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Chapitre |
Agrégation en réponse au stress : mise en
évidence d’'un moyen de défense de
Chlamydomonas reinhardtii



1 Introduction

1.1 Réponses au stress chez Chlamydomonas

1.1.1  Chlamydomonas, un organisme unicellulaire modeéle

Chlamydomonas reinhardtii (nommé « Chlamydomonas » ci-apres) est la microalgue modele
la plus utilisée pour des recherches fondamentales mais aussi pour des applications
biotechnologiques. Chlamydomonas a, en effet, plusieurs avantages : elle est facile a cultiver
en hétérotrophie ou autotrophie, sur milieu liquide ou solide et elle est haploide, ce qui facilite
grandement les expériences de génétique. Cette microalgues a permis, en particulier, d'étudier
le fonctionnement de la photosynthése puisqu'elle n'est pas indispensable a son
fonctionnement, ou du flagelle du fait de I'importance fondamentale de cette structure chez
certaines cellules animales (Salomé and Merchant, 2019). Ces avancées ont pu étre réalisées
grace aux nombreux outils disponibles. En premier lieu, le génome est séquencé et annoté ce
qui est une source d'information primordiale pour étudier la génétique et la biologie
moléculaire de Chlamydomonas (Merchant et al., 2007). Le séquencage de ce génome a aussi
permis la création d’'une banque de mutants appelée CLiP (Li et al., 2019). Cette collection
compte plus de 62 000 mutants couvrant environ 83% du génome. Ces mutants ont été
générés par transformation qui est aussi une technique trés facile a mettre en ceuvre chez
Chlamydomonas (Salomé and Merchant, 2019). La banque CLiP est utilisée pour trouver de
nouvelles fonctions de genes (Vilarrasa-Blasi et al., 2020) et faire de la génétique inverse chez
Chlamydomonas, c'est-a-dire se procurer un ou plusieurs mutants pour un géne d'intérét
(www.chlamylibrary.org). Si aucun mutant n’est disponible pour un géne précis, il est possible
d’'en générer de facon ciblée par CRISPR-Cas9 (Greiner et al., 2017). De nombreux autres outils
ont été adaptés a Chlamydomonas comme des promoteurs, des terminateurs, des marqueurs
de sélection, des protéines fluorescentes, ou encore des miRNA. Ces briques moléculaires

utilisées pour générer différentes constructions génétiques ont été regroupées sous formes de
briques standardisées dans un kit de clonage modulaire (MoClo) que nous avons développé
dans I'équipe (Annexe 3, Crozet et al.,, 2018), et enrichi au cours du temps (chapitre 1.2, de
Carpentier et al, 2020). Ce kit permet I'assemblage rapide et directionnel de constructions
complexes par clonage Golden Gate (Engler et al., 2014). De plus, la standardisation du systeme
permet un partage rapide des briques a toute la communauté (se référer au Chapitre II). Les
avantages de Chlamydomonas et les outils disponibles en font un organisme adapté pour
étudier de nombreux domaines dont la réponse au stress.

Lorsque les plantes font face a un environnement néfaste, les cellules cooperent pour
assurer la survie de I'individu. Par exemple, les pathogenes induisent la réaction hypersensible,
c'est-a-dire que certaines cellules s'autodétruisent pour permettent aux autre de mieux survivre
(Saur and Huckelhoven, 2021). Chez les unicellulaires comme Chlamydomonas, l'individu est
composé d'une seule cellule et doit donc opter pour des stratégies différentes. Si les cellules
possedent des défenses individuelles, elles sont aussi capables de coopérer entre elles. Nous
avons écrit une revue présentant ces réponses de Chlamydomonas au stress
environnementaux (se référer a 1.1.2). Les défenses individuelles identifiées sont I'acclimatation



et le renforcement de la paroi. L'acclimatation est une réponse induite par I'environnement qui
permet a I'organisme de survivre a de nouvelles expositions au stress. Chez Chlamydomonas
I'acclimatation est induite par plusieurs stress, dont les ROS (Reactive Oxygen Species), et des
facteurs de transcription ont été identifiés comme nécessaires a l'acclimatation (Ledford et al.,
2007; Wakao et al., 2014). Chlamydomonas est aussi capable de modifier sa paroi pour mieux
résister au stress et des microalgues proches, comme Chlamydomonas nivalis, prennent une
forme de dormance appelée «cyste» en réponse a des conditions environnementales
défavorables (Remias et al., 2005). Et, de facon remarquable, Chlamydomonas met en place
des comportements collectifs. Cette socialisation comprend la mort cellulaire programmée
(PCD) et la formation de structures multicellulaires. En effet, certaines cellules sont capables de
s'autodétruire pour permettre une meilleure survie du reste de la population (Durand et al,
2011). Plusieurs structures multicellulaires de taille variable ont été identifiées en fonction du
stress.

Les différentes réponses individuelles et collectives, leurs mécanismes et leurs régulations
sont discutés dans la revue « When Unity Is Strength: The Strategies Used by Chlamydomonas
to Survive Environmental Stresses » disponible ci-apres.

