellular host using FIB-SEM. I aim to unveil the 3D cellular
organization and morphometrics of symbiotic microalgae localized in the top (canopy) and

bottom part of the host, exposed to different light within the host.

Objectives of Chapter II.
e Unveil subcellular architecture and morphometrics of symbiotic microalgae collected from the
top and bottom region of a multicellular host (Cnidarian).
e 3D reconstruction and morphometrics of the cell, chloroplast, and starch compartments of the

symbiotic microalgae.

Chapter III.
In photosymbiotic interactions, the ability of symbiotic microalgae to release or deliver sugars
from their photosynthesis is largely discussed. The symbiotic microalgae residing in the host

Paramecium is known to release sugars (e.g. maltose, glucose). Yet, the mechanisms (e.g. active/
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versus passive transport) by which the transfer of the photosynthates occurs in cells are still

poorly understood.

Chapter III of my PhD aims to unveil potential transporters of the host and the microalgae

involved in the exchange of sugars in symbiosis using a transcriptomic approach.

Objectives of Chapter III.
e Investigate potential candidate sugar transporters of the microalga involved in symbiosis

e Investigate potential candidate sugar transporters of the host involved in symbiosis

I.6 A subcellular 3D microscopy approach to better understand the physiology

and metabolism of a microalga

The integration of structure and function in biology is fundamental to better understanding biological
processes. 2D imaging provides a limited understanding of the ultrastructure of organelles, their
interactions, and the overall cellular architecture. In addition, only partial quantitative information and
aview of the cellular organization can be extracted from such 2D imaging data since it depends strongly
on the section of the cell observed, providing a partial view of the cellular organization. Focused Ion
Beam Scanning Electron Microscope (FIB-SEM) enables high-resolution three-dimensional imaging of
intricate cellular structures. FIB-SEM not only provides spatial resolution at a nanometric scale, but it
also provides important morphometric data (e.g. quantitative measurements of volume and surface).

The first example of FIB-SEM technology applied to 3D imaging of biological specimens was reported
by (Heymann et al. 2006), who demonstrated the application of this iterative milling and imaging
approach to a variety of biological specimens. FIB-SEM application was extended to mammalian cells
(Bennett et al. 2009), then including microalgae: for instance, a study in diatoms revealed new
architectural features associated with cell division (Hildebrand et al. 2009). Additionally, FIB-SEM has
been used to reveal the 3D ultrastructure of several microalgal cells with high resolution (4-10 nm) to

investigate and compare their subcellular architecture (Uwizeye et al. 2020). In the field of
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photosymbiosis, 3D electron microscopy was an important tool to unveil the morphological
transformation that undergoes in the microalga Phaeocystis in symbiosis within the host Acantharia, a
non-cultivable unicellular marine photosymbiotic association (Uwizeye et al. 2021). This work
underscored the significance of incorporating a subcellular context to disclose the plasticity of cellular

structures in photosymbiosis.).

I.6.1 Cryofixation: first step before subcellular imaging

Sample preparation is a key step in electron microscopy. Conventional methods at room temperature
involve chemical fixation, dehydration, and resin embedding. The primary limitation associated with
chemical fixation is the significant modification of cellular structures. High-pressure freezing and freeze
substitution, show a better preservation of cells and reduce the artifacts of conventional EM specimen
preparation (McDonald and Auer 2006).

High-pressure freezing (HPF) is based on using high pressure (about 2000 atmospheres or bar) to freeze
cells. This allows for immobilizing all molecules/structures in a cell within milliseconds without forming
ice crystals. By HPF, water molecules in the cells form amorphous (i.e. non-crystalline) ice limiting
ultrastructural artifacts. Hence, the sample is preserved close to its native form (e.g. no alteration of the
cellular architecture). This technique is powerful for structural cell biology (McDonald and Auer 2006;
Moor 1987). Following HPF, freeze substitution takes place and involves chemical fixation and resin
embedding at low temperatures. At this stage, cellular water is replaced by acetone, and cells are
chemically fixed and stained (e.g. using osmium) (i.e. between (- 90 °C to - 30 °C). This process carried
out at low temperatures prevents proteins and lipid molecules from moving, avoiding distortions in the
sample, often observed at room temperature. Then embedding with epoxy resin at low temperatures

takes place for several days to have a block with cells at room temperature.

1.6.2 FIB-SEM: Focused Ion Beam Scanning Electron Microscope

The Focused Ion Beam (FIB) often uses Gallium (Ga*) to ablate the surface of a specimen resin block
with a nanoscale resolution (e.g. a resin block containing HPF biological samples embedded in resin?).
When paired with a Scanning Electron Microscope (SEM), FIB-SEM turns into a practical microscopy

tool for 3D imaging (Fig. 8).
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Figure 8. Schematic representation of FIB-SEM microscope and sample registration. The gallium ion
beam is produced by a liquid metal ion source at the top of the ion column. The beam is focused onto the sample
(embedded cells)). The electron beam is used to monitor the milling process and acquire micrograph. A gas
injection system (GIS) is used prior to milling to apply a thick protective platinum coating onto the sample.
Principle of ion beam milling: a selected region of the sample undergoes trenching to expose the area of interest,
followed by a repetitive process of resin milling using the FIB (red beam) and subsequent SEM (green beam)
imaging of the exposed surface to generate a stack of 2D images. The platinum (Pt) pad patterned on the sample
surface enables automated beam adjustment and control over slice thickness. The stack of 2D images is then
digitally transformed into a 3D volume, aligned, and segmented to unveil the desired 3D structure. Adapted from
(Kuba et al. 2021) and (Narayan and Subramaniam 2015).

Upon insertion into the FIB-SEM chamber, a protective layer of platinum or carbon is initially
deposited via a Ga+ beam to safeguard the target region for imaging. Subsequently, an iterative process
ensues, wherein resin milling by the FIB alternates with Scanning Electron Microscope (SEM) imaging
to unveil a series of 2D images at each milling step of few nanometers of distance. The iterative process
repeats until obtain, for example an entire cell acquired. Once the cycle is finished, registration of the
2D image stack occurs. The 3D volume is then obtained by slice images alignment through a

computational process (Narayan and Subramaniam 2015).
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1.6.3 Image processing and segmentation

3D-based electron microscopy allows us to access a more complete view of the subcellular architecture
of a cell. An image stack registration of a cell comprises between 300 and 600 high-resolution SEM
images depending on the specimen volume. A dataset may comprise between 60 to 100 gigabytes (GB).
Before initiating 3D reconstruction, a critical initial step is to convert the data into a compatible format
and reduce its size for compatibility with available software. Image processing involves pre-processing
images by enhancing the contrast of specific subcellular features, including stack registration and noise
reduction to facilitate identification and characterization of Regions of Interest (ROIs). Fiji offers
plugins for displaying image features, enhancing resolution, and performing stack registration.
Following data processing, 3D reconstruction is conducted based on pixel classification, with various

techniques reviewed by “(Zhao et al. 2024)”.
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production and storage). This study reveals time-resolved morphological and physiological changes of a
microalga inside a host at the subcellular scale. We show that the photosynthetic machinery expands and
carbon fixation and storage are boosted in symbiotic microalgae beyond their growth needs.
Photosynthetic production is very likely enhanced by the energetic demands of the host. These findings
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Abstract

Symbiosis between a host and intracellular eukaryotic microalgae is a widespread life strategy in aquatic
ecosystems. This partnership is considered to be mainly energized by the photosynthetically-derived
carbon energy of microalgal symbionts. A major question is whether microalgae increase their
photosynthetic production and decrease carbon storage in order to maximize carbon translocation to
their host. By combining three-dimensional subcellular imaging and physiological analyses, we show
that the photosynthetic machinery (chloroplast and CO.-fixing pyrenoid) of the symbiotic microalga
Micractinium conductrix significantly expands inside their host (the ciliate Paramecium bursaria)
compared to the free-living state. This is accompanied by a 13-fold higher quantity of Rubisco enzymes
and 16-fold higher carbon fixation rate. Time-resolved subcellular imaging revealed that
photosynthetically-derived carbon is first allocated to starch during the day, with five times higher
production in symbiosis despite low growth. Nearly half of the carbon stored in starch is consumed
overnight and some accumulates in lipid droplets, which are 20-fold more voluminous in symbiotic
microalgae. We also show that carbon is transferred to the host and hypothesize that much of this is
respired by the high density of surrounding host mitochondria. We provide evidence that
photosynthetic production of symbiotic microalgae is likely boosted in response to the energetic
demands of the host. Overall, this study provides an unprecedented view of the subcellular remodeling
and dynamics of carbon metabolism of microalgae inside a host, highlighting the potentially key role of

the source-sink relationship in aquatic photosymbiosis.

I.1 Introduction

Symbiotic associations encompass a broad spectrum of interactions, many of which rely on metabolic
exchanges between partners. Photosymbiosis (the association between a heterotrophic host and
photosynthetic symbionts) is ubiquitous in aquatic ecosystems. While the most emblematic example of
photosymbiosis is the association between corals and microalgae (e.g. Symbiodiniaceae) (Hughes,
Barnes, et al. 2017; Sukumaran and TR Keerthi. 2023), photosymbiotic interactions with marine and
freshwater protists, such as radiolarians, ciliates, dinoflagellates, as hosts are also widespread (Decelle et

al. 2015; Stoecker et al. 2009). Although it remains challenging to quantify the benefits for the host and



Page |31

the microalgal symbionts, it is widely considered that photosymbiosis is mutually beneficial, i.e. the host
acquires new metabolic capabilities (production of photosynthesis-derived carbohydrates, nitrogen
recycling) and symbiotic microalgae benefit from a nutrient-rich environment and protection against
predators and viruses (Decelle et al. 2015; Dziallas et al. 2012; Johnson 2011; Yellowlees, Rees, and
Leggat 2008). Nevertheless, our mechanistic understanding of this metabolic crosstalk between host and
symbiont, particularly the impact of symbiosis on the bioenergetics of microalgae, remains in its infancy.
Physiological and morphological changes in symbiotic microalgae have previously been described in
unicellular marine plankton photosymbiosis, including expansion of chloroplast volume and higher
carbon fixation capability (Decelle et al. 2019, 2021a; Uwizeye et al. 2021). This algal transformation
strongly suggests an enhanced primary production of the algae within their hosts, with possible impact
of photosymbiosis in global carbon cycles. However, given the wide diversity of taxonomic partners and
habitats, it is not known whether this is a common phenomenon in photosymbioses from marine and
freshwater ecosystems.

The remodeling of the photosynthetic apparatus in oceanic photosymbiosis raises the question of how
microalgae manage their photosynthetically-derived carbon energy within hosts, and more particularly
what is the fate of this carbon? In microalgae, carbohydrates (e.g. sugars) produced by photosynthesis
are typically used for respiration and growth, or partitioned into storage compounds such as starch (or
other glucose polymers) and triacylglycerols (TAG) in lipid droplets (Busi et al. 2014; Le6n-Saiki et al.
2017). Synthesis and degradation of starch and lipids are dynamic (Jouhet et al. 2022; Kong et al. 2018)
and depend on cell growth, the time of the day and environmental conditions (Le6n-Saiki et al. 2017;
Ran etal. 2019). We speculate that starch and lipid storage in symbiotic microalgae is limited compared
to the free-living condition since it has been shown that most (90%) of the organic carbon produced by
microalgae is transferred to coral hosts, mainly as glucose and lipids (Davy et al. 2012; Falkowski et al.
1984). Starch and lipids have been observed in microalgae living within corals, Foraminifera and
Radiolaria (Decelle et al. 2021b; Gibbin et al. 2020; Krueger et al. 2018), but their diel dynamics inside
and outside the host has never been addressed. This knowledge gap prevents us from understanding the
impact of the host on the bioenergetics of their symbiotic microalgae, and therefore, the mechanisms

and drivers of carbon exchange.
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Studying the metabolisms of symbiotic microorganisms is challenging because it requires disentangling
the metabolism of both partners with sufficient spatial and temporal resolution. Transcriptomics can
provide insights into potentially active metabolic pathways, but do not provide quantitative
information (for example about the quantity of carbon that is stored). In this study, we therefore
conducted time-resolved 3D ultrastructural imaging to reveal the subcellular architecture of microalgae
outside and inside a host over time, quantifying volumes of organelles and compartments that produce
and store carbon energy. Combined with physiological measurements, this imaging approach is essential
to obtain a full understanding of the metabolic status of a symbiont within a host. We used a single-
celled photosymbiotic system, Paramecium bursaria (host ciliate) and Chlorella spp. (green microalgae,
Chlorophyta), that is widely distributed in freshwater ecosystems (Proschold et al. 2011; Reisser 1980).
The ciliate has the capacity to establish a symbiosis with 100-800 algal cells, individually localized in a
symbiosome vacuole. These symbiotic microalgae can belong to the genera Chlorella and
Micractinium, which are also able to be cultured in the free-living state (Fujishima 2009). We
demonstrate that symbiotic microalgae undergo a major expansion of their chloroplast, including the
CO.-fixing pyrenoid, which lead to higher carbon fixation compared to the free-living stage. By tracking
the fate of this photosynthetically-produced carbon in symbiosis, we show that there is a higher starch
production during the day, a higher consumption overnight, carbon accumulation in lipid droplets, and
carbon transfer to the host. Our study provides experimental evidence that this high primary
productivity could be linked to the energetic demands of the host. Therefore, this study provides new
insights into the carbon metabolism of symbiotic microalgae and on potential host processes that

engineer carbon energy in photosymbiosis.

1.2 Results and Discussion

Expanded photosynthetic machinery and higher carbon fixation uptake in symbiotic
microalgae

Using the volume electron microscopy technique FIB-SEM (Focused Ion Beam Scanning Electron
Microscope), we compared the subcellular architecture of two free-living microalgae (Chlorella vulgaris
and Micractinium conductrix, both known to be symbionts of the ciliate Paramecium bursaria) with

that of symbiotic cells (identified here as M. conductrix) (Fig. 1). In total, 80 algal cells have been
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analyzed, representing more than 40,000 electron microscopy images. We focused on 3D reconstruction
and quantitative volumetrics of the main algal organelles (i.e. chloroplasts, mitochondria and the
nucleus). The two free-living microalgae which are known to engage in symbiosis with P. bursaria
exhibited similar cellular architecture, with organelles having comparable volumes (Fig. 1B). Having two
free-living representatives provides additional evidence on the effect of symbiosis regardless the
symbiont taxonomy and culture conditions. By contrast, symbiotic microalgae exhibited significant
morphological differences (Fig. 1). Cell volume was 5.6-fold higher than the free-living stage (43.55 +
12.97 um?® vs 7.79 £ 1.94 um?®). The most important differences involved the energy-producing
organelles, with the volume of the chloroplast and mitochondrion increasing 6.4 and 7.3-fold in
symbiotic microalgae, respectively (22.92 £ 7.97 um? v5s 3.59 + 1.02 pum? and 1.55 £ 0.52 um’ 05 0.21
0.05 pm?, respectively) (Fig. 1B). Volume occupancy of the mitochondrion and chloroplast in the cell
(organelle/cell volume ratio) tended to be higher in symbiosis (3.52% + 0.35% in symbiosis vs 2.77 +
0.34% in free-living and 51.68% * 4.27% in symbiosis vs 45.78% + 2.18% in free-living, respectively). In
contrast, cell volume occupancy of the nucleus was 2-fold lower in symbiosis (5.41 £ 1.14% vs 11.18 +
1.50%) (Fig. 1C). Symbiotic cells exhibited a larger variability of organelle volumes compared to the free-
living condition, suggesting different physiological states inside the host. The morphological changes
that we observed in this symbiotic microalga share similarities with those reported for some marine
planktonic photosymbioses (Decelle et al. 2021a; Uwizeye et al. 2021), suggesting that common cellular

processes are involved when photosynthetic production is enhanced within a host.
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Figure 1. Subcellular architecture of free-living and symbiotic microalgae unveiled by FIB-SEM
imaging. A) 3D reconstruction of the free-living microalgal cells (Chlorella vulgaris; and Micractinium
conductrix) and the symbiotic microalgal cells (identified as M. conductrix) in the host ciliate Paramecium
bursaria (CCAP1660/18) with chloroplast (green), mitochondrion (red) and the nucleus (blue). Scale bar: 1um.
B) FIB-SEM-derived volumes of the cell, chloroplast, mitochondrion and nucleus from the free-living microalgae
(C. vulgaris;n=6 and M. conductrix n=10) and symbiotic microalgae (M. conductrix; n=10). Scatter plots present
the mean volume of organelles (um?) £ SD. Non-parametric ANOVA unpaired test: ***p < 0.0001 **p < 0.001;
ns, no significant difference. C) Relative volume occupancy of the chloroplast, mitochondrion and nucleus in
the cell as % (organelle volume/cell volume ratio) in free-living and symbiotic microalgal cells. Volumes (um?) of
organelles are given within respective bar segments and summarized in Table S1 to S4. (Grey bar segments
represent the remaining volume of the cell).
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To investigate the photosynthetic capacities of symbiotic microalgae, we analyzed the structural
organization and quantified the volume of the pyrenoid, the CO,-fixing liquid-like compartment inside
the chloroplast (He, Crans, and Jonikas 2023; Meyer, Whittaker, and Griffiths 2017). 3D
reconstruction showed that the pyrenoid matrix of free-living and symbiotic microalgae was traversed
by membrane tubules extending from the thylakoids, as previously described in other green microalgae
(Chlorella and Chlamydomonas) (Engel et al. 2015; Fujishima 2009) (Fig. 2A). Compared to free-living
cells, the pyrenoid was 8.8-fold larger in symbiosis (1.14 + 0.27 um’ vs 0.13 + 0.04 um’). It also tended
to occupy even more space within the enlarged chloroplast (5.35 + 1.56% in symbiosis vs 3.63 £ 0.70%
in free-living) (Fig. 2B). The increased volume of the pyrenoid could contribute to higher carbon
fixation by the cell. In order to establish the connection between morphology and function of this key
compartment, we quantified carbon fixation (time-resolved incubation with *C-bicarbonate stable
isotope) and the content of the CO.fixing enzyme Rubisco (Ribulose-1,5-bisphosphate
carboxylase/oxygenase) in free-living and symbiotic microalgae (Fig. 2C-E). Carbon fixation per cell in
symbiotic microalgae was 16-fold higher than in free-living cells (0.0192 £ 0.0125 pg of *C.cell-1 and

0.0012 + 0.0002 pg of **C.cell-1, respectively) after 1h of incubation with *C-bicarbonate.