1.1.2 When Unity Is Strength: The Strategies Used by Chlamydomonas to Survive
Environmental Stresses
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Abstract: The unicellular green alga Chlamydomonas reinhardtii is a valuable model system to study
a wide spectrum of scientific fields, including responses to environmental conditions. Most studies
are performed under optimal growth conditions or under mild stress. However, when environmental
conditions become harsher, the behavior of this unicellular alga is less well known. In this review
we will show that despite being a unicellular organism, Chlamydomonas can survive very severe
environmental conditions. To do so, and depending on the intensity of the stress, the strategies used
by Chlamydomonas can range from acclimation to the formation of multicellular structures, or involve
programmed cell death.

Keywords: stress responses; acclimation; palmelloid; aggregation; programmed cell death

1. Introduction

The photosynthetic green alga Chlamydomonas reinhardtii is the most prominent model organism
in the green algae lineage for both basic research and biotechnological applications. One of the current
challenges for a better understanding of the functioning of this unicellular model organism is to
understand how it adapts to hostile environmental conditions. While the different stress response
strategies of multicellular photosynthetic organisms are now well known (e.g., programmed cell death
(PCD), hypersensitive reaction, and autophagy) [1], much less is known for unicellular organisms like
Chlamydomonas. Nevertheless, several reports have described the response to environmental stresses of
Chlamydomonas, showing how this alga is able to adapt and trigger specific responses according to the
intensity of the stress it faces. For instance, in Chlamydomonas, like in other photosynthetic organisms,
environmental stresses most often result in the disturbance of photosynthesis and the production of
reactive oxygen species (ROS) [2-6]. The first line of defense aims at containing the occurrence of
this oxidative stress by decreasing ROS production and increasing ROS degradation using multiple
strategies, such as non-photochemical quenching [7], alternative electron transport pathways [7,8],
or the activation of antioxidant enzymes and pathways [6]. If these strategies are not sufficient to
limit the impact of environmental stresses on the cell, Chlamydomonas will trigger alternate processes.
The first strategy is acclimation which consists of building stronger defenses to protect the cell against
future stress episodes. If acclimation does not provide sufficient protection to the cell, the socialization
processes will be triggered, which ranges from the formation of multicellular structures to the outbreak
of PCD. In all cases, interaction between Chlamydomonas cells will allow survival under severe stress
conditions. In this review, we will describe the different strategies implemented by Chlamydomonas to
survive environmental stresses.

Cells 2019, 8, 1307; d0i:10.3390/cells8111307 www.mdpi.com/journal/cells


http://www.mdpi.com/journal/cells
http://www.mdpi.com
https://orcid.org/0000-0001-5659-7537
https://orcid.org/0000-0001-6442-0547
https://orcid.org/0000-0001-6311-6076
http://www.mdpi.com/2073-4409/8/11/1307?type=check_update&version=1
http://dx.doi.org/10.3390/cells8111307
http://www.mdpi.com/journal/cells

Cells 2019, 8, 1307 20f 16

2. Coping Strategies for Moderate Stress

2.1. Acclimation: Building Defenses to Protect Cells from Future Stresses

Acclimation is regarded as an environmentally-induced, short-term response leading to
an improved tolerance to subsequent stresses [9]. In Chlamydomonas, acclimated cells are known to
survive stress that would kill non-acclimated cells. Acclimation has been shown to be induced by
several stresses, including ROS [10,11], UV-B [12], salt [13], and ionic stress [14]. Interestingly ROS,
such as hydrogen peroxide (H,O,) or superoxide (10,), induce specific acclimation pathways, and no
cross acclimation between different ROS is observed [9,10]. Similarly, in plants, specific signaling
pathways are associated with different ROS [15]. In Chlamydomonas, singlet oxygen acclimation is
mediated by the key regulator SAK1 (singlet oxygen acclimation knocked-out 1) and the sak1l mutant is
unable to acclimate to 'O, [10]. SAK1 is a basic leucine zipper (bZIP) transcription factor that regulates
the expression of important genes involved in acclimation, including glutathione peroxidase—GPXH,
and glutathione S-transferase—GSTS1 [10]. SOR1 (Singlet Oxygen Resistant 1) is also a bZIP transcription
factor, and the corresponding mutant, which is more resistant to 10,, has higher levels of GPXH and
GSTS1 transcripts [16].

It seems that at least some of the mechanisms controlling acclimation in Chlamydomonas are
conserved in plants. For example UV-B acclimation in plants is mainly controlled by UVR8 (UV
resistance locus 8) that interacts with COP1 (constitutively photomorphogenic 1) to induce a signaling
pathway involving the bZIP transcription factors HY5 (elongated hypocotyl 5) and HYH (HY5
homolog) [17]. In Chlamydomonas, the roles of UVR8 and COP1 appear to be similar, suggesting a very
early evolution of UV-B acclimation in photosynthetic organisms [12].

Acclimation is triggered in conditions of moderate stress that do not kill cells. While in the face
of harsher stresses, Chlamydomonas will be able to enable a range of alternate strategies involving
interaction between multiple cells and/or programmed cell death (Figure 1).
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Figure 1. The strategies used by Chlamydomonas to survive increasing stress intensities. Under optimal
conditions Chlamydomonas can grow normally (green cell); under moderate stress conditions (light
green cell), several acclimation processes can be triggered to allow the cells to better adapt and resist
the occurrence of any additional stress of similar or greater magnitude. Under more intense stress
conditions (orange cell), cells can form multicellular structures such as palmelloids or aggregates that
can dissociate when environmental conditions improve.
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Under very harsh stress conditions (red cell), the most exposed cells will self-destruct and release in
the medium, molecules that will allow other cells to survive, to avoid the disappearance of the entire
population. In the case of a stress of an intensity such that the cell cannot overcome (skull), the cell is
physically destroyed by its environment through necrosis.

2.2. Protection by Degradation

There are two main degradative pathways to recycle cellular components in eukaryotic cells: the
ubiquitin-proteasome system (UPS) and autophagy.

UPS is a degradation pathway that allows eukaryotic cells to control the abundance of numerous
cellular proteins [18,19]. Ubiquitinated proteins are targeted for degradation by the proteasome,
amultiproteic complex. In Chlamydomonas, UPS was found to be activated by stresses such as chloroplast
damage [20], cold stress [21], copper [22], arsenate [23], metal nanoparticles [24], or selenite [25].
Selenite stress is associated with ROS production, which can inhibit UPS at a high concentration [25],
as previously reported in mammals [26]. This could indicate that in the face of harsh stress conditions,
UPS is not sufficient and more dramatic responses have to be triggered. In plants, UPS plays a prominent
role in stress responses by degrading specific transcription factors [27,28]. It would be interesting to
determine if such mechanisms are conserved in Chlamydomonas.

Autophagy is a catabolic membrane-trafficking process where cytosolic components,
including proteins and membranes, are enclosed selectively or non-selectively within a double
membrane vesicle, termed the autophagosome, and delivered to the vacuole or lysosome for degradation
by resident hydrolases [29,30]. Autophagy usually occurs at a low, basal level under optimal growth
and is activated upon stress in order to maintain cellular homeostasis. It is a pro-survival mechanism
under stress conditions allowing cells to eliminate damaged cellular elements and recycle them into
essential components [31]. Selective forms of autophagy exist in plants, such as chlorophagy [32] or
mitophagy [33] but have not yet been reported in Chlamydomonas. Nevertheless, in Chlamydomonas,
non-selective autophagy, i.e., macroautophagy (hereafter referred to as ‘autophagy’), which degrades
cytosolic components, has been extensively studied during the last decade [34,35]. Autophagy is well
conserved among eukaryotes and is mediated by AuTophaGy-related (ATG) genes [36]. The main
role of ATG proteins is the formation and regulation of autophagosomes where damaged components
will be imported. In Chlamydomonas, autophagy is strongly induced under different stress conditions,
including nitrogen or carbon starvation [37,38], endoplasmic reticulum stress (accumulation of
unfolded proteins) [39], the impairment of starch biosynthesis [40], metal exposure [41], high-light,
and carotenoid deficiency [42]. The study of ATG mutants shows that autophagy is essential for cell
survival, chlorophyll content, and starch accumulation during nutrient starvation [34]. ROS appears to
play a major role in the control of autophagy in all organisms, including plants and algae; they have
been proposed to constitute a link between the perception of stress and autophagy induction [43].
The intracellular redox state was found to control autophagosome formation and the small disulfide
oxidoreductase thioredoxin plays an important role through regulation of the activity of the Atg4
protease in both Saccharomyces cerevisiae [44] and Chlamydomonas [45]. In addition, oxidative stress
triggered by endoplasmic reticulum (ER) stress plays a role in the induction of autophagy [39].
Therefore UPS and autophagy are induced under moderate stress conditions, probably through ROS
signaling, to eliminate toxic molecules and recycle nutrients that will allow survival until a return to
optimal conditions. However, under extreme stress conditions, alternate processes are required to
allow cell survival (Figure 1).

3. Socialization Allows for Better Resistance to Severe Stress

3.1. Multicellular Structures: Stronger Together

When confronted with harsh environmental stress conditions, adaptation processes are not
sufficient to survive and Chlamydomonas cells interact to form two types of multicellular structures:
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palmelloids and aggregates (Figure 2). The name “palmelloid” comes from the resemblance of this
structure with the alga Palmella [46]. Palmelloids are composed of 4 to 16 cells surrounded by a cell
wall and are the result of successive divisions induced by stress without degradation of the cell wall.

In Chlamydomonas, stress induced palmelloid formation was initially reported by Iwasa and
Murakami in the presence of organic acids [47]. Since then, a few studies have described palmelloid
formation in response to a diversity of stresses (Table 1). Palmelloids can be induced by biotic and
abiotic stresses in Chlamydomonas, and palmelloid-like structures have been reported in other green
algae, such as Scenedesmus or Chlorella, suggesting that this mechanisms of stress response may be
conserved in green algae [48,49].