When normalized per carbon, carbon uptake was 2-fold higher in symbiosis (0.0022 £ 0.00022 pg.
BC.cell” 5 0.0011 £ 0.00030 pg. *C.cell) (Fig. 2C-D, Table S5). Using quantitative western blot, we
found that symbiotic cells possess ~13 times more Rubisco compared to free-living cells (5.77.10° +
1.32.10"° pmol.cell! in free-living vs 7.75.10% £ 4.16.10" pmol.cell’ in symbiosis) (Fig. 2E-Fig. S1,
Table S$6), corroborating the increase in pyrenoid volume. This demonstrates that pyrenoid volume
assessed by 3D electron microscopy is correlated to Rubisco content, a relationship that has not
previously been explored. Higher carbon fixation could also be explained by higher CO, availability
surrounding symbiotic microalgae, partly due to the acidification of the symbiosome (Kodama and
Fujishima 2005). Overall, the increase in pyrenoid volume and Rubisco content, as well as higher carbon
fixation, clearly illustrate significant remodeling of the photosynthetic machinery and enhancement of

photosynthetic production by microalgae in symbiosis.



Page |36

Free-living M. conductrix Free-living ~ Symbiont

2.0 -
15 ® '
&
o §
2y
1.0
3
2
S
. 0.5 4 ns .
. N _ N
g 124
> .
0
€ 104
Q. o
D w
O @© 8-
8 8_ ns
q) —_
o 64
§< ©
6 (9]
> c 44
o
e 2
I
ﬂ>..\ 0 T T T
8 Chloroplast @ Pyrenoid 4 Membrane tubules C. vulgaris M. conductrix
C 0.040 - M. conductrix D 39 M. conductrix E o 2x10° M. conductrix
- T 1.6x10° *x
0.035 . " S . .
] © 1.2x10°
) — 0.030 [ 8 ) o
(S i © — Q
| 0025 B oo T 9x10°+
38 0.020 > = S exi0°
c 0.02 c L 6x10°4
o o mU s 5 3x10°
Q v 0.02 A O 7 1 O Xg
@ £ o ¥ o 210"
© ] o= % 1x10°°
0.01 5 9%
0.00 - 0 0
Free-living Symbiont Free-living Symbiont Free-living Symbiont

Figure 2. Expansion of the carbon fixation machinery in symbiotic microalgae. A) Representative electron
micrographs and FIB-SEM-based 3D reconstruction of the chloroplast (chl, green) and its immersed pyrenoid
(pyr, purple) in free-living and symbiotic microalgae (M. conductrix). Arrows indicate the membrane tubules
crossing the pyrenoid matrix. Scale bar: 1 um. B) Scatter plots represent the volume of the pyrenoid in pm*(mean
* SD) and pyrenoid volume occupancy (relative volume of the pyrenoid in the chloroplast) as % (mean £ SD) in
free-living C. vulgaris (n=6) and M. conductrix (n=10) and the symbiotic microalgae (M. conductrix: n=10) in the
host ciliate Paramecium bursaria. Non-parametric ANOVA unpaired test: ****p < 0.0001; *p < 0.01: ns, no
significant difference. C-D) Inorganic carbon fixation rate after 1h of incubation with C-labelled bicarbonate
in free-living and symbiotic microalgae presented as carbon uptake per algal cell (C) and carbon uptake per carbon
(D) in triplicates. E) Rubisco content (pmol) per algal cell in free-living and symbiotic state based on Rubisco
immunoblot. t-test: **p < 0.05. See also Supplementary Table S6 and Fig S1.
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Higher starch production in symbiotic microalgae and overnight consumption

One of the major questions in photosymbiosis is whether symbiotic microalgae store carbon energy
when present inside their host (and if yes, in which quantity) or if this carbon is transferred to the host
without storage. In order to investigate carbon allocation in symbiosis, we tracked the fate of the
photosynthetically-fixed carbon at the subcellular scale using a correlative TEM-NanoSIMS
(Transmission electron Microscopy-Nanoscale Secondary Ion Mass Spectrometry) approach. After 1h
of incubation with **C-labelled bicarbonate, *C enrichment was mostly found in starch of the symbiotic
microalgae (Fig. 3A), as is the case in symbiotic dinoflagellates from Foraminifera and corals (Kopp et
al. 2015; LeKieffre et al. 2018). After 24h, *C enrichment was found not only in starch but also in the
algal cytoplasm and algal lipid droplets (Fig. 3B). These results demonstrate that symbiotic microalgae
store photosynthetically-fixed carbon during the day in the form of starch in their chloroplast, allocate
part of this carbon in newly synthetized biomass for growth, and also store it in lipid droplets, possibly

via an overnight reallocation from starch to lipids.
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Figure 3. Subcellular tracking of fixed carbon in symbiotic microalgae using mass spectrometry
imaging. A-B) SEM (Scanning Electron microscopy) and NanoSIMS (Nanoscale Secondary Ion Mass
Spectrometry) images and the overlay (right) showing *C enrichment (%o, provided by the C/"*C ion map) in
symbiotic microalgae within the host P. bursaria after 1h (A) and 24h (B) of incubation with C-labelled
bicarbonate. At 1h, “C enrichment was mainly found in starch grains and plates of the symbiotic microalgae
while at 24h, PC enrichment was also found in algal lipid droplets. Starch and lipid droplets are highlighted in
SEM images by dashed circles in orange and yellow, respectively.

We then investigated whether microalgae store more or less carbon (i.e. starch and triacylglycerols - TAG
- in lipid droplets) in symbiosis compared to the free-living stage, and if this storage follows the same
temporal dynamics. We combined a bulk quantification of total starch and neutral lipids with FIB-
SEM-based volumetrics in free-living and symbiotic microalgae over the day (morning 10 am after 2h of
light versus afternoon 4pm after 8h of light). Starch quantification in microalgae revealed that synthesis
occurs during the day outside and inside a host following the same diel dynamics (Fig. 4A). However,
starch production was significantly higher in symbiosis, leading to a 4.4-fold higher starch content per
cell at the end of the day (1.40 £ 0.08 pg.cell* in symbiosis in respect to 0.31 £ 0.12 pg.cell!). It is known

that starch production is correlated to cell growth and energetic demands in green microalgae (Ball et al.
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1990; Busi et al. 2014). In free-living microalgae, we showed that starch production mainly takes place
during exponential growth phase, while at stationary phase, starch content is similar between morning
and afternoon (no production at low growth rate, Fig. S2). Despite the 2-times lower growth rate of
microalgae in symbiosis (Table S8), as previously reported (Takahashi 2016), microalgae produced 5.3-
times more starch during the day (0.91 pg.cell’ in symbiosis vs 0.17 pg.cell' in free-living algae)
compared to free-living cells. This may indicate that symbiotic microalgae produce more starch than

needed for their growth.

FIB-SEM-based 3D reconstruction allowed us to track and quantify two types of starch compartments
that are produced depending on growth conditions: starch plates surrounding the pyrenoid and starch
grains localized in the stroma of the chloroplast (Fig. 4B) (both labelled with *C with NanoSIMS, Fig.
3). In green microalgae (Chlamydomonas sp.) actively dividing cells accumulate more starch in plates,
while transitory starch grains can massively increase under stress conditions (Findinier et al. 2019; He et
al. 2023) Starch plates are also essential for carbon fixation and the carbon concentrating mechanism
(CCM), potentially acting as an oxygen barrier for Rubisco (Toyokawa, Yamano, and Fukuzawa 2020).
Compared to free-living cells, FIB-SEM-based morphometrics confirmed the higher amount of total
starch per cell volume in symbiotic microalgae at the end of the day (by 2-fold: 0.057 + 0.02% s 0.030
+ 0.00% per cell volume) (Fig. S3). Specifically, FIB-SEM data revealed that starch increase mainly took
place in plates surrounding the pyrenoid during the day (1.4 fold and 9-fold increase between morning
and afternoon in free-living and symbiotic cells, respectively). By contrast, the relative occupancy of
starch grains in the cell did not vary between morning and afternoon in free-living and symbiotic cells
(Fig. 4C, Table $9-10). The fact that transitory starch grains do not accumulate in symbiotic microalgae
during the day suggests that starch degradation and sugar export into the cytosol could be maintained,
like in actively growing free-living cells.

In order to further understand storage dynamics in free-living and symbiotic microalgae, starch
quantification was also performed on the following day (after one night in the dark). We found that
overnight consumption of starch was maintained in symbiotic microalgae despite their lower growth
rate (similar diel starch turnover). In free-living (exponential growth phase) and symbiotic microalgae,

about 44% of starch produced during the day was consumed overnight (from 1.40 + 0.08 pg.cell-1 in
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the afternoon to 0.79 £ 0.02 pg.cell-1 the next morning in symbiotic microalgae) (Fig. 4A). Of note, this
represents a 4.5-fold higher quantity of starch that is consumed in symbiosis overnight (0.61 pg.cell-1 vs
0.14 pg.cell-1in free-living). This could indicate that nearly half of these carbohydrates/sugars have been
i) tapped for algal energetic demands, ii) reallocated to other algal compartments (e.g. lipids), and/or iii)

transferred to the host overnight in symbiosis.
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Figure 4. Quantity and diel dynamics of starch synthesis and storage in free-living versus symbiotic
microalgae. A) Starch content per cell in free-living (C. vulgaris and M. conductrix) and symbiotic microalgae
(M. conductrix) unveiled by enzymatic assay (n = 3) in the morning (10am) and afternoon (4pm) across two
consecutive days. B) Electron micrographs and FIB-SEM-based 3D reconstruction of starch plates (sp, dark
orange) and starch grains (sg, light orange) in the chloroplast (chl) of free-living and symbiotic microalgae. Scale
bar: 1 um. C-D) Scatter plots represent the relative volume of starch plates (C) and starch grains (D) in free-living
and symbiotic microalgae (%) provided by FIB-SEM based volumetrics. Non-parametric ANOVA unpaired test:
**p<0.01: *p < 0.05: ns, no significant difference. Size scales: 1 um. See also Supplementary Tables §9 and S10.

Accumulation of lipid droplets overnight in symbiotic microalgae

Our 24h-incubation nanoSIMS results showed that some of the fixed carbon can be used by symbiotic
microalgae for their growth (**C enrichment in the algal cytoplasm), but also allocated into their
cytosolic lipid droplets (Fig. 3B). Itis known that lipid droplets are a major carbon storage compartment
in microalgae that can fluctuate according to growth and stress conditions, such as nutrient limitation
(Jouhet etal. 2022; Kong et al. 2018; Ran et al. 2019). Like starch, we tracked and quantified the neutral
lipids content of free-living and symbiotic microalgae using a combination of a fluorescence-based assay
(Nile Red staining quantified by spectrometry) and FIB-SEM imaging. The specificity of neutral lipid
staining was verified in our microalgae using confocal fluorescence microscopy (Fig. S4). FIB-SEM-
based 3D reconstruction revealed that symbiotic microalgae contained many more lipid droplets (up to
20) compared to the free-living stage (3 on average) (Fig. 5A). On average, the volume of total lipid
droplets in symbiotic microalgae could be ~20 times higher (or 11.7 times higher if normalized per cell
volume: 0.035+ 0.007 wm? in symbiosis compared to 0.003 * 0.003 um?in free-living cells) (Fig. 5B,
Table $10). When compared between morning and afternoon, FIB-SEM and fluorescence-based
quantification showed that there was no increase in lipid droplets in both free-living and symbiotic
microalgae (Fig. 5). On the following day, lipid droplets did not increase in free-living cells, whereas in
symbiosis, there was an accumulation of lipid droplets (0.019 + 0.003 to 0.034 * 0.009 a.u.cell) (Fig.
SC,Table §11). This accumulation in symbiotic microalgae seemed to be maintained the following days,
up to day 7 (higher amount of lipid per cell). Overall, our results suggest that the storage of
triacylglycerols (TAG) in lipids droplets increases overnight in symbiotic microalgae, likely fueled by
carbon from starch, and that lipid droplets accumulate over consecutive days. This raises the question

as to whether some of the photosynthetically-produced organic carbon is also transferred to the host.
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Figure 5. Accumulation of lipid droplets in symbiotic microalgae. A) Electron micrographs and FIB-SEM-
based 3D reconstruction of lipid droplets (yellow) in free-living (C. vulgaris and M. conductrix) and symbiotic
(M. conductrix) microalgae. Scale bar: 1 um. B) FIB-SEM-based calculation of the volume of lipid droplets
normalized by cell volume (occupancy in the algal cell as %) between free-living and symbiotic microalgae, and
morning and afternoon. Statistical test: Non-parametric ANOVA unpaired test: ***p<0.0001: ns, no significant
difference. C) Total neutral lipids per algal cell assessed using Nile Red staining in free-living and symbiotic
microalgae in the morning and afternoon, over two consecutive days. In symbiotic microalgae, neutral lipids were
also quantified after 7 days of culture. Fluorescence intensity (a.u.) was quantified by TECAN-based
spectrometry. See also Supplementary Table S11 and Fig S4.
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Photosynthetically-derived carbon is transferred to the host

Using NanoSIMS, we investigated whether photosynthetically-derived carbon is transferred and stored
in host cells. After 1h, no *C enrichment was detected in the host cell (Figs. 3A and 6A). After 24h, we
did not observe large structures/compartments of the host highly labelled with "*C, contrary to results
reported for photosymbioses involving Foraminifera and corals (Gibbin et al. 2020; Kopp et al. 2015;
Krueger et al. 2018; LeKieftre et al. 2018) that store carbon in large lipid droplets highly labelled with
BC. A low level of PC enrichment was, however, detected in unknown host, demonstrating transfer to
the host (Fig. 6A). We hypothesize that carbon energy produced by symbionts could be rapidly used by
the host upon transfer and not stored in lipid droplets or other sugar reserves. To support this, we
investigated the ultrastructural microenvironment of the host in the vicinity of symbionts. 3D
reconstruction revealed a high density of host mitochondria surrounding symbiotic microalgae (Figs.
6B and 6C). Tight physical interaction between host mitochondria and the symbiont-containing
symbiosome was also previously observed in this model (Song et al. 2017). Proximity between symbiotic
microalgae and host mitochondria were also reported in salamander embryos and cnidarian-
Symbiodiniacae symbioses (Dunn et al. 2012; Kerney et al. 2011). Therefore, it is possible that
photosynthetically-derived organic carbon of symbionts could be transferred and very rapidly respired
by host mitochondria, rendering it undetectable by nanoSIMS. This mass spectrometry imaging
coupled with resin embedding can only detect carbon that is incorporated into biomass or stored in large
molecules such as lipids and starch (Gibbin et al. 2020). We also cannot exclude that host mitochondria
can participate to the delivery of CO, surrounding symbiotic microalgae, so contributing to the

enhanced algal carbon fixation and photosynthetic production.
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Figure 6. Carbon transfer in the host and aggregation of host mitochondria surrounding the symbiotic
microalgae. A) Correlated SEM (Scanning Electron Microscope) and NanoSIMS images of the distribution of
C enrichment in symbiotic microalgae of the host Paramecinm bursaria after 1h and 24h-incubation with ®C-
labelled bicarbonate. Colors in NanoSIMS maps represent enrichment relative to an unlabeled sample. At 24h
incubation, white arrows indicate carbon transfer into unknown host structures. B) Electron micrograph from a
FIB-SEM stack obtained from the host P. bursaria and its symbiotic microalgae. Red arrows indicate the host
mitochondria. Scale bar: 1pm. C) 3D reconstruction of the host mitochondria (red) surrounding the symbiotic
microalgae (green).

Does the host act as a sink influencing carbon metabolism of its microalgae?