Table 1. Multicellular structure formation in response to stress in Chlamydomonas. In response to
different types of biotic or abiotic stresses and depending on their intensity, Chlamydomonas can form
palmelloids or aggregates, suggesting that socialization may be a conserved mechanism that help algal
cells adapt to harsh environmental conditions.

Behavior Stress Conditions Reference
Predator Brachionus calyciflorus [50]
Organic acids (succinate, fumarate,
aspartate, glutamate, glycolate, 0.15-5% [47]
citrate, phthalate)
Palmelloids EDTA, GEDTA 1.25 mM 51]
Calcium deficiency <3.5uM
Phosphorous deficiency <1 pg/L [52]
Cadmium 200400 uM [53]
300-700 mM [54]
NaCl 100-150 mM [55]
50-150 mM [56]
Acidic pH pH 4.4 [57]
Chloroplatinic acid 50 uM [58,59]
; . 5
Predator Brachionus calyciflorus [50]
Peranema trichophorum [60]
Aggregates Acidic pH pH34 [571]
pH2.5-pH 4
Basi [61]
asic pH pH 10-pH 13
FeCl3, CaCly, MgCl, 1-10 mM
Naphthenic acids 100 mg/L [62]

In their natural environment, microalgae, as primary producers, are surrounded by grazers able
to ingest algal cells [63]. A common defensive strategy employed by algae is to form colonies or
palmelloids to exceed the upper size limit for ingestion. The rotifer predator Brachionus calyciflorus
is indeed able to induce palmelloidation of Chlamydomonas within a day [50]. Palmelloid formation
has also been observed under abiotic stress conditions (Table 1). During palmelloidation induced by
NaCl, Khona and colleagues showed that inside the palmelloid, a stress dependent exopolysaccharides
matrix is generated, probably for cell protection [55]. Inhibition of the destruction of the wall
surrounding palmelloids may participate in their stabilization and could be mediated by inactivation
of specific metalloproteinases (MMP) [55]. When conditions are favorable again, palmelloids dissociate
rapidly; in less than an hour, and cells start to divide again (Figure 2) [55]. In case of prolonged
or excessive stress, the cells remain in palmelloid form but will eventually die, through a process
that may involve programmed cell death [54,55]. Proteomic analysis of the medium surrounding
palmelloids indicates that the abundance of several hydroxyproline-rich glycoprotein (HPRG), such as
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pherophorins and MMPs, increases during palmelloid dissociation [55], suggesting that the medium
could play an important regulatory role in this process. Interestingly, cells in palmelloids were found
to contain more autophagic vesicles, suggesting that both autophagy and palmelloidation processes
could be initiated concomitantly or that cells first induce acclimation before engaging in the path of
palmelloidation [35].

/ Aggregated

mature

Stress T ‘
Sexual cycle @ 88reg

Nitrogen and light Cell wall

Aggre%ated deficiency
early
Zygospores @1{ Palmelloid

Zygote (2n7\ @§® @{

/

/

J/

N

~

Figure 2. Social behavior in response to stress in Chlamydomonas. When facing adverse conditions,
Chlamydomonas vegetative cells can form palmelloids, a cluster of 4 to 16 cells surrounded by a cell wall
resulting from the division of a single cell. As soon as the environmental conditions improve, the outer
cell wall is hatched, to allow the liberation of daughter cells [55]. When confronted with harsher
stress conditions, Chlamydomonas cells are able to form larger multicellular structures called aggregates
that might confer stress tolerance [60,61]. Under conditions of non-optimal growth (e.g., nitrogen
or light limitation), Chlamydomonas can induce gamete differentiation to enable sexual reproduction,
which leads to zygote formation after the mating of gametes. Maturation of the zygospore confers
resistance to environmental stresses, such as desiccation [64]. In liquid cultures, early and mature
zygospores can form aggregates, that could further enhance resistance to stress [65-67].

In more severe conditions, the size of palmelloids may be too limited to allow survival and
Chlamydomonas forms larger multicellular structures called aggregates or flocculates (hereafter referred
to as “aggregates”). Palmelloids and aggregates are distinct structures. Aggregates are formed by
a few tens, to several thousand cells, held together in an extracellular matrix, whereas palmelloids are
composed of 4 to 16 cells surrounded by a cell wall (Figure 2).

Aggregation can be induced by predators, such as Peranema trichophorum (Euglenoidea),
forming multicellular structures containing up to 100,000 Chlamydomonas cells [60]. Aggregated cells can
secrete a mucous extracellular matrix (ECM) that may improve resistance to digestion [50,64]. Interestingly,
strains of Chlamydomonas with smaller cells that are more easily engulfed by Peranema but are also
slow-swimming, were found to form more aggregates compared to large fast-swimming strains [60].

The formation of aggregates may result either from agglutination of cells or from consecutive
cell divisions without cell separation. When aggregation was induced in a mixed population of
Chlamydomonas strains by the Peranema predator, the aggregates were found to be composed of cells
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from the different strains [60]. In addition, the mixing of a stained population with an unstained
one also resulted in the formation of mixed aggregates [60]. This suggests that Peranema induces
aggregation by the agglutination of cells. By contrast, aggregates of Chlamydomonas induced by a rotifer
predator were formed only in the presence of light, suggesting that active growth may be required
and that the aggregates result from consecutive divisions [50]. Therefore, multiple mechanisms of
aggregate formation may exist. Unraveling these mechanisms will require more extensive cellular and
molecular studies under a wide range of stresses.

Abiotic stresses, such as acidic or basic pH, can also induce aggregation (Table 1). Chlamydomonas
culture medium is usually adjusted to pH 7. Basic pH is an efficient inducer of aggregation,
especially above 10, where cations such as Ca?* and Mg?* form precipitates which are suggested
to trigger aggregation [61]. Aggregation at low and high pH is correlated with a raise of the zeta
potential [61]. The zeta potential characterizes the surface charge of a particle [65]. When aggregation is
induced in Chlamydomonas by cationic cassia, a biopolymer, a shift of zeta potential is also observed [66].
It is, therefore, conceivable that by modifying the charge of the surface of Chlamydomonas cells,
their ability to interact with each other would be modified and that a rise of the cell surface zeta
potential might be important for aggregation.

In several studies, the mechanisms of aggregation in Chlamydomonas have been confronted with
other species capable of forming multicellular structures. The self-flocculating yeast Saccharomyces
bayanus was shown to induce Chlamydomonas aggregation, indicating that similarities in the aggregation
process could exist between these two unicellular organisms [67]. In Saccharomyces, flocculation is
mainly controlled by flocculin (FLO) genes [68,69] for which no homologs are present in Chlamydomonas
genome [70]. Nevertheless, the expression of yeast FLO5 in Chlamydomonas was shown to induce
aggregation [71]. FLOS is a lectin, a family of calcium dependent glycoproteins. Interestingly,
concanavalin A, a plant lectin, is also able to induce aggregation in Chlamydomonas [67], maybe through
binding to the flagella of vegetative cells [72,73]. The role of flagella seems to be important, since during
aggregation induced by a predator, cell mobility was impaired although the flagella remained intact
and active [74], and strains lacking flagella aggregated much less in response to pH stress [61].
Altogether these results suggest that, as in yeasts and plants, lectins could also play a role in the
control of aggregation in Chlamydomonas, maybe in connection with flagella. Twenty genes containing
a lectin-C domain have been identified in the Chlamydomonas genome [75] but their possible role in
controlling aggregation remains to be explored.

Volvox carteri, a multicellular organism, belonging like Chlamydomonas to the order of Volvocales,
uses an ECM mainly composed of HPRG to hold cells together. The heterologous expression of Volvox
Algal-CAM (Cell Adhesion Molecule) is able to induce aggregation in Chlamydomonas [76]. Algal-CAM
is a HPRG exhibiting an N-terminal extensin-like domain and two fasciclinl (FAS1) domains. FAS1 is
known to mediate cell-cell adhesion in many organisms, such as bacteria, fungi, plants, and algae [77,78].
The Chlamydomonas genome encodes five proteins showing identity with Algal-CAM, called FAS2,
FAS3, FAS4, FAS7, and a Periostin-related protein (Crel7.g745097) [70], whose role in the aggregation
process remains to be explored.

More than twenty-five examples of transitions from uni to multi-cellular organization have been
reported in diverse phylogenetic groups [79]. Volvocales, with their colonial organisms like Volvox or
Gonium and unicellular relatives like Chlamydomonas, are excellent models to study the evolutionary
pathways leading from unicellularity to multicellularity [80,81]. Selection of Chlamydomonas sedimented
cells (multicellular structures) through multiple generations allowed researchers to detect de novo
multicellular forms [82]. Predation has also been used to create de novo multicellular Chlamydomonas
lineages. Using selection in the presence of a ciliate predator (Paramecium tetraurelia), Chlamydomonas
multicellular structures appeared after roughly 750 generations [83]. Since multicellular structures

7

can be generated in response to specific stress conditions, it is conceivable that there is a link between
stress responses, evolution, and the transition from unicellularity to multicellularity [81,84].
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3.2. Programmed Cell Death: Sucide for the Good of the Community

Programmed cell death was identified in animals in 1972 on the basis of morphological criteria [85],
and over the years, additional cellular hallmarks were found to distinguish PCD from necrosis,
the accidental cell death. Mitochondria were found to play a crucial role in the control of PCD,
and signals emanating from this organelle (particularly cytochrome C and apoptotic protease activating
factor-1) lead to irreversible destruction of the cell [29]. This process starts with the activation of
caspases, a family of proteases specifically induced during PCD. Caspases are cysteine proteases
cleaving proteins after an aspartate residue, the specificity being conferred by the three amino acids
preceding the aspartate [86]. The specific activities of the different caspases can be measured using
artificial peptides as substrates. These peptides are often coupled to fluorophores, allowing detection of
caspase activities by measuring changes in the fluorescence signal. Caspases can be inhibited using the
same peptides coupled to aldehyde (CHO, reversible inhibition) or methylketone radicals (CMK, FMK:
irreversible inhibition). During PCD, several caspases are activated for degradation of specific targets,
resulting in DNA and nucleus fragmentation, dismantling of the cell, and the formation of apoptotic
bodies [87]. The specific degradation of DNA during PCD is detectable in situ by the TUNEL (terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling) reaction. It can also be visualized
through gel electrophoresis by the specific appearance of a DNA ladder of 180 base pairs, the size of
a nucleosome, whereas DNA degradation during necrosis is random and results in a smear [88].