In plants and microalgae, photosynthesis and primary production are mainly driven by inputs such as
light and CO,, but also by the balance between production and consumption of energy (Demmig-
Adams et al. 2017; Krapp and Stitt 1995). This is the source-sink relationship, whereby production by
the source (e.g. a microalga) can be enhanced by sinks (e.g. consumption for growth and/or export out
of the site of production) (Abramson et al. 2016). Here, we show that carbon uptake and starch
production in symbiotic microalgae are higher than in free-living cells while cell growth is lower. In
addition, NanoSIMS results demonstrate transfer of some of this carbon to the host. We therefore
hypothesize that the host could act as an additional sink, whereby its energetic demands influence
photosynthetic production of its intracellular microalgae (source). This source-sink concept has also
been proposed to be central in other symbiotic systems, from reefs to plants (Adams et al. 2020;
Andersen 2003). To further understand the source-sink relationship in photosymbiosis, we quantified
starch production of symbiotic microalgae when external glucose, considered to be one of the main
photosynthates transferred (Arriola et al. 2018b; Fujishima 2009; Serensen et al. 2020), was provided to
the host. An incubation experiment with *C-glucose showed that the host Paramecium bursaria is able
to take up this sugar molecule (9565.51 %o enrichment) (Table S12). We then compared starch
production of symbiotic microalgae in a glucose-fed host and control (host without glucose) during six
hours of light (from 10 am to 4 pm). This experiment revealed that symbiotic microalgae produced 2.3
times less starch at the end of the day when the host was provided with glucose (4.27 £ 0.73 pg.cell in
control vs 2.52 £ 0.36 pg.cell") (Fig. 7A). This lower starch production was not accompanied by a
change in photosynthetic activity (net oxygen production) that remained similar in both conditions
(Fig. S5, Table S13). Therefore, lower energetic demands of the host led to a cellular process that

diminished starch production of its microalgae (but not light reactions of photosynthesis).
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Figure 7. Starch production in symbiotic microalgae within hosts exposed to glucose. Total starch
quantification of symbiont microalgae after exposure to glucose (75 mM) versus control (without glucose).
Scatter plots shows the mean of biological triplicates SD. **p=0.0001: *p < 0.05. See also Supplementary Table
S$13 and Fig S5. (ANOVA, N = 12, Feondition=5.8, Fiime=63.66; Finteraction = 9.726).
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I.3 Conclusion and Perspectives

In symbiosis versus free-living:
Larger cells 6-fold

Increase of E’ related 6-fold chloroplast
organelles 9-fold pyrenoid

High carbon fixation 13-fold

5.6-fold starch

High carbon storage
12-fold LD

/ Carbon dynamics High accumulation

LD over time
Glucose
Host
Maltose ? d‘a‘; i
Other : 5
C

@) pyrenoid
starch plates
starch grains
lipid droplets (LD)

Photosynthetic carbon

General scheme. Symbiotic microalgae have larger chloroplasts (Chl) and pyrenoid (purple), potentially linked
to increased carbon fixation (Cgy). The dynamics of starch turnover are maintained in symbiosis, with higher
production during the day and increased lipid droplets (LD) accumulation overnight. The host could benefit
from the carbon exported (Cirnster) by its microalgae.
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This multi-scale study provides evidence that photosynthetic production is enhanced in symbiotic
microalgae compared to their free-living stage. We showed that symbiotic microalgae, the growth rate
of which is repressed, have a 6-fold larger chloroplast with a 9-fold larger pyrenoid that contains 13 times
more Rubisco. This is accompanied by 16-fold higher carbon fixation per microalgal cell. Enhancement
of photosynthetic production in symbiotic microalgae therefore occurs in both marine (Uwizeye et al.
2021) and freshwater photosymbioses, suggesting common mechanisms within hosts. To date, the fate
of this photosynthetically-derived carbon energy in photosymbiotic systems had not been fully
addressed. Here, we demonstrate that the dynamics of diel starch turnover of the microalga is
maintained in symbiosis, suggesting that the endogenous circadian clock known to regulate starch is
maintained within a host (Graf and Smith 2011). However, symbiotic microalgae store more carbon as
starch and neutral lipids compared to the free-living stage. More specifically, there is higher starch
production during the day and higher consumption overnight, while neutral lipids (TAG) increase
overnight and accumulate over successive days. Given the lower cell growth in symbiosis, these results
indicate that symbiotic microalgae produce more organic carbon that needed for their growth. This
excess of carbon energy stored in lipid droplets, which makes symbionts “fatty”, could nutritionally
benefit the host when algal digestion takes place, a known phenomenon when the host is under
starvation (Kodama and Miyazaki 2021). On a shorter time-scale, we also showed that the host can
benefit from carbon exported by its microalgae, likely for sustaining its respiration needs, consistent
with high density of host mitochondria surrounding the symbionts. Therefore, the host can act as an
additional sink, likely influencing photosynthetic production by its microalgal symbionts, as indicated
by the observation that symbiotic microalgae produce less starch when host energetic demands are
lower. Nevertheless, lipid accumulation in symbiotic microalgae within the host Paramecium bursaria
tends to show that the host is not a strong sink, in which case a massive import of photosynthetically-
produced carbon would be observed. The host may potentially regulate carbon import from its
microalgae based on its energetic demands in order to avoid uncontrolled efflux of carbohydrates that
could be harmful for the system. Further studies are needed to fully investigate this source-sink
relationship in photosymbiosis, which may be a foundational mechanistic process underlying the

metabolic integration of microalgae and host cells.
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I.4 Material and Methods

Strains and culture conditions

The ciliate Paramecium bursaria (CCAP1660/18) in symbiosis with Micractinium conductrix was

obtained from the Culture Collection of Algae and Protozoa (https://www.ccap.ac.uk/). The culture

medium for P. bursaria was prepared by inoculating Volvic natural mineral water with the bacterial
strain Serratia marcescens CIP103235TT (Pasteur institute Bacteria CIP) and 0.66 g/L protozoan pellets
(Carolina Biological Supply, NC, USA) 24h before use. The microalga Chlorella vulgaris (CCAP
211/11B) was also obtained from the Culture Collection of Algae and Protozoa. The Micractinium
conductrix culture was obtained in culture by isolating its symbiotic stage within the ciliate host P.
bursaria (CCAP1660/18). Host cultured of 2 weeks-old were filtrated to recovered symbiotic
microalgae of the medium. Cultures were filtrated through a 40 pm cell strainer and 10 um filter that
removed the host. The filtrate was centrifuged (2 min at 2 500 g) and plated on modified solid High Salt
Medium (HSM) (Gorman and Levine 1965; Sueoka 1960). Microalgae were maintained at 20°C with a
12:12 h light/dark cycle - light intensity of 40 p.E m™s™" - and re-streaked on plates every week. After a
period of growth, an individual colony of M. conductrix was re-streaked onto a fresh plate to establish a
pure strain. All cultures (host and free-living microalgae) were maintained at 20°C under with a 12:12h
light/dark cycle with a light intensity of 40 wE m™ s™". Prior to carrying out experiments, free-living
microalgal strains were transferred to liquid medium and maintained in the same conditions under
constant agitation (80 rpm). The concentration of free-living and symbiotic microalgal cells was assessed
with a LUNA-FLTM automated fluorescence cell counter (Logos Biosystems Inc., Anyang-si,

Gyeonggi-do, South Korea).

Physiological measurements: starch and neutral lipid quantification and photosynthetic
oxygen measurements

Starch extraction was carried out by physicochemical disruption of cells following previous protocols
(Wong et al. 2019). Briefly, cell cultures (triplicate samples for each experimental condition) were
suspended in 1.2 ml of NaOH (1 M) in a centrifuge tube. The suspension was placed in a water bath at

90 °C for 10 min and then cooled to room temperature. Total starch content was then quantified with


https://www.ccap.ac.uk/
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a commercial starch kit (Amylase/Amyloglucosidase Method - Product Code STA-20, SIGMA) and a
spectrometer following the manufacturer’s instructions. The effect of external glucose on the total
starch content of symbiotic microalgae was addressed by adding 7SmM of glucose to the culture
medium and incubating host cells containing symbiotic microalgae for 6 hours (from 10 am to 4 pm).
Starch extraction and total starch quantification was carried out as described above. The control
condition (without glucose) followed the same procedure. Total starch quantification is summarized in
Tables S7 and S13.

Neutral lipids was quantified by Nile Red (Sigma Aldrich) fluorescent staining (excitation wavelength
at 532 nm and emission at 565 nm), as previously described (Abida et al. 2015; Cooksey et al. 1987).
Cultures were first adjusted to a density of 1 million cells per ml. Nile Red solution (40 pl of a 2.5 pg.ml-
1 stock solution in DMSO) was added to replicate 160 ul sub-samples of cell suspension in a black 96-
well plate. Fluorescence was then measured using a TECAN infinite M1000 PRO (A, = 530 nm). Nile
Red staining was verified on our cells using confocal fluorescence microscope (Fig. S4). Micrographs
showing the lipid droplets in microalgae were obtained using a Zeiss LSM 900 microscope using a 450
490-nm excitation filter. The results of neutral lipid quantification are summarized in Table S11.
Oxygen measurements was conducted following (Yee et al. 2023). Briefly, S00 uL of sample was used to
measure oxygen ina WALZ KS-2500 water-jacketed chamber (Heinz Walz GmbH) paired with a FSO2-
1 oxygen meter and optical microsensor (PyroScience GmbH). Samples were illuminated at 300 umol
photons m? sec™ with stirring at 20° C in a MINI-PAM-II controlled by WinControl-3 software (Heinz
Walz GmbH). Gross maximum oxygen production was calculated by the equation: Ozgross = Ozner —

respiration. The results of O, production rate analyses are summarized in Table S14.

Sample preparation for electron microscopy

High-pressure freezing (HPM100, Leica) followed by freeze substitution (EM ASF2, Leica) was
conducted to prepare samples for electron microscopy following the protocols of (Decelle et al., 2019,
2021, Uwizeye et al 2021). Both free-living and symbiotic microalgae were harvested at exponential

growth phase and concentrated by 2 min centrifugation at 2 500 g prior to cryo-fixation.
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Focused Ion Beam-Scanning Electron Microscope (FIB-SEM)

Focused Ion Beam (FIB) tomography was performed with either a Zeiss NVision 40 or a Zeiss
CrossBeam 550 microscope (Zeiss, Germany). The resin block containing the cells was fixed on a stub
with carbon paste and surface-abraded with a diamond knife in a microtome to obtain a flat and clean
surface. Samples were then metallized with 4 nm of platinum to avoid charging during observations.
Inside the FIB-SEM, a second platinum layer (1-2 um) was deposited locally on the analyzed area to
mitigate possible curtaining artefacts. The sample was then abraded slice by slice with the Ga+ ion beam
(generally with a current of 700 pA at 30 kV). Each exposed surface was imaged by scanning electron
microscopy (SEM) at 1.5 kV and with a current of ~1 nA using the in-lens EsB backscatter detector. In
general, similar milling and imaging mode were used for all samples. Automatic correction of focus and
astigmatism was performed during image acquisition, usually at approximately hourly intervals. For
each slice, a thickness of 6 to 8 nm was removed, and SEM images were generally recorded with a pixel
size between 6 to 8 nm, providing an isotropic voxel size. Whole volumes were imaged with 800-2000
frames, depending on the cell type and volume. Raw electron microscopy data are deposited in the

Electron Microscopy Public Image Archive (EMPIAR), accession code EMPIAR-XXX.

FIB-SEM analysis, segmentation and morphometrics

Image processing was initiated using software Fiji (https://imagej.net/Fiji) to crop selected cells and

perform registration. Segmentation was based on pixel classification by a semi-automatic method
adopted from (Uwizeye et al. 2020) using 3D slicer software (https://www.slicer.org/) and a supervised
semi-automatic pixel classification mode (3 to 15 slices automatically segmented for each region of
interest- ROI). Along with the cell, the main organelles and structures of the algal cells (nucleus,
chloroplast, mitochondria, pyrenoid, starch and lipid droplets) were segmented. Morphometric analyses
were calculated using the Statistics Module in 3D slicer. Results are provided in supplementary Tables

S1-84, §9-10.
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3C bulk enrichment (Elemental Analyzer—Isotope Ratio Mass Spectrometry) and isotope
analysis
Elemental analyzer isotope ratio mass spectrometry (EA-IRMS) and isotope analysis was conducted on
tree-living (Chlorella vulgaris and Micractinium conductrix) and symbiotic microalgae (M. conductrix
from P. bursaria CCAP1660/18) to detect *C-bicarbonate assimilation after 1 hour of treatment. An
equivalent of 0.4 mg fresh weight (corresponding to 107 cells) was used for the bulk analysis (Kimball et
al. 1959). Cells were harvested at exponential growth phase (e.g. after 4 days of culture). For *C
enrichment, 10% of H*COs as a final concentration was used as the isotopic solution and added to
modified HSM medium and bacterized Volvic-Pellet medium for free-living and symbiotic microalgae,
respectively. After incubation, free-living algae were counted before centrifugation (15,000 rcf for 1 min
at 20°C). Supernatant was discarded and the pellet was rinsed by three serial centrifugations, once with
modified HSM and twice with MiliQ water. After the final centrifugation (15,000 rcf for 1 min at
20°C), cells were transferred into tin capsules for EA-TRMS analysis. For isolating symbiotic microalgae,
host cells were mechanically disrupted by sonication (amplitude 40% * 2min, E 1J/s, 20ms - On/80ms -
Oft, Branson sonifier250) followed by a centrifugation (5 000 g for 2 min at 20°C) and two sequential
filtration steps (40 um cell strainer and 10 pm filter). The supernatant was discarded and symbiotic cells
transferred into tin capsules for EA-IRMS analysis. All tin capsules were dried at room-temperature for
one week before EA-IRMS analysis (LIENSs platform, La Rochelle). Control samples (unlabeled) were
not incubated with *C-labelled bicarbonate isotopes but otherwise followed the same steps. Carbon
assimilation was calculated as described in (Uwizeye 2021). In brief, *C-uptake per cell in free-living and
symbiotic microalgae was estimated from the calculated *C-excess and averaged total carbon. Data was
expressed as carbon uptake per cell and carbon uptake normalized per carbon (Table S5). In the same
experimental conditions, we also incubated cells with *C-labelled glucose for 24h to see whether host
cells can uptake this molecule. 2.5 mL of “C-glucose was added in the culture flask to reach a final

concentration of ImM. Results are provided in Table S12.
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Rubisco quantification

Total protein extracts were obtained from microalgal cells in exponential phase of growth (e.g. 4 days)
in 50 mM Tris buffer pH 8.0 supplemented with protein inhibitor cocktail (539131, Calbiochem). Free-
living and symbiotic microalgac were disrupted by bead beating with a Precellys device (Bertin
Technologies) using micro glass beads (500 um) with two 30 seconds cycles at 5000 rpm. After
centrifugation, proteins in the supernatant were precipitated overnight at -20°C in 100% acetone. After
a second centrifugation, the pellet was solubilized for 5 min (RT) in SO mM Tris (pH 6.8), 2% sodium
dodecyl sulphate, 10 mM EDTA, and protein inhibitor cocktail. After a second centrifugation,
supernatant was retained and protein quantified with the DC Protein assay kit II (Biorad). Proteins
samples (1.5ug and 3pg of proteins) of free living (C. vulgaris and M. conductrix) and symbiotic
microalgae (M. conductrix from P. bursaria CCAP1660/18) were loaded on 10% SDS-PAGE gels
(Mini-PROTEAN TGX Precast Protein Gels, Biorad) and blotted onto nitrocellulose membranes. A
Rubisco positive control (AS01017S, Agrisera) was used to generate a standard curve. Membranes were
blocked for 1h with 5% low fat milk powder in TBS-T Tween 0.1% and probed with anti-RBCL
antibody (AS03037, Agrisera, 1:10000, ON) and secondary HRP conjugated anti rabbit antibody (111-
035-003) (Interchim, 1:10000, 1h) in TBS-T containing 5% low fat milk powder. Antibody incubations
were followed by washing in TBS-T. All steps were performed at room temperature with agitation. Blots
were developed for 1min with ECL Prime detection kit (RPN2232, Amersham) according the
manufacturer’s instructions (GE Heathcare). Images of the blot were obtained using a CCD imager

(Chemidoc MP system, Biorad) and Image]J software. Data was expressed as rubisco per cell (Table S6).

Data analysis
Morphometric data was analyzed with Graphpad Prism 6 software and R studio. Statistical comparisons
were performed with non-parametric unpaired ANOVA for a multiple comparison with Dunn’s test

correction.

Data Availability
Raw 3D electron microscopy images data have been deposited on EMPIAR: DOI:. All other study data
are included in the article and/or supporting information.
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Supplementary data
Standard Free-living Symbiont MW
(kDa)
[p.mol] 0.3 0.75 15 1.5 3 1.5 3
Rubisco R — ‘ — — B4
— 49

Fig. S1 Western blot analysis of ribulose-1,5-bisphosphate carboxylase (RuBisCo). First 3 lines to the left
represent Rubisco standard at different concentrations expressed in pico mol. The remaining lanes correspond to
Rubisco protein extracted from free-living (M. conductrix; 2.3*10° total cells) and symbiotic microalgae (A1.
conductrix in symbiosis with P. bursaria CCAP1660/18; 2*10 total cells) in two different quantities. Last line

corresponds to molecular marker protein.
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Fig. S2 Total starch quantification over the cell growth of free-living Chlorella vulgaris. Starch quantification
was assessed by enzymatic assay (Amylase/ Amyloglucosidase Method - Product Code STA-20, SIGMA). Cells
were harvested at day 4=D4 and day 7=D7 of culture, corresponding to the mid and late exponential growth
phase. Bar plots represent the mean of total starch content per cell of biological triplicates + SE.
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Morphometrics
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Fig. $3 Volume of total starch per algal cell volume (% occupancy) calculated from FIB-SEM volumetrics
between both free-living microalgae (C. vulgaris and M. conductrix) and symbiotic microalgae (M. conductrix of
P. bursaria CCAP1660/18) harvested in the morning and afternoon.
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NILE RED CHLOROPHYLL MERGED

Fig. S4 Nile Red staining coupled with confocal fluorescence microscopy to observe neutral lipids in free-living
(M. conductrix) and symbiotic microalgae (M. conductrix of P. bursaria CCAP1660/18). Nile red staining shows
that neutral lipids are mainly localized in lipid droplets (yellow) in the algal cytoplasm, outside the chloroplast
(visible in red by chlorophyll autofluorescence).
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Fig. 85 Measurements of gross maximum photosynthetic oxygen production of Paramecium bursaria in

symbiosis with Micractinium conductrix exposed glucose (75 mM) compared to the control for 6 hours in light).
Bar plots show the mean values of triplicate measurements and + SEM.
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Table S1. FIB-SEM based morphometrics of free-living (Chlorella vulgaris and Micractinium conductrix) and

symbiotic (M. conductrix of P. bursaria CCAP1660/18) microalgae revealing the volume of the cell, total

starch, lipid droplets, pyrenoid, nucleus, mitochondrion and chloroplast (um?).
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Table S2. Volume occupancy (organelle-volume/cell-volume ratio) based on FIB-SEM morphometrics in free-

living (Chlorella vulgaris and Micractinium conductrix) and symbiotic (M. conductrix of P. bursaria

CCAP1660/18) microalgae of starch, lipid droplets, pyrenoid, nucleus, mitochondrion and chloroplast (%).
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Table $3. FIB-SEM based morphometrics of free-living (Chlorella vulgaris and Micractinium conductrix) and
symbiotic (M. conductrix of P. bursaria CCAP1660/18) microalgae revealing the volume of the pyrenoid and

chloroplast (um?).
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Table S4. Volume occupancy (organelle-volume/cell-volume ratio, %) of the pyrenoid within the chloroplast
based on FIB-SEM morphometrics in free-living (Chlorella vulgaris and Micractinium conductrix) and

symbiotic (M. conductrix of P. bursaria CCAP1660/18) microalgae.
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Table §5. Carbon uptake rate calculated based on 1h incubation with *C-bicarbonate in free-living

(Micractininm conductrix) and symbiotic (M. conductrix of P. bursaria CCAP1660/18) microalgae.
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Table $6. Rubisco quantification in free-living (Micractinium conductrix) and symbiotic (M. conductrix of P.

bursaria CCAP1660/18) microalgae (pmol / cell) based on western blot. (See also Figure S1).
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Table §7. Total starch quantification based on enzymatic assay (pg.cell’) over the day (morning and afternoon)
in free-living (Micractinium conductrix) and symbiotic (M. conductrix of P. bursaria CCAP1660/18) microalgae
(three replicates).