Although it adopts variable forms, PCD exists in all multicellular organisms, where it is required
for homeostasis, various developmental processes, and resistance to biotic or abiotic stresses [89]. If for
a multicellular organism, it is clear that the disappearance of certain cells by PCD can be beneficial
to the whole individual (to eliminate cells infected by a pathogen or abnormal cells for example),
for a unicellular organism like Chlamydomonas, it seems paradoxical that PCD could exist, as it would
result in the destruction of the organism itself. However, a few examples of PCD have been described
in microorganisms, including, bacteria, yeasts, and microalgae [90-92]. In recent years, several teams
have attempted to identify specific criteria for PCD in Chlamydomonas. In particular, it has been
shown that during death induced by different stresses, caspase-like activities are induced and specific
inhibitors are able to block these activities but also cell death [93-95]. Like land plants, Chlamydomonas
does not appear to encode canonical caspases; however, other types of proteases have been shown to
be responsible for caspase-like activities in plants [96,97]. Chlamydomonas contains two metacaspase
genes, MC1 and MC2 [70]. In animals and plants, metacaspases are arginine and lysine-specific
proteases which are involved in PCD induction [98,99]. This role might be conserved in Chlamydomonas,
since MC genes were found to be induced during oxidative stress [100]. Therefore, the exact function
of Chlamydomonas MC1 and MC2 will have to be clarified, for example, using knockout mutants.

The specific degradation of DNA during PCD has also been described in Chlamydomonas in
response to different stresses, and could be detected by TUNEL or by the detection of a DNA ladder by
electrophoresis [93-95,101-103]. Other markers of PCD have also been detected in Chlamydomonas,
such as phosphatidylserine membrane translocation by annexin V [102] or fragmentation of
poly(ADP-ribose) polymerase (PARP) [95]. Altogether these results suggest that a PCD-like process
exists in Chlamydomonas, while the very reason for its existence remains to be established. Several studies
have attempted to address this question by inducing PCD using heat shock [103] or UV-C [102]. In both
cases the principle was to induce PCD in a culture, then to get rid of the cells to recover only the
pre-conditioned “PCD” culture medium where fresh cells are inoculated, grown, and treated with the
same stress that induced PCD in the first part of the experiment. The authors found that the cells
placed in the PCD medium were more resistant than control cells [102,103]. Thus, the most exposed
cells would be destroyed by PCD and could release into the medium, molecules capable of helping
remaining cells of the population to better resist to death. This suggests that PCD should be considered
as a pro-survival mechanism at the level of the whole population (Figure 1). These results also indicate
that the culture medium has a fundamental role and allows cells to communicate to better adapt
to their environment. The identification of molecules involved in cell to cell communications and
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enabling increased resistance to stress would be a major milestone for understanding this peculiar type
of survival mechanism.

4. Cellular Reinforcement Strategies

4.1. The Cell Wall: The Last Defender

The cell wall plays an important role in the mechanisms allowing the protection of Chlamydomonas
from environmental stresses. It is mainly composed of HPRGs [104], whose nature is likely to change
according to environmental conditions. Consistently, cell wall-less strains are less resistant to metals
such as cadmium, cobalt, copper, and nickel [105-107]. The cell wall has been reported to be modified
by environmental conditions, including high-CO2, the presence of singlet oxygen, sulfur depravation,
or an acidic pH [9,57,108,109]. High-CO2 cells produce different HPRGs and MMPs [108]; under sulfur
starvation the profile of extracellular proteins is strongly modified [109,110]; and incubation at pH 3.4
induces significant thickening of the cell wall [57].

In nutrient-limiting conditions, cell wall thickening can lead to Daphnia resistance in
Chlamydomonas [111]. Indeed, Chlamydomonas is able to resist digestion in the gut of its predator Daphnia,
while cell wall-less strains are digested [111-113]. This may be crucial for survival of the population
under nutrient-limiting conditions where the cell cycle is arrested, and therefore, every single life
matters for the population to survive. In open-water ecosystems, a Chlamydomonas population could
remain at equilibrium thanks to this mechanism of resistance to digestion [111,114]. It has also been
proposed that the passage through the gut allows Chlamydomonas to take up nutrients from Daphnia [64].
A complete cell wall does not seem to be crucial for aggregation, as cellwall-less strains are also able to
generate aggregates [61,76,115]. The role of the cell wall in the stress response has also been highlighted
in cysts, where a thicker cell wall helps the cell to resist to extreme conditions.

In Chlamydomonas, strains used for genetic or reverse genetic experiments are usually
cell-wall-deficient because of their higher transformation efficiencies [116]. Therefore special attention
should be paid to studies on stress resistance using such strains.