M.conductrix M.conductrix M.conductrix M.conductrix

free-living free-living pm free-living free-living
am D+1 am D+1 pm
0.095 0.206 0.171 0.256
0.200 0.454 0.192 0.303
0.138 0.288 0.183 0.226
Average 1.143 0.316 0.182 0.261
Std.Dev. 0.052 0.126 0.010 0.038

M.conductrix M.conductrix M.conductrix M.conductrix

symbiontam  symbiont pm symbiont symbiont
D+1 am D+1 pm
0.629 1.328 0.788 1.660
0.462 1.389 0.826 1.544
0.378 1.498 0.767 1.150
Average 0.489 1.405 0.793 1.451
Std.Dev. 0.127 0.086 0.029 0.267

Table $8. Cell counting of free-living and symbiotic M. conductrix and the host Paramecium bursaria. Growth

rate was calculated based on the following equation: In (N of cells final)-In(N of cells initial)/time2-time1 (h).

Free-living Symbiont Host

M. conductrix M. conductrix P. bursaria
DocC n® of cells n® of cells n® of cells

[1] 1. 44F+05 193000 441

4 2. 1%E+05& 558500 793

5 & BEE+0G 1090000 1913

11 2 B1E+07 1180000 1677

Growth rate

Free-living Symbiont Host

M. conductrix M. conductrix P. bursarig
Days

0-4 0.0d420492 0.011068 0.006117
15 0.006E7E 0.027862 0.036582
511 0.007415 0.000551 -0.00092

0-11 0.01998 0.00686 0.00506
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Table $9. Volume (um?’) of carbon reserves (starch plates, starch grains and lipid droplets) based on FIB-SEM
volumetrics in free-living (Chlorella vulgaris and Micractinium conductrix) and symbiotic (M. conductrix of P.
bursaria CCAP1660/18) microalgae. Table shows the compartments and structures that were segmented from

different datasets (in the morning=AM and in the afternoon=PM) to assess the diel carbon dynamics.

C’::n’:i':::gi:" Cell; (%)  Cell, (%)  Cells(%)  Celly(%)  Cells(%)  Celle(%)  Cell; (%)  Cells (%) A";de STD (%)
starch plates 0.002 0.005 0.014 0.007 0.006 0.004 0.005 0.015 0.007 0.005
starch grains 0.000 0.000 0.010 0.009 0.000 0.015 0.000 0.000 0.004 0.006
total starch 0.002 0.005 0.024 0.016 0.006 0.019 0.005 0.015 0.011 0.008
lipid droplets 0.011 0.020 0.003 0.007 0.006 0.011 0.022 0.022 0.013 0.007
pyrenoid 0.009 0.012 0.014 0.015 0.012 0.010 0.008 0.014 0.012 0.003
C’"’"":i’r’:e":’o‘-’i::” PM " Cell (%) Cell,(%)  Cells(%)  Cell(%)  Cells(%)  Cellg(%)  Cell,(%) AE':;E,E STD (urm’)
starch plates 0.023 0.023 0.025 0.019 0.054 0.019 0.026 0.027 0.012
starch grains 0.000 0.001 0.001 0.004 0.017 0.001 0.002 0.004 0.006
total starch 0.023 0.024 0.026 0.023 0.070 0.019 0.028 0.031 0.018
lipid droplets 0.009 0.014 0.010 0.010 0.048 0.001 0.008 0.014 0.015
pyrenoid 0.013 0.012 0.015 0.018 0.012 0.012 0.013 0.014 0.002
M"""“”t’i‘;’; ;‘:”;:;“"‘" AM C(e/”)1 Cell (%)  Cells (%)  Cells (%) Cells (%) Celle (%) Cell, (%)  Cells (%) A;f;;”)‘e (ELDS)
starch plates 0.023 0.018 0.020 0.016 0.021 0.013 0.025 0.027 0.020 0.004
starch grains 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.0003 0.001
total starch 0.023 0.018 0.020 0.016 0.021 0.013 0.025 0.028 0.021 0.005
lipid droplets 0.006 0.006 0.007 0.009 0.006 0.009 0.007 0.006 0.007 0.001
pyrenoid 0.015 0.015 0.016 0.015 0.016 0.015 0.014 0.018 0.015 0.001

Micractintum ;Z’;::“"” Cell (%)  Cell,(%)  Cells(%)  Cells(%)  Cells(%)  Cells(%)  Celly (%) A;f:jﬁe STD (urm?)
starch plates 0.020 0.025 0.029 0.029 0.033 0.033 0.028 0.028 0.004
starch grains 0.000 0.002 0.000 0.002 0.002 0.002 0.000 0.001 0.001
total starch 0.021 0.027 0.029 0.032 0.036 0.034 0.029 0.030 0.005
lipid droplets 0.000 0.000 0.005 0.000 0.006 0.003 0.008 0.003 0.003
pyrenoid 0.016 0.016 0.018 0.020 0.018 0.022 0.012 0.017 0.003

Micractinium

conductrix Cellypo Average
(isolated from P.  Cell; (%) Cell, (%) Cells(%) Cells(%) Cells(%) Cells(%) Cell;(%) Cells(%) Cells (%) o STD (%)

bursaria CCAP (%) (%)

1660/18) AM
starch plates 0.001 0.002 0.000 0.030 0.000 0.003 0.000 0.003 0.002 0.007 0.005 0.009
starch grains 0.000 0.000 0.000 0.077 0.000 0.000 0.001 0.000 0.000 0.000 0.008 0.024
total starch 0.001 0.002 0.000 0.107 0.000 0.003 0.001 0.003 0.002 0.007 0.013 0.033
lipid droplets 0.030 0.031 0.037 0.021 0.066 0.077 0.060 0.043 0.031 0.025 0.042 0.019
pyrenoid 0.031 0.031 0.023 0.007 0.031 0.025 0.026 0.024 0.027 0.032 0.026 0.007

Micractinium
conductrix (isolated Celly Cell, Cell; Cell, Cells Cellg Cell; Cellg Cells Cellyo Cellyy Average STD

from P. bursaria (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
CCAP 1660/18) PM
starch plates 0.066 0.047 0.030 0.063 0.047 0.045 0.034 0.043 0.044 0.036 0.045 0.045 0.011
starch grains 0.027 0.005 0.003 0.031 0.004 0.010 0.006 0.012 0.017 0.002 0.003 0.011 0.010
total starch 0.093 0.052 0.033 0.095 0.052 0.056 0.040 0.056 0.061 0.038 0.048 0.057 0.020
lipid droplets 0.033 0.038 0.041 0.025 0.026 0.039 0.035 0.051 0.033 0.034 0.030 0.035 0.007

pyrenoid 0.032 0.031 0.027 0.030 0.029 0.033 0.031 0.033 0.034 0.035 0.035 0.032 0.003
cell
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Table $10. Volume occupancy (%) of carbon storage (starch and lipid droplets) in free-living (Chlorella
vulgaris and Micractinium conductrix) and symbiotic (M. conductrix of P. bursaria CCAP1660/18)
microalgae. Table shows the volume occupancy (%) that each structure/compartment occupies in the cell in the
morning (AM) and in the afternoon (PM).

C:'::‘::ﬁ:‘;g‘;:’ Cell, (%) cCell,{%)  Cella%)  Cell. (%)  Cells (%)  Cells (%)  Cell,{%)  Cells (%) A";‘ige STD (%)
starch plates 0.002 0.005 0.014 0.007 0.005 0.004 0.005 0.015 0.007 0.005
starch grains 0.000 0.000 0.010 0.00% 0.000 0.015 0.000 0.000 0.004 0.008
total starch 0.002 0.005 0.024 0.016 0.008 0.013 0.005 0.015 0.011 0.008
lipid droplets 0.011 0.020 0.003 0.007 0.005 0.011 0.022 0.022 0013 0.007
pyrenoid 0.009 0.012 0.014 0.015 0.012 0.010 0.008 0.014 0,012 0.003
Ch’“'":i"::e":g:;" PM el (%) cell; (3) cell; (%) cell, (%) cell; (%) cell (3) cell; (3) A;f;;g}e STD (um?)
starch plates 0.023 0.023 0.025 0.018 0.054 0.019 0.026 0.027 0.012
starch grains 0.000 0.001 0.001 0.004 0.017 0.001 0.002 0.004 0.006
total starch 0.023 0.024 0.026 0.023 0.070 0.019 0.028 0.031 0.018
lipid droplets 0.00% 0.014 0.010 0.010 0.048 0.001 0.008 0.014 0.015
pyrenaid 0.013 0.012 0.015 0.018 0.012 0.012 0.013 0.014 0.002
M'“mm':i‘:“";‘;:;:;"“”" AM C[;"']’ Cell, (%)  Cells (%) Cell- (%) Cells %)  Cells (%) Cell, (%) Cells (%) A‘L‘:;;?e {:‘_T"[:]
starch plates 0.023 0.018 0.020 0.016 0.021 0013 0,025 0.027 0.020 0.004
starch grains 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.0003 0.001
total starch 0.023 0.018 0.020 0.016 0.021 0013 0,025 0.028 0.021 0.005
lipid droplets 0.006 0.006 0.007 0.009 0.006 0.009 0.007 0.006 0.007 0.001
pyrenoid 0.015 0.015 0.016 0.015 0.016 0,015 0.014 0.018 0.015 0.001

M":rf;’;'i;";‘;::;"m’" Cell: (3%)  Cell; (%)  cell: (%)  cell:(3)  Cell:(3%)  Cells(%)  cell; (%) A;f::e STD (un?’)
starch plates 0.020 0.025 0.029 0.029 0.033 0.033 0.028 0.028 0.004
starch grains 0.000 0.002 0.000 0.002 0.002 0.002 0.000 0.001 0.001
total starch 0.021 0.027 0.029 0.032 0.036 0.034 0.029 0.030 0.005
lipid droplets 0.000 0.000 0,005 0.000 0.006 0.003 0.008 0.003 0.003
pyrenaid 0.016 0.016 0.018 0.020 0.018 0.022 0.012 0.017 0.003

Micractinium

conductrix Cellyp Average
(isolated from P.  Cell, (%) Cellz (%) Cells (%) Cell: (%) Cells (%) Cella(%) Cell, (%) Cella(%) Cella(%) o ) STD (%)
bursaria CCAP

1660/18) AM
starch plates 0.001 0002 0000 0030 0000 0003 0000 0003 0002 0007 0.005 0008
starch grains 0.000 0.000 0.000 0.077 0.000 0.000 0.001 0.000 0.000 0.000 0.008 0.024
total starch 0.001 0.002 0.000 0.107 0.000 0.003 0.001 0.003 0.002 0.007 0.013 0.033
lipid droplets 0.030 0.031 0.037 0.021 0.066 0.077 0.060 0.043 0031 0.025 0.042 0.019
pyrenoid 0.031 0.031 0.023 0.007 0.031 0.025 0.026 0.024 0.027 0.032 0.026 0.007

Micractinium
conductrix [isolated Cell, cell; Celly Cell, Cells Cells Cell; Celly Cells Celly Cellyy Average 5TD
from P. bursaria (%5} (%5} (%5) (%5) (%5) (%5) (%5) (35} (35} (%5) (%5} (%5) (%5)

CCAP 1660/18) PM
starch plates 0.066 0.047 0.030 00653 0.047 0.045 0.034 0.043 0.044 0.036 0.045 0.045 0011
starch grains 0.027 0.005 0.003 0.031 0.004 0.010 0.006 0.012 0.017 0.002 0.003 0.011 0.010
total starch 0.093 0.052 0.033 0.095 0.052 0.056 0.040 0.056 0.06l1 0.038 0.048 0.057 0.020
lipid droplets 0.033 0.038 0.041 0.025 0.026 0.039 0.035 0.051 0.033 0.034 0.030 0.035 0.007
pyrencid 0.032 0031 0027 0030 0029 0033 0031 0033 0034 0035 0035 0.032 0.003

Cell
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Chapter II

3D reconstruction: assessing heterogeneity of
algal carbon storage in a multicellular

photosymbiosis

Authors: Andrea Catacora-Grundy', Daniel Wangpraseurt® and Johan Decelle'

1. Cell and Plant Physiology Laboratory, CNRS, CEA, INRAE, IRIG, University Grenoble Alpes, 38054 Grenoble, France
2. Scripps Institution of Oceanography, UC San Diego

Light is a major factor affecting photosynthesis. Symbiotic microalgae in a large benthic (fixed)
multicellular host organism could be exposed to different light intensities, and photosynthesis may be
heterogeneous among the symbiont population. Recent coral optics studies have revealed the presence
of steep light gradients and optical microniche in tissues of symbiont-bearing corals. The impact of light
stratification on the metabolism and physiology of symbiotic microalgae needs to be considered and
evaluated using subcellular approaches. In Chapter II, we will assess morphological differences in
symbiotic microalgae experiencing different light exposure (i hospite) in the coral Favites abdita using
3D electron microscopy (FIB-SEM). This work was conducted in collaboration with D. Wangpraseurt
from Scripps Institution of Oceanography (USA).
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I1.1 Introduction

Tropical coral reefs are highly diverse and productive ecosystems, providing a range of services that
benefit communities of invertebrates and fishes but is also of high economic value for our society
(tourism, fishery) (Roberty et al. 2024). Cnidarian (corals, anemones) host a microbial community of
symbionts (photosynthetic dinoflagellates - Symbiodinicaeae, bacteria, archaea, viruses, etc.), forming a
microbiome. The symbiotic dinoflagellates Symbiodinicaeae (commonly referred to as zooxanthellae)
supply the host with photosynthetically produced carbohydrates (i.e., glucose and glycerol, lipids
including sterols and fatty acids and amino acids) (Jacobovitz, Hambleton, and Guse 2023) that support
host coral metabolism, growth, reproduction, and survival (Davy et al. 2012; Muscatine 1990). In
return, the host provides shelter, inorganic nutrients (e.g. nitrogen compounds), and protection from
predators (Yellowlees et al. 2008). Within the host, dinoflagellates typically reside within gastrodermis
cells (Fig. 1).

Endoderm _l Ectoderm
P

Symbiont -

-

Mesoglea

Nutrient
exchange -
A

j

Figure 1. Corals a) are composed of many identical polyps. b) All polyps are connected by a continuous tissue
layer, all stretched over the aragonitic calcium carbonate skeleton. The scheme shows the endoderm (or
gastrodermis) and the ectoderm (or epidermis) connected by gelatinous mesoglea. Photosynthetic dinoflagellates
symbionts (family Symbiodiniaceae) reside inside the coral’s endodermal cells in the symbiosome (Jacobovitz et
al. 2023).

Since decades, the translocation of photosynthetically fixed carbon in reef symbioses has been a major
subject of study since it is the main energetic source powering this symbiotic association. Dinoflagellate
carbon metabolism is primarily driven by photosynthesis. Although carbon translocation to the host

has never been fully quantified, previous studies estimated that most of the fixed carbon (~90%) of the
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dinoflagellate is transferred to the host (Davy et al. 2012; Falkowski et al. 1984). So, this raises the
question of whether symbiotic microalgae store their fixed carbon in starch granules and how carbon
homeostasis is affected in a host. It is also possible that carbon metabolism is heterogeneous among the
symbiont algal population. Benthic large multicellular hosts have different micro-niches where
symbionts can experience different light intensities so impacting their carbon metabolism and overall

physiology in a host.

In their natural environment, cnidarian-dinoflagellates experience different irradiance in both space and
time, ultimately varying the availability and quality of light for photosynthesis (Anthony and Hoegh-
Guldberg 2003). With depth, light accessibility can trigger adaptation strategies in corals (Falkowski,
Jokiel, and Kinzie 1990). For example, excessive sunlight in shallow waters can be a stress factor, causing
symbiont expulsion or degradation, leading to bleaching of the coral colony (Glynn 1996; Hoegh-
Guldberg 1999). In addition, (Wangpraseurt et al. 2014) have reported differential light exposure and
spectral quality in corals suggesting 77 situ photo-acclimation of symbiotic microalgae. Thus, symbiotic
dinoflagellates experience significant spatio-temporal fluctuations of light. It is argue that light-limited
photosynthesis was shown to affect carbon production of symbiotic dinoflagellates (Dubinsky and
Falkowski 2011). Nevertheless, the impact of this light distribution on the photobiology of symbiotic
microalgae within a benthic multicellular host requires further exploration at the nanoscale. Symbiotic
dinoflagellates store fixed carbon in the form of starch (outside the chloroplast) and neutral lipids (as
lipid droplets) (Hillyer et al. 2017; Matthews et al. 2017). In addition to light intensity, carbon
metabolism of symbiotic dinoflagellates can also be influenced by host nutrition. For instance,
symbiotic dinoflagellates of the anemone Aiptasia pallida Verrill showed different carbon partitioning
and differences in the chloroplast volume under low light and host-starved conditions (Davy and B.
Cook 2001). In starved hosts, low light resulted in diminished starch and lipid production in the
symbiotic dinoflagellates, whereas high light resulted in increased synthesis of both carbon storage. In
addition, low light induced an increase in the chloroplast volume of the symbiotic dinoflagellates, as
assessed by 2D electron microscopy (Muller-Parker, Lee, and Cook 1996). While the carbon metabolism
and partitioning in green algae are extensively documented, our knowledge of the carbon metabolism

dynamics in symbiotic algae is still limited. While considerable efforts have been deployed to gain a better
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understanding of the carbon translocation between symbiotic algae and cnidarian hosts, the

physiological state of the symbiont, in particular, its central carbon metabolism, is not fully understood.

Chapter II is a study in collaboration with Ph.D. Daniel Wangpraseurt (Principal Investigator at UC
San Diego Jacobs School of Engineering). In combination with contextual measurements (light
intensity), I analyzed FIB-SEM data for morphometrics analyses of symbiotic dinoflagellates in the coral
Favites abdita collected from the shallow reef flat next to Heron Island Research Station (152°69' E,
20°299" S) (Southern Great Barrier Reef, Australia). Photophysiological measurements and sample
collection and preparation were carried out in Sidney, Australia. We applied FIB-SEM-based 3D
reconstruction to understand the impact of light variations on the subcellular architecture and
morphometrics of symbiotic dinoflagellates within coral host tissues. Primary emphasis will be given to
photosynthetic-related organelles (e.g. chloroplast), cell volume, and carbon storage (e.g. starch).

Samples were collected at two different regions of the host — top and bottom - as shown in Fig. 1.

Figure 1. Sampling of top and bottom symbiont dinoflagellates colonies of Favites abdita coral host.
The bottom grid is facing (southwest).

I1.2 Results and Discussions

Focused Ion Beam Scanning Electron Microscope (FIB-SEM) was used to evaluate the morphometrics
of symbiotic microalgae (belonging to the Symbiodinium clade C and D) (Coral Traits Database)
inhabiting both the upper and lower regions of Favites abdita coral specimen (‘top’ and ‘bottom’ part).
The coral colony was situated near the shoreline, characterized by a medium-sized colony exhibiting

apparent visual vitality, albeit with minimal superficial abrasions. Segmentation and 3D reconstruction,
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which strongly rely on image contrast, allowed us to evaluate the volume of the cell, chloroplast, and
starch (e.g., starch granules) of symbiotic microalgae localized at the top and the bottom region of the
coral tissue. From the stack registration we observed more dispersed distribution of symbiotic
microalgae at the top region of the coral, while in the bottom region, symbiotic cells where clearly more
packed (Fig. 2). Some characterizations about microalgae pattern distribution within a coral date from
the 80’s. It was observed that in coral tips of stony corals (e.g. Favites abdita), where light exposure is
high, symbiotic microalgae density is less. The opposite was observed in lower parts of the coral
(Falkowski et al. 1984). Similarly, (Titlyanov et al. 2001) observed higher cell density and reduction in
cell volume of symbiotic microalgae localized on low light areas of the coral Stylophora pistillata. These

observations are in accordance with our observation F. abdita.

-‘-,'

V

Figure 2. Single FIB-SEM micrographs of top a) and bottom. b) sampling of symbiotic cells in the host Fzvites
abdita. Zoom box in blue show some cellular structures of the cell: chl=chloroplast, pyr=pyrenoid, st=starch,
n=nucleus. Scale bar: 2 um.

Microalgae in different host regions exhibited notable variations in size. Specifically, microalgae

localized at the top of the coral were 8.2 times larger than those found at the bottom (2.43*107+ 5.86%10%
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pixels n=9 versus 2.96*10° £ 6.99*10° pixels ; n=22) (Fig. 3). This first indicate the heterogeneous nature
of the symbiotic algal population within a single host. We then evaluated the subcellular morphometrics
of the chloroplast. Because of limitations on image analysis due to poor contrast (Fig. 1), only three cells
per region were exploited. Our findings revealed that chloroplasts of microalgae in the upper region of
the coral were 1.7 times larger compared to those situated at the lower region (4.65*10° £ 1.28*10% pixels
n=3 versus 2.69%10° * 7.34*10° pixels ; n=3) (Fig. 3b). In terms of volume occupancy in the algal cell,
the chloroplast of symbiotic microalgae represented 20.84 + 6.25% of the cell volume in the top region
of the coral compared with 23.63 £ 2.6% of the cell volume in the bottom part (Fig. 3c). So, even if more
replicates are needed to conclude, we do not see major differences in terms of chloroplast volume of
microalgae in the top and bottom regions of the host. As for starch, this glucose polymer was arranged
as cytoplasmic granules surrounding the chloroplast. Morphometric analysis reveals that microalgae in
the top region exhibited a 2.4-fold greater quantity of starch granules compared to those in the "bottom”
region (8.49*10° + 3.60%10° pixels; n=6, versus 3.60*10° + 1.20*10° pixels; n=15). Yet, if we normalize
by cell volume (volume occupancy), starch granules were 3.2-fold higher in microalgae in the bottom
region of the coral host (3.8 + 0.9%; n=6 versus 12.0 £ 4.2%; n=15). 3D reconstruction and
morphometric analysis therefore revealed morphological differences (cell, chloroplast and starch
volume) in symbiotic dinoflagellates residing in different regions of the coral host. Such investigation
sheds light on previously unknown morphological characteristics among colonies in the same host at
high-resolution, advancing our understanding of these symbiotic associations. It was observed that the
diversion of photosynthetic carbon (e.g. glycerol) from the microalgae leads to a partial reduction in
algal synthesis of triacylglycerol (T'G) and starch (Dubinsky and Falkowski 2011). Thus, we could argue
that lower starch storage in top region of the coral may indicate a higher translocation of photosynthetic

carbon than bottom region. While we cannot conclude the physiological status of the symbiotic



Page |75

microalgae, we need to further investigate if the higher starch observed in ‘bottom’ microalgae is linked

to a lower translocation of photosynthetic carbon to the host.
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Figure 2. FIB-SEM reconstruction and morphometrics of symbiotic dinoflagellates within the coral
host tissue (F. abdita). a) We show a single dinoflagellate cell from the top (T2C) (left) and bottom (B2C)
(right) part of the coral tissue in F. abdita. All segmented cells imaged from the sampling are shown below. Only
cells with high contrast were used to assess the morphometrics of starch compounds (showed in orange) in both
conditions. b) Morphometrics of cell, starch, and chloroplast expressed as the number of voxels are shown. The
plot shows the average of voxel number * SD. Scale = 2um. ¢) Percentage of the chloroplast and starch volume
d) occupied in the cell in both conditions.

Paramecium-Chlorella single-celled symbiosis also showed heterogeneity across symbiotic cells in terms
of cell size and carbon storage dynamics. These findings suggest the presence of heterogeneous
microenvironments within the host, whereby symbiotic microalgae, despite occupying a common
spatial niche (a single-celled swimming host). These differences may impact the physiological and
metabolic activities of symbiotic cells and potential services to the host. In corals, the quantity of light is
a key environmental parameter regulating the nature of this photosymbiosis (Falkowski et al. 1990).
Irradiance, which refers to the intensity of light energy that is absorbed by pigment molecules (e.g.
chlorophyll) in photosynthetic organisms will stimulate symbiont photosynthesis and thus, sustain
carbon transfer to the host (Davy and B. Cook 2001). It has been reported that the optical environment
within the host tissue is likely to vary substantially from the ambient macro-environment
(Wangpraseurt, Larkum, et al. 2012). Photons scatter beneath the coral skeleton, and only a portion of
them are used in photochemical reactions by symbionts (Enriquez, Méndez, and -Prieto 2005). In addition,
lower cell layers in coral tissue are subject to more light-limiting conditions (Wangpraseurt, Weber, et
al. 2012). In this work, we compared the morphometrics of cells localized at the top and bottom regions
of the coral tissue, exposed to opposite light environments within the same host. Of note, more but
smaller cells were observed at the bottom region of the corals. Samples were all collected near the end of
the afternoon. We consider that starch content quantified by FIB-SEM may reflect starch synthesis of
symbiotic microalgae throughout the day in the coral tissue. Starch volume (in terms of voxel number)
was higher in ‘bottom’ symbiotic microalgae (exposed to more light-limiting conditions). (Muller-
Parker et al. 1996), reported that in food-deprived anemones Azptasia, low light led to decreased starch
and lipid synthesis in the symbiotic dinoflagellates, while light intensity increases production of both
carbon reserves. Furthermore, low light conditions prompted an increase in the chloroplast volume of

the symbiotic dinoflagellates, as calculated by 2D microscopy (Muller-Parker et al., 1996). Additionally,
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they did not observe differences in the area of symbiotic microalgae from anemones maintained under
low light. Our results were different in the coral Favites abdita: chloroplast volume did not significantly
vary between bottom and top regions of the host and starch grains. It is necessary to further investigate
the physiological context of cells to better understand the dynamics of the different spatial distributions
of symbiotic dinoflagellates in the coral tissue. Finally, segmentation of chloroplasts and starch granules
was contingent upon the contrast quality of the cells within the image stack. Improvements in contrast
and resolution can be achieved in FIB-SEM imaging, by using high-pressure freezing (HPF) during
sample preparation to better preserve samples. Yet, this remains challenging because of the limited

accessibility of these technologies near marine stations or coral ecosystems.

II.3 Conclusion and perspectives

Our results based on 3D electron microscopy revealed morphological differences of symbiotic
microalgae localized in the bottom and top region of a single multicellular host. This heterogeneity
within the symbiont population highlights the different microenvironments that experience microalgae.
While more contextual measurements are needed, our morphometric quantification showed that the
cell volume and carbon storage of microalgae can vary within the same host individual. This was also
observed in Chapter I, in the freshwater model Paramecium-Chlorella. A complementary study is
ongoing in collaboration with D. Wangpraseurt, for a contextual analysis of light conditions respect to

different spatial distribution of symbiotic microalgae within the host tissue.

I1.4 Material and Methods

Corals sampling

In situ measurements were conducted on the shallow reef flat adjacent to Heron Island Research Station
(152°69" E, 20°299" §) in the Southern Great Barrier Reef, Australia. Samples were acquired at 16:30
hours at depths ranging from 0.3 to 2 meters, measured from the sediment benthos to the water surface.
Measurements were specifically undertaken on days characterized by clear skies and abundant sunlight.
Environmental parameters at the research site were continuously monitored throughout the study
duration. A single colony of Favites abdita, situated near the shoreline, was selected for investigation.

This coral colony was found to be growing on sediment benthos with minimal algae present near its
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base. Sampling involved obtaining small fragments from both the top and bottom regions of the colony,
each containing approximately 6-7 structurally intact polyps. Subsequently, the specimens were
transported in seawater. Upon completion of sampling, 5 hours were allotted for tissue recovery, after
which the samples were fixed in a relaxed state at around 22:00 hours. Each sample exhibited dimensions

of approximately 1 centimeter in thickness and 5 centimeters in diameter.

Microscopy sample preparation

The following conditions were used for embedding the block for FIB-SEM acquisition postfix 2% OsO4
buffer (1, S H), Wash MQ. (3x 10-15 min), 1,2% uranyl acetate in water overnight, wash MQ. 3x 10-15
min. Dehydration:70% EtOH. 2x 15 min, 96% EtOH. (2x 15 min), 100% EtOH (3x 15 min), 100%
Acetone (2x 10-15 min). Epoxy: Epon/acetone 1:3 (45 min), 1:1 (45 min), 3:1 (45 min), Epon, 2 H or
overnight and Embedded at 60 °C for 24 H. Samples were cut on an Ultramicrotome Leica EM UC7,
at marine biological section, University of Copenhagen (Core Facility for Integrated Microscopy-

Panum- University of Copenhagen).

Stack alignment
Image sequences were stacked, registered, and cropped using Fiji software and its plugin Multistackreg.
The transformation matrix was extracted from the plugin. The shearing caused by the 54° angle of the

electron beam was corrected using the transformation matrix that was previously extracted, with an in-

house Python code (collab. P. Perrenot, CEA Liten).

Segmentation and 3D reconstruction

Image processing was initiated using the Fiji software (https://imagej.net/Fiji). This involved cropping
selected cells and performing registration. Segmentation was performed using a semi-automatic method
adopted from (Uwizeye et al. 2020) based on pixel classification, with 3D Slicer software
(https://www.slicer.org/) and a supervised semi-automatic pixel classification mode used to
automatically segment 3 to 15 slices for each region of interest (ROI). The main organelles and
structures of the algal cells, including the nucleus, chloroplast, mitochondria, pyrenoid, starch, and lipid

droplets, were segmented. Morphometric analyses were calculated using the Statistics Module in 3D
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Slicer. Three components of the symbiotic microalgae were segmented: the chloroplast, the starch

granules in the cell, and the complete cell.
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Carbohydrates are central in photosymbiotic associations, and are considered the main metabolites
translocated from the symbiotic algae to the host. Yet, there are still molecular mechanisms awaiting
further elucidation, particularly regarding the cellular mechanisms enabling translocation of
photosynthetically-derived carbon. In Chapter III, we conducted a transcriptomic analysis to study the
sugar expression of the transportome of the microalga (Micractinium conductrix) and the host (the

ciliate Paramecium bursaria) potentially involved in carbon transfer.
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II1.1 Introduction

In symbiosis:

High carbon storage

NanoSIMS
Carbon translocation to host
Molecular mechanisms

@ Chloroplast membrane
Symbiont cell membrane
Symbiosome (host vacuole)

@) pyrenoid starch grains

starch plates lipid droplets (LD)
) ( membrane
transporters

General scheme 1. Chapter I showed the potential impact of the host on the carbon metabolism of the symbiotic

microalgae. In symbiosis, the photosynthetic machinery is more developed, and carbon storage (e.g. total starch

and lipid droplets) is higher. In addition, our NanoSIMS showed that carbon transfer might take place in this
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photosymbiotic model, as "*C signal was observed in the host tissue (Chapter L. Fig 6-pag.45). Although the
nature of the metabolite transfer to the host was not determined, it is likely that they involve sugars (e.g. glucose,
maltose) from photosynthetic carbon. We hypothesize that excess of carbon stored in the symbiotic microalgae
is eventually transferred to the host as sugars (Fig 1. blue arrows). The host may also act as a sink to remove excess

carbon from microalga via its transporters at the symbiosome membrane.

While it is generally accepted that photosynthates of the symbiotic microalgae fulfill host energy
demands, the mechanisms underlying carbon translocation are to be elucidated. The translocation and
exchange of organic carbon supporting photosymbiosis have been investigated in numerous studies
(Burriesci et al. 2012; Davy et al. 2012; Hofmann and Kremer 1981; Kopp et al. 2015). The transport of
sugars across the plasma membrane, whether through active or passive diffusion, necessitates the
involvement of a transporter or channel protein (Sproles et al. 2018; Vander Heiden, Cantley, and
Thompson 2009). Like in other photosymbiotic organisms, in Paramecium-Chlorella, the symbiotic
microalgae are generally enclosed in a host-derived cell membrane referred to as the symbiosome
(General scheme Chapter I). This structure serves as a barrier through which any exchange of organic
molecules must pass (Wakefield and Kempf, 2001). Consequently, the transfer of compounds between
symbiotic partners requires the participation of transporters embedded within the cell membrane (Fig.

2) of the symbiotic microalgae and eventually the symbiosome.

Sugar transporters are recognized as essential components in the overall metabolism of organisms. They
coordinate the movement of sugars across cell membranes to support crucial processes, like nutrient
uptake, energy production, and cellular signaling (Lizdk et al. 2019). Our knowledge of the diversity and
function of sugar transporters has improved in the last decade, especially in plants (Eom et al. 2015,
2015; Hennion et al. 2019). For instance, the main sugar transporters involved in sugar efflux in plants
are members of the SWEET family (Sugar Will Eventually be Exported Transporter: hexose and sucrose
transporters) (Bezrutczyk et al. 2018; Chen et al. 2010). Other important sugar transporters are SUT's
(or SUC; Sucrose Transporters), and MSTs (or STP; Mono-Saccharide Transporters) typically involved
in sugar influx—-uptake into plant cells (Chen 2014).