4.2. Cyst: Surviving Extreme Conditions

If, like Charles Darwin, you were walking in the snows of the Andes mountains, European Alps,
Antarctica, or Alaska, you might encounter the strange phenomenon of red snow [117,118].
This pink-red coloration of the snow is due to extremophile microalgae living in these hostile
environments. The red snow appears in the spring/summer melting snows, at the onset of high
intensities of sun radiation [119,120]. Most of snow algae are members of the Volvocales order [117].
This is a striking example of the ability of some photosynthetic microorganisms to survive under very
harsh conditions, such as very low temperature, drought, starvation, and high radiation [121,122].
For instance, Chlamydomonas nivalis turns red in response to environmental stress, where it becomes a cyst
(also named “aplanospore” or “hypnospore”) [120,121]. In Haematococcus pluvialis, similar encystement
has been shown to be triggered by stress conditions [123], including nutrient deprivation [124],
high light [125], salinity [126,127], or high or low temperatures [128]. The red pigmentation is
mainly due to the accumulation of astaxanthin [129] which is produced from 3-carotenes through
the xanthophyll cycle using the beta-carotene ketolase (BKT) [130,131]. The very large amount of
cytoplasmic astaxanthin esters acts like a filter that absorbs the excess of light that could lead to
photoinhibition and photooxidative damages [121,122,132,133]. A homologue of the BKT gene exists
in Chlamydomonas, although its expression level and the amount of astaxanthin are very low [134,135];
therefore, the link between BKT, astaxanthin, and stress responses, remains to be investigated. A first
step may have been taken by Perozeni and colleagues, who managed to produce astaxanthin in
Chlamydomonas reinhardtii by overexpressing a re-designed version of BKT [134].
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4.3. Zygospore: When Sex Comes to the Rescue

In environmental stress conditions, Chlamydomonas haploid cells can differentiate into gametes
which can mate to form diploid zygotes (Figure 2). In Chlamydomonas, gametogenesis have been shown
to be triggered by nitrogen starvation and light variations [136], but in related organisms such as Volvox,
ROS can also induce sexual behavior [137], suggesting that a greater variety of stresses could induce
this differentiation in Chlamydomonas. The zygote-specific wall is better adapted to stress, as it is thicker
and reinforced by isodityrosine cross-linking of proteins [138], and transglutamination linking lysine
to glutamine [139]. Additionally, its cell wall is composed of different HPRGs [140,141], some of which
are only present in the zygote, such as ZSP1 and ZSP2 (zygotic serine-proline rich) [142,143]. Recently,
a giant type I polyketide synthase (PKS1) was shown to be involved in zygospore maturation [143].
The PKS1 gene is strongly overexpressed within a few days after the mating. The pksl mutant
does not survive desiccation but is still able to germinate, suggesting that PKS1 is rather involved
in stress resistance of the zygospore rather than in mating. PKS1 is mandatory for the formation of
knob-like structures on the cell surface and contributes to the construction of the cell wall central
layer [143,144]. This cell wall organization allows the cells to survive hostile environments, such as
darkness, desiccation, starvation, and freezing [143,145-147]. For instance, zygospores can allow
survival during the winter and can germinate when temperatures increase to release haploid cells [146].
Moreover zygospores can aggregate into clumps (Figure 2) that are extremely difficult to break
up [142,144,148], and could provide additional resistance to extreme environmental stresses.

5. Conclusions

A Dbetter knowledge of the mechanisms controlling stress responses in Chlamydomonas is
important both for basic research and biotechnological applications. Fundamental research may
help in understanding how unicellular algae are able to withstand very unfavorable environmental
conditions. We have seen specific socialization mechanisms implied, for which next to nothing is
known, although this process may be central in the transition from uni to multicellularity. It would be
interesting to understand which genes and signals are involved in controlling the dialogue between
cells that results in multicellular structure formation but also PCD. A major goal would be to identify the
molecules released into the medium by dying cells to help other cells survive unfavorable conditions.
These molecules could be of great interest for many fields and applications. Understanding stress
responses in Chlamydomonas may allow engineering microalgae for improved growth under harsh
industrial conditions or high light intensities, and thereby increase the productivity and economic
viability of large-scale cultures of microalgae. Cell aggregation could also prove to be a very interesting
process to develop alternate and cheap methods for harvesting microalgae [149,150].
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1.2 Comportements multicellulaires chez les organismes
unicellulaires