Glucose membrane transporters (GLUT-type) within the Solute Carrier family (SLCA2) are of

particular interest in symbiotic interactions due to their high affinity for glucose and their localization
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in internal membranes (Joost, Wandel, and Schiirmann 2009; Sproles et al. 2018). GLUT proteins, with
approximately 12 transmembrane alpha helices, also play a crucial role in glucose sensing (Thorens and
Mueckler 2010). They serve a dual function by facilitating glucose entry into the cell and initiating
glucose metabolism through glucokinase phosphorylation (Diaz Herndndez and Burgos Herrera 2002).
For instance, in the cnidarian-dinoflagellate symbiosis, phylogenetic investigation revealed potential
GLUT sugar transporters (Sproles et al. 2018). In addition to GLUT and SWEET, other sugar
transporters could be candidates in photosymbiosis, and therefore requiring a specific attention in the

photosymbiosis between the host Paramecium bursaria and the microalga Micractinium.

In this chapter, we performed a transcriptomic analysis focusing on the sugar transportome in
the single-cell photosymbiotic model Paramecium bursaria. We compared the sugar
transportome of symbiotic microalgae (M. conductrix) versus its free-living form (data from
(Arriola et al. 2018a). We also analyzed the expression of the sugar transportome of the host (P.
bursaria) in symbiosis versus the aposymbiotic stage. We aimed to highlight potential sugar

transporters involved in the translocation of sugars from this photosymbiotic unicellular model.

II1.2 Results

We analyzed and compared the expression of the transportome (all transporters) of the microalgae and
host in symbiosis, in comparison with their free-living forms (not in symbiosis). Clustering analyses of
the algal transportome expression in symbiosis versus free-living revealed distinct gene expression
patterns (i.e. there is a significant separate cluster for the free-living microalgae), with notable variability
observed in symbiosis (Fig. 1a). Similar analyses were performed on the host transportome (Fig. 1b),
revealing two distinct clusters corresponding to symbiotic and aposymbiotic host stages. These results
demonstrate a distinct expression profile of the transportome during symbiosis, characterized by both

up-and-down-regulation of specific transporter genes.
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Figure 1. Clustering analysis of expressed transportome (all transporters) in the symbiotic microalgae
Micractinium conductrix versus its free-living form (a), and in the host Paramecium bursaria in symbiosis versus

aposymbiotic (algae-less) (b).

During symbiosis, 48.1% of the transporters of the microalgae were remodeled (35.7% up- and 12.4%
down- regulated) while for the host, 9.8% of the transporters were remodeled (7.5% up- and 2.3% down-
regulated) (Fig. 2).

Since sugar transporters are considered to be essential in symbiotic associations, we specifically identified
and compared the expression of the sugar transportome of microalgae and host in symbiosis compared
to their free-living stages. For the microalgae, our analysis revealed that 55% of the sugar transportome
was remodeled in symbiosis. More particularly, 45% of sugar transporters were up-regulated and 10%
down-regulated (Fig. 2a, Table 1). Several sugar transporters were also still expressed but not
differentially expressed. Concerning the host, transcriptomic results indicate that 9.1% of the sugar
transportome was remodeled, with 6.8% up-regulated genes and 2.3% down-regulated genes (Fig. 2b,
Table 1). Overall, this study shows that both host and microalgae exhibit specific sugar transporter genes

that are upregulated in symbiosis, which provide new insights into their potential role in symbiosis.
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Figure 2. Differential gene expression (expressed in percentage) of sugar transporters, all transporters,
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and all genes in the symbiotic microalgae M. conductrix and symbiotic host P. bursaria.

Table 1. Number of sugar transporters, all transporters, and all genes expressed in symbiotic
microalgae and symbiotic host

Symbiotic algae
Micractinium down neutral up Sum
conductrix
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Sugar transporters 4 18 18 40
All transporters 54 227 156 437
All genres 863 4101 2051 6998 Symbiotic Host
Paramecium down  neutral up Sum
bursaria
Sugar transporters 1 39 3 43
. All transporters 13 518 43 574
In microalgae, among the sugar transporter genes that Al
genres 302 6991 740 8033

were upregulated in symbiosis, we identified genes corresponding to seven Triose-phosphate Transporter
(TPT) genes (PF03151), four Sugar (and other) transporter genes (PF00083) and one Nucleotide-sugar
transporter gene (PF04142) (Fig. 3, Table 2). These results highlight that some Triose-phosphate
Transporter (TPT) genes are important for symbiosis, likely to export sugars from the plastid to the
cytosol. In silico sub-cellular localization analyses predicted that the up-regulated genes of TPT could
be localized in the chloroplast and/or vacuole and/or plasma membrane of symbiotic microalgae. The
four upregulated Sugar (and other) transporter (PF00083) genes were predicted to be localized in the
plasma membrane and/or cell membrane and/or lysosome, and/or vacuole (Table 3). As for TPTs,
localization prediction needs further experimental validation. In addition to TPTs, two genes of
PF00083 were annotated by the TCDB database as putative Inositol Transporter 2, described in the plant
Arabidopsis thaliana. Another up-regulated gene from the PF00083 family corresponds to a Hexose H
symporter, homologous to Chlorella kessleri (Table 4). As for down-regulated genes, we have identified
four sugar transporter genes: one gene from the Sugar (and other) transporter (PF00083), two genes
from the Triose-phosphate Transporter (TPT) (PF03151), and one gene from the Nucleotide-sugar
transporter (PF04142) (Fig. 3, Table 2). It is noteworthy that during symbiosis, 18 sugar transporter
genes of the microalgae remain neutral, which accounts for 45% of the sugar transportome, and can still
play a role in the metabolic exchange between partners (Fig. 2, Supp. Table 2). Finally, we observed 2
upregulated genes annotated as Aquaporin (AQPs) in the symbiotic microalgae (Supp Table 4.). This
membrane transporter can facilitate the movement of different substrates including glycerol, a carbon

source likely to be translocated from the microalgae to the host.
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Figure 3. Volcano plots showing the differentially expressed sugar transporters in a) symbiotic microalgae

Micractinium conductrix compared to the free-living stage and b) symbiotic host Paramecium bursaria

compared to the aposymbiotic stage. The right top part of the Volcano plots shows the significant up-regulated

genes (depicted by individual purple dots) while the left part contains the significant down-regulated genes.

Table 2. List of up- and down-regulated sugar transporters in symbiotic microalgae Micractinium

conductrix versus free-living from different Pfam families.

S

ymbiotic

microalgae
M. conductrix

Pfam

PF03151

PF00083

PF04142

Description

Triose-phosphate Transporter

family (TPT)

Sugar (and other) transporter

Nucleotide-sugar transporter

N of Localization prediction
genes (Wolf_Psort)

Chloroplast/vacuole/plasma
membrane
Plasma membrane

vacuole

down

PF03151

PF00083
PF04142

Triose-phosphate Transporter
(TPT) family

Sugar (and other) transporter

Nucleotide-sugar transporter

2 Plasma membrane
1 Plasma membrane
1 Plasma membrane
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Table 3. Annotated up- and down-regulated sugar transporters and predicted localization in the

symbiotic microalgae Micractinium conductrix compared to the free-living stage.

Pfam

PF00083

PF00083

PF00083

Symbiotic PFO3151
microalgae

M. conductrix PF00083
PF03151
PF03151
PF03151
PF03151
PF03151
pf03151
PF04142

Seq ID
gene_2994

gene_2995

gene_5578

gene_4635

gene_8223
gene_1644
gene_3348
gene_359
gene_4554
gene_4634
gene_8965
gene_6175

Localization
prediction

Lysosome/vacuole

Cell membrane

Lysosome/vacuole

Chloroplast

plasma membrane
Chloroplasts
vacuole
vacuole
vacuole
plasma membrane
Chloroplasts

vacuole

TCDB annotation

putative inositol transporter 2

putative inositol transporter 2

Hexose H+
symporter/antiporter

Triose_phosphate/

phosphate_translocator
NA
NA
NA
NA
NA
NA
NA
NA

Species homolog

A.thaliana

A.thaliana

Chlorella kessleri

Brassica_oleracea

In the host P. bursaria, three sugar transporter genes were found to be up-regulated in symbiosis and

only one down-regulated. TCDB database showed that one of the up-regulated genes

(PBUR.Dd1.1.P01750054) corresponds to the GLUT3 or SLC2a34 gene (Table 5). Glucose membrane

transporter (GLUT-type) is one of the most known sugar transporters from the MFS family. Our in-

silico analyses predicted that this GLUT sugar transporter of the host could be in the plasma membrane

(Table 5). The other two up-regulated genes of the symbiotic host were both annotated as Phosphate

transporter and receptor. Of note, 39 sugar transporter genes (87.1%) were shown to be neutral during

symbiosis, so still expressed and potentially important (Fig. 2, Supp. Table 3)
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Table 4. List of up- and down-regulated sugar transporters in symbiotic host Paramecium
bursaria compared to its apo-symbiotic stage.

Symbioti N of
ymblotie Pfam Description © Localization prediction
host genes
N d oth
up PF00083 ugar (and ocher) 3 Plasma membrane
transporter
h.
down PF00083 Sugar (and other) 1 Plasma membrane
transporter

Table 5. List of specific upregulated genes in the symbiotic host Paramecium bursaria

Prediction localization Localization
Pf: | TCDB i

am Seq ID (Wolf_PSORT) CDB annotation prediction

PBUR.Dd1.1. Phosphate transporter and Plasma

iotic PF L 1
Syn;blotlc 00083 P02440015 ysosome/Vacuole receptor (transceptor) membrane
ost
PBUR.Dd1.1. Plasma
Pb ;
ursaria PF00083 PO1750054 Cell membrane GLUT 3 or SLC2a3a membrane
.Dd1.1. hosph 1

PFO00S3 PBUR.Dd ER Phosphate transporter and Plasma

P02390016 receptor (transceptor) membrane

II1.3 Conclusion and discussion

These results showed that the microalgae M. conductrix and the host P. bursaria exhibit a specific
expression of their transporters and in particular their sugar transporters in symbiosis with specific up-
and down-regulated genes.

Algal sugar transporters expressed in symbiosis

In microalgae, 55.5% of the sugar transportome is remodeled, whereby 45% up-regulated genes and 10%
down-regulated genes were found. Up-regulated genes encoding sugar transporters belong to 3 main
Pfams: Triose-phosphate Transporter family (TPT) (PF03151), Sugar (and other) transporter
(PF00083), and Nucleotide-sugar transporter (PF04142). The seven up-regulated genes of the T7iose-
phosphate Transporter family (TPT) (PF03151) need to be further analyzed to understand their



Page |90

localization and function in sugar transport. However, it is known that genes belonging to the TPT
family transporters are involved in the export of phosphorylated sugars (e.g. Triose Phosphate - TPs)
synthesized in the plastid of microalgae (Weber and Linka 2011). Their main function is to allocate a
portion of the fixed carbon in the form of triose phosphate to sucrose synthesis whereas the rest of the
trioses are retained in the chloroplast are used to drive transitory starch synthesis (Kaschuk et al. 2009;
Moog et al. 2015). In plants-mycorrhizal symbiosis, high levels of triose phosphate export from the
chloroplast enhance its utilization for sucrose synthesis and carbon export, satisfying the carbon demand
of the mycorrhizal symbiont (Bukhov 2004; Kaschuk et al. 2009). Whether this is the case in the
symbiotic model Paramecium-Chlorella, needs to be further addressed. In addition to TPTs, TCDB
annotation revealed the identity of the two up-regulated sugar transporter genes as Putative Inositol
transporter 2, predicted to be localized in the Lysosome/vacuole and cell membrane. Inositol
transporters are part of the MST-like superfamily (Major Sugar Transport-like) characterized in the
plants 4. thaliana and Oryza sativa (Lemonnier et al. 2014; Wang et al. 2008). They mediate the active
uptake of hexoses (e.g. glucose, fructose, xylose, etc.) by sugar/hydrogen symport (Schneider et al. 2007).
This type of transporter was already described in the parasitic ciliate Tetrabymena vorax, involved in the
transport of different inositol isomers (e.g. myo-, scyllo-, and D-chiroinositol) across the plasma
membrane (Kersting and Ryals 2004). To our knowledge, no identification of Inositol transporter 2 has
been reported on other photosymbiotic organisms. Thus, the involvement of this sugar transporter,
which may indicate specific sugar metabolites exported by the microalgae, needs to be further studied.
Additionally, a Hexose H+ symporter/antiporter predicted to be localized in the algal cell membrane was
found to be up-regulated in the symbiosis. Hexose H+ symporter has already been largely studied and
reported in the non-symbiotic green algae Chlorella kessleri (Tanner 2000). This algae is known to be a
heterotroph, being able to uptake glucose as a carbon source, very likely through this Hexose H+
symporter /antiporter (Caspari et al. 1994). It has been observed that symbiotic Chlorella in Hydra can
be heterotrophic under dark conditions (McAuley 1986). Further functional studies are required to
determine the exact role of this sugar transporter in the photosymbiotic microalgae. In the symbiotic
microalgae we also observed 2 upregulated genes annotated as Aquaporin (AQPs) (Supp Table 4.).
These molecules are involved in the transport of various molecules (e.g. H.O, glycerol, urea, NHs, CO,,

etc.) and have been characterized in different plants (Arabidopsis thaliana, Oryza sativa, Zea mays,
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Citrus sinensis, etc). NIPs, a specific subfamily of AQPs, are less active in water transport but permeable
to organic molecules (Deshmukh, Sonah, and Bélanger 2016). NIP1 transports glycerol and silicon in
cellular membranes (Giovannetti et al. 2012; Hara-Chikuma and Verkman 2006). In cnidarians, 16
AQPs are internal and predicted to function as glycerol channels through structural analysis (Sproles et
al. 2018). Thus, it could be possible that glycerol, a type of sugar, is transfer to the ciliate host through
AQPs.

In addition, in our work we identified one gene annotated as SWEET (Sugars Will Eventually Be
Exported Transporters) but not differentially expressed in symbiosis. First discovered in plants, these
transporters are involved in sugar efflux from glucose producing cells (Eom et al. 2015). We cannot
exclude the involvement of this sugar transporter in the system giving the dynamics of carbon
metabolism and carbon storage of the symbiotic microalgae. Overall, gene annotation of up-regulated
sugar transporters in the symbiotic microalgae M. conductrix was challenging. This was because these
microalgae are not a model organism and their gene-to-protein identity is not available in current public
databases. Consequently, our study would require additional phylogenetic analyses to further
characterize these potential sugar transporters. Yet, some of the reported upregulated sugar transporters
were also observed in other symbiotic organisms (terrestrial and marine), indicating a shared molecular
mechanism. Deeper characterization of the candidate’s sugar transporters genes likely involved in the

translocation of carbon in this model is necessary via molecular and biochemical approaches.

HOST sugar transporters expressed in symbiosis

Regarding the host, 9.1% of its sugar transportome was remodeled, whereby 6.8% up-regulated genes
and 2.3% down-regulated genes were found. It is interesting to note that this 9% remodeling is very low
compared to the nearly 50% remodeling of the sugar transportome of the microalga. Overall, three up-
regulated genes of the same Pfam include GLUT 3 or SLC2a3a and Phosphate transporter and receptor
(transceptor).

GLUT gene has been reported in other photosymbiotic host, such as cnidarians (A4iptasia and Cassiopea
andromeda) and Hydra in symbiosis with Symbiodiniaceae and Chlorella-like microalgae, respectively.
In the sea anemone Aiptasia, GLUT protein (GLUTS) was shown to exhibit higher levels of mRNA

expression in symbiosis versus non-symbiotic stage (Lehnert et al. 2014). Later, a phylogenetic analysis
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identified two classes of putative GLUT transporters in cnidarians, highlighting the involvement of
GLUT proteins in the transport of algal photosynthates (Sproles et al., 2020). In addition, 7z silico
localization prediction suggests that these conserved sugar transporters are likely situated within the
internal membrane of the symbiotic anemone. In the freshwater animal Hydra viridissima, it was
reported that one up-regulated gene showed sequence with similarities with GLUTS of Azprasia
(Lehnertetal. 2014; Sproles et al. 2018) was up-regulated in the host. Itis possible that maltose produced
by symbiont microalgae is transformed into glucose and transported to the host cytoplasm through
glucose transporters (Hamada et al. 2018). Of note, Hydra and P. bursaria are hosts of Chlorella-like
microalgae of the Trebouxiophyceae class. Thus, the common identification of this up-regulated gene
coding for GLUT could indicate a conserved mechanism for transporting photosynthate across the
symbiosome membrane, in both unicellular and multicellular photosymbiosis. Additionally, (Sproles et
al. 2018) identified that the predicted ligand of GLUT in cnidarians is maltose, a disaccharide known to
be excreted by the symbiotic microalgae M. conductrix. A more detailed analysis is required to confirm
the sugar substrate of GLUT identified in P. bursaria and identify if the GLUT gene encodes for a
protein containing a dileucine motif near the N-terminus, required to be localized in the endosome
membrane (e.g. potentially the symbiosome in the host) (Augustin, Riley, and Moley 2005) . In a recent
investigation, increased transcription levels of glucose transporters GLUT3 and GLUTS were also
observed in the medusa Cassiopea andromeda in comparison to bleached medusae (Carabantes et al.,
2024). GLUT is likely involved in symbiosis, more particularly, in the host part of P. bursaria, probably
involving the symbiosome membrane.

Two genes identified as Phosphate transporter and receptor (transceptor) were also upregulated in the
symbiotic host. This gene was previously described in Saccharomyces cerevisiae as a phosphate
transporter rather than a glucose transporter (Wykoff and O’Shea 2001). It could be that in
Paramecium-Chlorella system, this transporter mediates the phosphate translocation from the host to
the symbiotic microalgae. Yet, further investigation on the protein structure and functional experiments
are required.

Opverall, several sugar transporters undergoing remodeling in both symbiotic microalgae and the host
were also identified in other multicellular organisms photosymbiotic organisms, which highlights their

involvement in the translocation of photosynthetic carbon as a shared mechanism. Further
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investigations of the identified proteins in this work in both the microalgae and host are needed. Samples
were harvested in the afternoon for the symbiotic host and aposymbiotic state of the host and the
symbiotic microalgae. Given the dynamic of carbon storage observed in Chapter I, it is important to
address the sugar transportome with a temporal resolution. This will help us better understand the
involvement of membrane transporters in the translocation of sugar compounds in photosymbiosis.
Finally, to validate the candidate genes observed and their substrate, an experimental approach is

required as this in silico analysis cannot alone provide conclusive results.

II1.4 Material and Methods

Strains and cultural conditions

The ciliate Paramecium bursaria (CCAP1660/18) in symbiosis with Micractinium conductrix was

obtained from the Culture Collection of Algae and Protozoa (https://www.ccap.ac.uk/). The culture

medium for P. bursaria was prepared by inoculating Volvic natural mineral water with the bacterial
strain Serratia marcescens CIP103235TT (Pasteur Institute Bacteria CIP) and 0.66 g/L protozoan pellets
(Carolina Biological Supply, NC, USA) 24h before use. An aposymbiotic host was obtained from a
Paramecium bursaria (CCAP1660/18) culture. Cell cultures were exposed to 1uM of paraquat
(herbicide, Wynca Brand) in volvic water at 20°C under constant high light (light intensity 75 pE m™
s7') for 7 days. Single symbiotic and aposymbiotic ciliates of P. bursaria were collected for

transcriptomic analysis.

RNAseq samples preparation
Sequencing was handled using the SMARTseq2kit (https://scientifix.com.au/smart-seg-single-cell-

kit.heml) (Picelli et al. 2014). 36 samples of symbiotic Paramecium bursaria (CCAP1660/18) and 20
samples of aposymbiotic Paramecium bursaria were used for this analysis independently. To harvest
the cells, individual Paramecium was carefully separated using a binocular microscope and a sterile
filtered tip. Subsequently, each sorted cell was placed into a 0.2 PCR tube containing lysis buffer and
promptly subjected to rapid freezing in liquid nitrogen. The samples were forwarded to the Genomics
Core Facility at EMBL (https://www.embl.org/groups/genomics/) for further nucleic acid processing.

In summary, libraries were constructed following the tagmentation protocol outlined by Hennig et al.
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in 2018 (G3, 8:79). A total of eighteen pre-amplification cycles were employed to prepare cDNA, which

was subsequently sequenced on the NextSeq500 platform using 150-base paired-end reads.

Illumina sequencing and transcriptome analysis

Each sample underwent single-end mode sequencing, generating an average of 10 and 13 million reads
per cDNA library for symbiotic and aposymbiotic datasets, respectively. Initial processing entailed
trimming raw reads via trimmomatic 0.39, resulting in an average loss of 800,000 reads per sample in
both symbiotic and aposymbiotic datasets. Before quantifying read abundance on the Paramecium
genome, reads associated with Micractinium conductrix were excluded, particularly in symbiotic
samples, utilizing STAR_2.5.2b. Symbiotic samples exhibited 500,000 reads aligned to Micractinium
conductrix, while aposymbiotic samples showed an average of less than 300 reads.

Differential gene expression analysis of the symbiotic microalgae concerning its free-living form was
made by using the symbiotic ciliate (microalgae reads) compared to (Arriola et al. 2018a) study. To be
precise, samples corresponding to the control condition in this study (M. conductrix microalgae grown
at pH 7.6) were used as references (NCBI: SRR5526896, SRR5526895, SRR 5526894). Samples were
aligned with those obtained from symbiotic microalgae on the reference genome of Micractinium
conductrix (strain SAG.241.80)(Assembly: ASM224581v2) (Arriola et al. 2018a). Alignments, read
counts, and DEG (differential expression genes) were processed with the same workflow as P. bursaria
reads. For differential gene expression analysis of symbiotic host, Paramecinm bursaria (Dd1 strain
genome) (Cheng et al. 2020) served as the reference (https://paramecium.i2bc.paris-
saclay.fr/download/Paramecium/bursaria/). For all samples, reads were aligned with STAR_2.5.2b.
Counts were obtained with feature Counts v2.0.1. To ensure data quality, samples with read counts
surpassing the average across libraries were selected to construct the counts matrix. Subsequently, the
counts matrix was imported into R, and differential gene expression analysis was conducted using the

DESeq2 R package.
Sugar transporters annotation

To unveil sugar transporters in the genome of both Micractinium conductrix and Paramecium

bursaria, annotated proteins were predicted from the sequenced genomes using Interproscan script
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vinterproscan-5.60-92.0 and TCDB gblast.pl script. All putative transporters were selected using the
following items: egrep -i
carrier|Carrier|transport| Transport|channel| Channel|permease|symporter|exchanger|antiporter|peripl
asmic|facilitator”; for sugar transporters specifically, we used egrep -i
“ose|saccharides|carbohydrates|sugar|sugars”. We then parsed each annotation manually to curate the

annotations.
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Supplementary data

Table S1. List of downregulated genes in symbiotic microalgae and symbiotic host.

Prediction localization
Protein_ID FC stat
Symbiotic m s (Wolf_PSORT) =

MCra% pr031s1  gene 4081 plasmamembrane  down
VI CONOUCtX po3151  gene 4741 plasmamembrane  down

e T g e

P. bursaria




Symbiotic
microalgae

M. conductrix

PF03151
PF03151
PF03151
PF03151
PF03151
PF03151
PF03151
PF03151
PF03151
PF03151
PF03151
PF03151
PF03151
PF04142
PF04142
PF04142

gene_1057
gene_3330
gene_5447
gene_5877
gene_5878
gene_7554
gene_8088
gene_8713
gene_8759
gene_9189
gene_9252
gene_9428
gene_9849
gene_234
gene_3366
gene_377

Prediction
localization

(Wolf_PSORT)

plasma membrane
Chloroplasts
plasma membrane
plasma membrane
plasma membrane
Chloroplasts
plasma membrane
vacuole
plasma membrane
plasma membrane
plasma membrane
plasma membrane
plasma membrane
vacuole
plasma membrane

plasma membrane
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Table S2. List of neutral expressed sugar transporter in the symbiotic microalgae Micractininm conductrix

neutral
neutral
neutral
neutral
neutral
neutral
neutral
neutral
neutral
neutral
neutral
neutral
neutral
neutral
neutral

neutral
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Table S$3. List of neutral expressed sugar transporter in the symbiotic host Paramecium bursaria

Prediction
Pfam Protein_ID localization FC_status
(Wolf PSORT)

Symbiotic host
P, bursaria
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Table S4. List of up-regulated genes ID as Aquaporin transporters in Micractinium. conductrix

GenelD Pfa Pfam ID Log2FC FC2 TCDB query Localization
m status prediction
gene_7368 PFO Major 2.559 up Aquaporin_SIP1- Plasma membrane
023 intrinsic 1 -
0 protein _Arabidopsis_tha
liana_(Mouse-
ear_cress).
gene_838 PFO Major 8.571 up Aquaporin_1_- Plasma membrane
023 intrinsic _Nicotiana_tabac
0 protein um_(Common_t

obacco).
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General Conclusions

Symbiosis was at the origin of the plastids and mitochondria in eukaryotes and continues to play an
important role in our ecosystems. Symbiotic associations involving a photosynthetic partner
(photosymbioses) are particularly interesting because they represent a natural example of the potential
process leading to plastid acquisition. A central aspect of photosymbiosis is the photosynthetically-fixed
carbon because it is considered as the main energy that is used to fuel and meet the energetic demands
of the host. While we now possess a more extensive comprehension of some of the cellular and molecular
mechanisms occurring in aquatic photosymbioses, it is necessary to gain more understanding at the
subcellular level, in particular on the morphology and metabolism of the symbiotic microalgae within
the host. Previous studies have revealed that subcellular imaging is relevant for studying the cellular and
subcellular bases of algal physiology (Decelle et al. 2019; Engel et al. 2015; Flori et al. 2017; Uwizeye
2021; Uwizeye et al. 2020). Linking morphological changes with physiological measurements is a
powerful and required approach to shed the light on the symbiotic life of an algal cell inside a host. By
exploring the subcellular organization of a microalgal cell, we can visualize the ultrastructural
organization of symbiotic organisms and assess morphometrics with important physiological aspects of
symbiosis. In addition, by comparing the non-symbiotic state of the microalga (if possible) in terms of
physiology and morphology, we can gain a highlight potential key mechanism that take place inside a
host. Morphological remodeling of photosynthetic-related organelles can reveal the importance of
photosynthesis supporting the association. the effect of the host in the microalgae morphology and
physiology remains poorly understood. In addition, while the role of translocated carbon in
photosymbiosis is known to be central, the characterization of the molecular players ensuring the
metabolic connectivity between partners, particularly enabling sugar flux, need further attention. To
tackle the current knowledge gaps in photosymbiosis, we conducted a study in the single-celled
photosymbiotic model Paramecium bursaria (Chapter I) and in the multicellular photosymbiotic host
Favites abdita (Chapter II). We unveiled morphological and physiological differences in the cellular
organization (chloroplast morphometrics) and carbon storage of the symbiotic microalgae with
temporal resolution (chapter I) and versus different spatial distribution within a multicellular host

(chapter II). In Chapter III, we conducted a transcriptomic analysis to unveil the potential sugar
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transporters (sugar transportome) involved in the carbon translocation by comparing symbiotic and

non-symbiotic microalgae and host.
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Hypothetical scenario in the photosymbiosis between Paramecium bursaria and its microalgae
that summarize the results obtained in the PhD thesis. Symbiotic microalgac Micractinium conductrix
of Paramecium bursaria undergoes an overall remodeling of its photosynthetic capacities. In symbiosis, the
microalgae exhibited larger cell size, accompanied by enlarged chloroplasts (chl) and pyrenoid (purple). The
volume increase of photosynthetic-related organelles was accompanied by a higher Rubisco (Ribulose
bisphosphate carboxylase/oxygenase) content and carbon fixation (represented as ‘c’) per cell compared to their
free-living forms. Temporal dynamics of fixed carbon reveal starch synthesis during daylight hours in starch plates
and starch grains (orange), followed by consumption during the night. Moreover, lipid droplets (yellow)
accumulate over successive days within the symbiotic microalgae, possibly by receiving carbon for starch
overnight. The symbiotic microalgae are maintained inside the host symbiosome (gray) and closely enveloped by
host mitochondria. Transcriptomic analysis on the sugar transportome of the microalgae and the host in
symbiosis revealed sugar transporter genes likely involved in carbon translocation (including TPT, Inositol,
Hexose H* in the microalgae, and GLUT, and Aquaporins=AQP in the host). In our proposed model, we
hypothesize that the increase of carbon fixation and storage observed in symbiotic microalgae (ChapterI) is linked

by the host's role as an external sink (removing photosynthetic products thanks to transporters).

In Chapter I, we aimed to assess the impact of symbiosis on the central carbon metabolism of the
algae. We revealed significant morphological and physiological differences in symbiotic microalgae
compared to their free-living form (the microalga Micractinium conductrix). Most significant
differences were observed in the photosynthesis-related organelles: the chloroplast and the pyrenoid are
larger in symbiotic microalgae. These transformations were previously reported in other
photosymbiotic unicellular organisms (Decelle et al. 2019; Uwizeye 2021), suggesting shared
mechanisms among microalgae in symbiosis. Our analysis also revealed that the morphological
transformation observed in symbiosis is linked to the physiology of the microalgae: not only do
symbiotic microalgae have larger pyrenoids but have increased Rubisco content. Consequently, carbon
fixation capability per microalgal cell is significantly enhanced. Furthermore, our investigation sheds
light on the fate of photosynthetically-derived carbon energy within photosymbiotic systems. It was not
clear whether symbiotic microalgae could store carbon in symbiosis as it is largely considered that most
of this carbon is transferred to the host for covering its energetic demands. In this study, we found that

microalgae do store carbon as starch, and even in higher proportion during the day compared to the
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free-living stage. In addition, diel starch turnover in microalgae follows the same dynamic as in non-
symbiotic microalgae, so there is consumption of this starch overnight (decrease of starch). To our
knowledge, this carbon storage dynamic was not fully addressed in symbiotic microalgae. Furthermore,
we observed that microalgae store more carbon not only as starch but also as neutral lipids compared to
their free-living stage. Specifically, our temporal resolution analysis revealed a gradual accumulation of
lipids over successive days, possibly due to starch consumption overnight. Despite this higher storage of
starch and lipids, and starch consumption overnight, we noticed that symbiotic microalgae exhibit a
slower rate of cell division. Therefore, this dynamic of carbon storage may be modulated by the host

energetic demands.

Why do symbiotic microalgae show an enhancement in carbon storage and carbon

turnover?

Previous investigations have indicated that the host serves as an external factor that modulate and even
boost the photosynthetic capacity of the symbiont through the uptake of photosynthetically-generated
carbohydrates (Adams et al. 2020). Essentially, in non-symbiotic cells, photosynthesis yields
carbohydrates proportional to the organism's consumption or storage capacity (Korner, 2013).
Consequently, the host's consumption (external sink) of carbohydrates may increase the photosynthetic
productivity of symbiotic algae. Thus, it is likely that the host has an influence to favor and sustain the
high carbon production of its symbiont, as less starch production is observed when the system is fueled
by an external source of carbon (Chapter I). Further investigations are warranted to fully elucidate the
dynamics of this source-sink relationship in photosymbiosis. Of note, a higher accumulation of lipids
was observed in the system over the days in the symbiotic microalgae (Chapter I). This indicates that the
microalgae can store carbon energy and suggests that the host's ability to absorb carbon is relatively weak
or highly regulated in the system. More studies need to address in the future this carbon homeostasis in

symbiotic cells to better describe the nature of this association.
Starch plates, starch grains, and pyrenoid temporal dynamic

Our microscopic approach assessed in Chapter I revealed the dynamics of starch plates and pyrenoid

volume in symbiotic microalgae throughout the day (Fig. 1). The increase in starch plates and the
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formation of a pyrenoid are closely linked physiologically in certain algae. Starch plates encircle the
pyrenoid, creating a distinct starch sheath in the cell. In has been observed that starch sheath (e.g. plates)
can are formed rapidly under low CO, levels (Kuchitsu, Tsuzuki, and Miyachi 1988). In
Chlamydomonas reinbardtii, a model organism of green microalgae, it was suggested that this starch
sheath serves as a barrier, preventing CO, diffusion from the pyrenoid (Toyokawa et al. 2020). In this
work, they identified the induction of the Carbon Concentrating Mechanism (CCM) with the
formation of starch sheets indicating a functional relationship. Furthermore, Mutations in SAGA, a
protein called starch granules abnormal 1 (SAGA1) known to interact with Rubisco in these starch
plates, lead to abnormal starch plates and the presence of multiple pyrenoids without the typical
pyrenoid tubule network (Itakura et al. 2019). To our knowledge, there are no reports about pyrenoid
tending to expand throughout the day. Consequently, there is a lack of evidence concerning any
physiological link associated with this phenomenon. The pronounced augmentation of starch plates
encircling the pyrenoid in symbiotic microalgae underscores a potential Carbon Concentrating

Mechanism (CCM) in symbiosis that has yet to be fully elucidated.
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Figure 1. Volume of starch plates and pyrenoid of symbiotic microalgae M. conductrix during morning versus
afternoon.
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What is the nature and mechanisms of carbon translocation in photosymbiosis?

NanoSIMS experiment of chapter I showed *C-labeled structures in trichocysts (defense structures
localized below the cilia) of the host. Yet, we could not track high labeling in other host
structures/organelles contrary to what is observed in other photosymbiotic organisms, such as lipid
reserves (Kopp et al. 2015; Krueger et al. 2018; Sproles et al. 2020). Because of the dynamics of carbon
storage observed and quantified in this system, we could hypothesize that carbon translocation is
dynamic, and thus, a pulse-chase experiment could be complementary to this work. We also need to
consider the possibility that carbon transferred is rapidly respired by the host, so “invisible” by
NanoSIMS. The density of host mitochondria may reflect this rapid use of the translocated

carbohydrates.

Symbiotic microalgae's carbon release in the system was mostly described indirectly, through isolating
them from the host and re-culturing (Muscatine 1967; Reisser t981, 1986; Kessler et al. t991). How
much of the physiology changes when cells are no longer 7z hospite is unknown. This is an open question
that needs to be further addressed. In our work, we assessed a carbon storage quantification of symbiotic
microalgae in the host microenvironment, in which, symbiotic microalgae were removed from host
tissue only to assess measurements. Additionally, it has been suggested that 57% of the completely fixed
carbon is transferred to the Paramecium host (Reisser, 1976). Shibata et al. (2016, 2021) have
extensively studied the dynamics of maltose release in the symbiotic microalgae Chlorella variabilis (also
symbiont of the Paramecium bursaria). Their research has elucidated the impact of maltose on
symbiotic microalgae upon cultivation, establishing a correlation between maltose release and starch
synthesis. However, a complementary study is needed 7z hospite, to gain a comprehensive understanding
of the physiological dynamics of these microalgae. From our observations, it appears that fixed-carbon
may undergo distinct paths: i) part of fixed carbon remains within the symbiotic microalgae, ii) is
directed towards long-term storage (e.g. lipid droplets), like what is observed in our nanoSIMS data and,
iii) some of the fixed carbon is transported to the host. Additionally, it should be noted that P. bursaria,
being a motile cell, may expend energy at a rate beyond our current measurement capabilities. For

example, studies on Paramecium candatum have indicated that a substantial portion of metabolic
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energy (approximately 70% of the total) is devoted solely to propulsive activity (Katsu-Kimura et al.

2009).
Fueling the host with external sugar: what is the long-term effect on the system?

In Chapter I, we aimed to further understand the source-sink relationship in photosymbiosis. Thus, we
assessed starch production in symbiotic microalgae when the host organism received external glucose, a
central photosynthate product exchanged between partners. Our experiment revealed that symbiotic
microalgae produced less starch at the end of the day when the host was provided with glucose (Chapter
I). Therefore, it is probable that decreased energy demand in the host triggered a cellular process leading

to reduced starch production in its microalgae.

Within the same frame of experiment, we follow the impact of external glucose in the long-term and
observe the impact on the symbiotic association. At 48 hours post-exposure, we observed host cells
containing numerous vacuoles housing brown symbiotic microalgae (Fig. 2a), with some microalgae
found outside host cells. By the seventh day, certain host cells had shed most or all symbiotic microalgae
while remaining viable. Host cells, at the end of the experiment (7 days), exhibited a similar appearance
to aposymbiotic cells generated through chemical methods in laboratory conditions. (Fig.2b, c). These
observations warrant further exploration into the ultimate impact of glucose on the symbiotic
association. Notably, in terms of the physiological and morphological state of both, microalgae and host

after the breakdown of the symbiotic association.
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Figure 2. Host cell (P. bursaria) after long exposure to glucose (75mM). a) 48h after exposure to glucose.
Some brown algae are apparent digestive vacuoles (arrow) b) Host cellafter 7 days of exposure to glucose (7SmM).
The host has no symbionts and form several digestive vacuoles ¢) Aposymbiotic host P. bursaria obteined after
exposure to paraquat (herbicide). Scale bar: 20um.

In Chapter II, we investigated the possible heterogeneity of the symbiont population and the

possible link with the spatial localization of symbiotic microalgae inside a multicellular host.

We compared the effect of ‘top’ — ‘bottom’ spatial distribution of symbiotic microalgae and assess the
high-resolution morphometry. Our FIB-SEM 3D modeling revealed heterogeneity within the symbiotic
population differentially distributed in the host tissue. Similarly, we observed higher starch volume per
cell at the bottom region of the coral tissue. We need to further investigate the physiological status of
symbiotic cells respect to each condition and environmental and microenvironmental measurements are
necessary. While differences related to spatial localization in corals have previously been reported
(Titlyanov et al. 2001), the subcellular morphological differences were unknown. Morphometrics
showed different starch volume content between symbiotic microalgae localized at the ‘top’ and
‘bottom’ of the coral tissue Favites abdita. (Titlyanov et al. 2001) assessed the physiological

characterization during photo acclimation in Stylophora pistillata. In this work they reported
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differences in terms of symbiont cells densities (more dense cells) in low-exposure versus high-exposure
to light in the coral tissue. This observation was consistent with our results; thus, we could hypothesize
photo-acclimation in ‘bottom’ cells due to lower light exposure. Yet, we require more contextual
information. The differences in terms of cell volume and carbon storage (starch) highlight the
heterogeneity of symbiotic population within a host influenced by the spatial distribution and reflected
in their carbon storage content. For instance, in corals photosymbiosis it is reported that ~90% of the
photosynthetic carbon is transferred to the host (Falkowski 1980). The observation of cells in the
‘bottom’ of the host showing higher starch storage that cells in the ‘top” could be link to how much of
this carbon is being translocated to the host. To assess this, we would need NanoSIMS, for instance to

track carbon in the host tissue overtime between both conditions.

A time-resolved experiment, following carbon storage dynamics of symbiotic microalgae respect to their
spatial distribution (thus, different environment and microenvironment conditions) within a host
would be necessary to characterize the carbon metabolism of symbiotic microalgae in corals. Finally,
thanks to the nanoengineering develop in the laboratory of D. Wangpraseurt, we could develop
combined conditions similar host microenvironment and assess the morphological transformation of
symbiotic microalgae. Our results require more contextual information to better interpret our
observations. We foresee a complementary analysis that will include characterization of light profiles
inside host tissue through microsensors (expertise of our collaborator D. Wangpraseurt). In this work,
samples where chemically fixed and not cryo-fixed using high pressure freezing. Thus, we faced
challenges when assessing semi-automatic segmentation based on contrast. In the future, high-pressure
freezing needs to be considered to improve the sample preparation and so the 3D reconstruction of

different algal structures

In Chapter III, we focused on the metabolic connectivity between host and algae and particularly
investigated the sugar transporters expressed in symbiotic versus free-living forms.

Several studies have delved into the exchange of energy-rich organic molecules to unravel the
mechanisms governing photosymbiotic associations (Burriesci et al. 2012; Carabantes, Grosso-Becerra,
and Thomé 2024; Davy et al. 2012; Hofmann and Kremer 1981). Symbiotic microalgae are maintained

in a host microenvironment: the symbiosome. This host compartment houses symbiotic microalgae,
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and is likely facilitating nutrient exchange and metabolic crosstalk between the host and symbiont.
Thus, any transfer of organic molecules must occur through this selective barrier. Photosynthetic
products, known as photosynthates, are a primary energy source in this relationship, with glucose and
glycerol being key soluble sugars.

We identified different sugar transporters likely involved in the metabolic connectivity of the host and
symbiotic microalgae. Some of the predicted genes up-regulated in symbiosis (Scheme 1.) in both the
host and the microalgae have also been reported in other photosymbiosis: Hydra-Chlorella, from
freshwater ecosystems (Hamada et al. 2018) and cnidarians (Aiptasia and Cassiopea) from marine
ecosystems (Carabantes et al. 2024; Mashini et al. 2022; Sproles et al. 2018). We also observed up-
regulated genes annotated as Aquaporins (AQPs), that we did not include initially as part of the sugar
transportome as they belong to a large family of proteins involved in the transfer of different substrates
including glycerol (Giovannetti et al. 2012; Hara-Chikuma and Verkman 2006). Finally, we also
observed a gene identified as SWEET (Sugar Will Eventually be Exported Transporter: hexose and
sucrose transporters), which was expressed in the symbiotic microalgae but not differentially regulated.
Of note, this sugar transporter has been studied in different pathogen interactions and intercellular sugar
translocation in plants (Chen 2014; Eom et al. 2015). T'wo sugar transporters not described in other
photosymbiotic organisms were found to be up-regulated in our study: Hexose H+ symporter and
Putative Inositol transporter 2 in the symbiotic microalgae. Of note, MEX1 (maltose excess1), a maltose-
specific transporter was not identified among up-regulated genes in the symbiotic microalgae, known to
be associated with the chloroplast (Niittyli et al. 2004).

From the host side, we observed that only 9.1% of the sugar transport undergoes remodeling in
symbiosis, in contrast to the microalga's sugar transport with an extensive remodeling of 50%. Three
genes were up-regulated, the sugar transporters GLUT3 and two Phosphate transporter and receptor.
Similar GLUT genes have been documented in other photosymbiotic hosts such as cnidarians
(Cassiopea andromeda, anemone Aiptasia) (Carabantes et al., 2024).(Sproles et al., 2020) (Lehnert et al.
2014), and the freshwater hydra Hydra viridissima (Hamada et al. 2018) suggesting a conserved role of
GLUT genes in transporting algal photosynthates. The identification of GLUT up-regulation in both
Hydra and P. bursaria suggests a shared mechanism for transporting photosynthates across the

symbiosome membranes in unicellular and multicellular photosymbiosis of freshwater ecosystems. In
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addition, maltose has been proposed as a potential ligand for GLUT in cnidarians (Sproles et al. 2018).
This disaccharide is known to be excreted by the symbiotic microalgae of P. bursaria under acidic
conditions. Further analysis is needed to confirm the sugar substrate of GLUT in P. bursaria and an
adequate internal localization, potentially within the symbiosome. The second upregulated gene of the
host sugar transportome was annotated as Phosphate transporter and receptor. This transporter was
previously described in Saccharomyces cerevisiae, involved in glucose sensing rather than glucose
transport for hexose transport regulation (Ozcan 1998; Theodoris et al. 1994; Wykoft and O’Shea 2001)
We further evaluated a localization prediction outlined in Scheme 1. We highlight the need for a more
detailed analysis of the sugar transportome. For instance, immunofluorescence analysis could be used to
identified subcellular localization of sugar transporters in photosymbioses. Yet, we need to develop
antibodies specific for this type of organism systems. Additionally, we emphasize the need to improve
differential gene expression analysis of the symbiotic microalgae by comparing it to the free-living form
we obtained and characterized in this study. Gene annotation in this system posed challenges and was a

significant constraint due to the abundance of unknown genes in these organisms. (Arriola etal. 2018a).

Moving towards functionality?

Symbiotic Chlorella microalgae and Chlorella-like species belonging to the Trebouxiophyceae class are
notable for their ability to establish symbiotic relationships with diverse host cells (Préschold et al. 2011)
including lichens, diverse protists, and metazoan (Metz et al. 2019). Extensive research has been made
on symbiotic Chlorella species brought to culture. The evidence consistently indicates that maltose
and/or glucose are the primary carbon sources provided to the host. The preference for maltose release
over alternative sugars is a noteworthy aspect to explore. For instance, it is known that in green
microalgae and higher plants, maltose serves as a transient breakdown product of starch in chloroplasts
(Arriola et al. 2018a; Busi et al. 2014). In Chapter I, we conducted a temporal analysis of carbon storage,
focusing on starch and lipid droplets. Further experimental approaches are necessary to
comprehensively characterize the sugar transporters identified in this study. This will involve employing
RT-qPCR for quantitative analysis and RNAI to elucidate the effects of loss of function in the host

organism, thereby revealing the molecular mechanisms underlying photosynthetic carbon
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translocation. Future transcriptomic analyses could incorporate temporal resolution, allowing us to
correlate our previous observations with metabolic connections and carbon exchange between the
microalgae and the host. Furthermore, additional investigation of metabolic pathways associated with
starch and lipid synthesis and degradation is required to complement our study. On the sugar
transporter candidates validated by the molecular approaches above, functional characterization will

also be necessary in order to identify the potential sugar substrates.

General perspectives

Photosymbiotic interactions are complex to study because of the involvement of two cell types and two
metabolism. Some of the challenges encountered in this project were linked to the low-throughput 3D
reconstruction. A major investment was made to obtained the semi-automatic segmentation of 3D
reconstruction and morphometrics of around ~80 cells in this work. Currently, deep-learning is more
advanced to improve the technical limitation we faced. Nonetheless, the large data set I built through
my PhD project could be used to nourished an automated deep-learning source. FIB-SEM based 3D
reconstruction we unveil the cellular remodeling taking place of microalgae in symbiosis. Of note, we
assessed a temporal morphometrics quantification at a nanoscale of carbon storage compounds. These

structures are well contrasted and semi-automatic segmentation can be simpler and faster to accomplish.

Cryo-preservation would be a next step to complement this study. We observed a volumetric dynamic
of the pyrenoid thorough the day (increase in volume during the day) and different dynamics of starch
plates and starch grains. Cryo-EM could allow us to access a very high resolution and native view of the
structures and organization of major organelles (chloroplast) and protein complexes. For instance, the
symbiosome is one of the major structures in the photosymbiotic systems facilitating, through
membrane transporters, the metabolic connectivity between partners. Yet, structural information about
this major membrane interface in symbiosis is needed. Our transcriptomic analysis revealed some of the
potential sugar transporters involved in the host-microalgae metabolic crosstalk. The versatility of P.

bursaria photosymbiosis could be a potential starting point to explore available “omics” tools.

Field work: hunting wild symbiotic associations

Symbiotic paramecium and other photosymbiotic cells from Pontet Lake
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During my PhD project, we sampled in the alpine lake ‘Pontet” (1920 m.s.l.), Haute-Alpes-France.
These sampling allowed us to discovered a wild green Paramecium. Sequencing analysis confirmed the
symbiotic microalgae as M. conductrix. Furthermore, other single-celled photosymbiosis were collected
within the same lake, potentially in symbiosis with M. conductrix. Most of the protist observed in
symbiosis were ciliates (Fig. 3). Lake ecosystems are natural environments where we could better

characterize the dynamics across symbiosis with green microalgae of the class Trebouxiophyceae.

Additional effort can be made to bring to culture some of these symbiotic associations, as it is possible
that our current culture representative (the green Paramecium bursaria) changed and adapted to the
artificial culture conditions. In addition, cells could be collected for further microscopy
characterization, thanks to the microscopy facilities in Grenoble. Furthermore, more investment s being
deployed to study organisms in their natural condition. For instance, an initiative from EMBL (TREC
expedition), deployed a mobile laboratory with equipment for sample preparation (cryo-EM, high
pressure freezing). We could combine effort to characterize freshwater photosymbiosis across alpine

lakes, as unique ecosystems.
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Figure 3. Alpine photosymbiotic ciliates collected in Pontet Lake, France. a) non-symbiotic paramecium. b) wild
green paramecium in symbiosis with M. conductrix c) and d) unidentified ciliates likely in symbiosis with green
microalgae e) ciliate colony in symbiosis with green microalgae
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Résumé

La symbiose a joué un rdle essentiel dans I'évolution des plastes et des mitochondries chez les eucaryotes,
et fait encore partie intégrante des écosystemes aujourd’hui. Parmi les relations symbiotiques, la
photosymbiose - un partenariat impliquant une cellule photosynthétique - est tres répandue dans les
environnements aquatiques. Bien que notre compréhension de certains aspects de la photosymbiose se
soit améliorée, l'influence du microenvironnement de I'héte sur la morphologie et la physiologie des
microalgues avant]'apport de carbone n'est toujours pas claire. En outre, des recherches supplémentaires
sont nécessaires pour caractériser les composants moléculaires qui facilitent la connectivité métabolique
entre les partenaires symbiotiques. Dans cette these, j'ai mené une étude sur le modele photosymbiotique
unicellulaire Paramecium bursaria (Chapitre I) et'hote photosymbiotique multicellulaire Favites abdita
(Chapitre II), découvrant des différences morphologiques et physiologiques dans I'organisation
cellulaire et le stockage du carbone. En outre, j'étudie les transporteurs de sucre potentiels impliqués

dans la translocation du carbone par le biais d'une analyse transcriptomique.

Dans I'ensemble, nos résultats montrent que les microalgues symbiotiques subissent un remodelage
subcellulaire impliquant principalement les organites liés 4 la photosyntheése (par exemple les
chloroplastes et le pyrénoide), ce qui entraine une fixation plus élevée du carbone. Cette productivité
élevée est liée a la demande énergétique de I'h6te. Une caractérisation temporelle a dévoilé la production
et le renouvellement du carbone dans la symbiose : le carbone photosynthétique est accumulé dans des

composés de stockage (p. ex. gouttelettes d'amidon et de lipides) avant d'étre transféré a I'horte.

Cette étude permet de mieux comprendre le métabolisme du carbone chez les microalgues symbiotiques
et les processus potentiels de 'hdte qui génerent I'énergie du carbone dans la photosymbiose. En outre,
notre évaluation morphométrique de la photosymbiose multicellulaire a révélé une hétérogénéité entre
les cellules symbiotiques d'un méme héte. D'autres études sont nécessaires pour explorer comment le
microenvironnement de I'hdte affecte la distribution des microalgues dans les tissus de I'héte. Enfin, les
acteurs moléculaires impliqués dans la translocation du carbone dans la photosymbiose ont été analysés.
Notre travail a révélé I'existence de transporteurs moléculaires de sucres communs aux photosymbioses
unicellulaires et multicellulaires. Les associations photosymbiotiques sont dynamiques, la résolution
temporelle est donc cruciale pour mieux comprendre les mécanismes moléculaires et physiologiques qui

sous-tendent le stockage et la translocation du carbone.
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Abstract

Symbiosis has been pivotal in the evolution of plastids and mitochondria in eukaryotes, remaining
integral to ecosystems today. Among symbiotic relationships, photosymbiosis—a partnership involving
a photosynthetic cell—is widespread in aquatic environments. While our understanding of some aspects
of photosymbiosis has improved, the influence of the host microenvironment on the morphology and
physiology of microalgae before carbon delivery remains unclear. Additionally, further investigation is
needed to characterize the molecular components facilitating metabolic connectivity between symbiotic
partners. In this thesis, I conducted a study on the single-celled photosymbiotic model Paramecium
bursaria (Chapter I) and the multicellular photosymbiotic host Favites abdita (Chapter II), uncovering
morphological and physiological differences in cellular organization and carbon storage. Additionally, I

study potential sugar transporters involved in carbon translocation through transcriptomic analysis.

Overall, our results showed that symbiotic microalgae undergo subcellular remodeling involving
principally photosynthetic-related organelles (e.g. chloroplasts and pyrenoid) leading to higher carbon
fixation. This high productivity is linked to the host's energetic demands. A temporal characterization
unveiled the carbon production and carbon turnover in symbiosis: photosynthetic carbon is
accumulated in storage compounds (e.g. starch and lipid droplets) before being transferred to the host.
This study provides insights into carbon metabolism in symbiotic microalgae and potential host
processes that engineer carbon energy in photosymbiosis. Furthermore, our morphometric assessment
in multicellular photosymbiosis revealed heterogeneity among symbiotic cells within a single host.
Further investigations are needed to explore how the host microenvironment affects microalgae
distribution within host tissues. Finally, the molecular players involved in the carbon translocation in
photosymbiosis were analyzed. Our work revealed shared molecular sugar membrane transporters across
unicellular and multicellular photosymbiosis. Photosymbiotic associations are dynamics, thus temporal
resolution is crucial to better understand the molecular and physiological mechanisms underlying

carbon storage and carbon translocation.
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