1.2.1 Différentes structures multicellulaires

La coopération est partie intégrante de la vie des animaux, des plantes et des microorganismes.
D'aucuns pourraient penser que la théorie darwinienne implique une compétition absolue, rien
n'est plus faux (Pennisi, 2009). Méme les microorganismes les plus simples sont capables de
comportements altruistes et collectifs parmi lesquels la PCD et la formation de structures
multicellulaires. De nombreux organismes unicellulaires sont capables de se regrouper pour
former de telles structures. Plusieurs architectures de groupes multicellulaires existent en
environnement liquide, on peut les classer en fonction de leurs propriétés d'adhésion
(Figure 1A). Si les cellules n'adherent a rien, elles restent seules en suspension dans le liquide,
elles sont dites planctoniques. Si elles adherent entre elles, on obtient des agrégats (aussi
appelés « floc ») ou des flor. La différence est que les agrégats sont en suspension dans le
liquide et que les flor flottent a la surface en contact avec l'air. Enfin si les cellules adhérent
entre elles et a une surface solide, il s'agit d'un biofilm. La force d'adhésion des biofilms dépend
de I'espece mais aussi de la nature physico-chimique de la surface solide. Ces différentes
architectures sont adoptées par des microorganismes de tous types, aussi bien des bactéries
que des levures ou des microalgues (Figure 1 B, C et D) (Brickner and M&sch, 2012; Lirling,
2021; Whiteley et al., 2017).

A Air Flor

&
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Planctonique Agregat
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Biofilm O Soi
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Figure 1. Architecture des structures multicellulaires chez les microorganismes unicellulaires.
(A) Les cellules peuvent adopter un mode de vie solitaire (planctonique), regroupées en
flottaison a la surface air-liquide (flor), regroupées en suspension dans le liquide (agrégat) ou
collées a une surface solide (biofilm). Schéma adapté de Briickner and Mosch, 2012. Ces trois

comportements multicellulaires peuvent étre induits chez des organismes unicellulaires
photosynthétiques : (B) flor du chlorophyte Chlorella vulgaris, (C) agrégats de la cyanobactérie
Microcystis aeruginosa et (C) biofilms de cyanobactéries et chlorophytes (Boelee, 2013; Low
and Lau, 2017; Shao et al., 2012).

La formation de structures multicelluaires n'est pas toujours optimale pour un
unicellulaire, cela peut diminuer, par exemple, son accés aux ressources ou sa dispersion. S'il
adopte ce comportement, c'est qu'il offre une protection contre I'environnement néfaste ou
permet de coopérer avec une autre espece. Par exemple, les biofilms bactériens sont induits
par un stress, comme les antibiotiques, et les cellules en sont ainsi protégées (Lewis, 2001).
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Chez Chlamydomonas et d'autres microalgues des structures multicellulaires sont formées en
réponse au stress abiotique et a la prédation (se référer a 1.1). Nous metterons en perspective
ces observations avec d'autres organismes unicellulaires comme la levure ou la bactérie.

1.2.2 Structures multicellulaires en réponse au stress abiotique et la prédation

Chez Chlaymdomonas, la formation de palmelloides (colonies de 4 a 16 cellules) ou d'agrégats
est déclenchée par une variété de stress comme des acides, des métaux et des variations de
pH (se référer a 1.1.2). En revanche, a notre connaissance, aucune publication n'a encore
montré la présence d'agrégats de grande taille en réponse au stress abiotique. Chez d'autres
microalgues comme Chlorella, Dunaliella et Scenedesmus, les quelques études disponibles
confirment que de gros agrégats sont formés en réponse au pH basique, aux nanoparticules
d'argent et a I'aluminium qui induit un stress oxydatif (Ameri et al., 2020; Oukarroum et al,
2012; Yang et al., 2016). Une variété de stress induisent donc des structues multicellulaires chez
les microalgues. Mais la maniére dont ce processus est controlé et son role restaient a étre
caractérisés au début de ma thése, qui aura donc été dédiée a une meilleure compréhension
de ce sujet chez I'espece modele Chlamydomonas.

La prédation est un élément majeur qui forge I'évolution, les équilibres écologiques et
les comportements des especes (Calsbeek and Cox, 2010). La formation de structures
multicellulaires en réponse a la prédation a été observée chez les bactéries et les levures mais
aussi chez les microalgues (Khong et al., 2019; Pentz et al., 2015). Les observations faites chez
ces dernieres sont synthétisées dans le Tableau 1. Le développement d’agrégats ou de colonies
est induit par des prédateurs chez les chlorophytes (algues vertes) et les haptophytes (algues
brunes) qui sont des groupes tres éloignés, ce qui montre que cette réponse n'est pas
spécifique a un groupe. Il concerne aussi bien des cellules mobiles comme Chlamydomonas
ou non mobiles comme les espéces de Scenedesmus (Kapsetaki et al., 2017). En revanche, les
especes de Chlamydomonas nageant le moins vite agrégent plus, certainement car elles sont
moins efficaces pour fuir (Sathe and Durand, 2016). Les prédateurs sont aussi des groupes tres
variés, allant de multicellulaires comme les crustacés Daphnia ou des rotiferes aux unicellulaires
comme des dinoflagellés, ciliés ou alvéolés. Certains prédateurs comme Daphnia magna aient
un effet sur plusieurs especes différentes (Tableau 1). La formation de structures multicellulaires
est donc une réponse largement répandue chez les microalgues. Enfin, I'agrégation en réponse
aux prédateurs est visible dans le milieu naturel montrant qu'il ne s'agit pas d’'un artéfact de
laboratoire (Lurling and Van Donk, 1997).
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Tableau 1. Comportements multicellulaires des microalgues induits par les prédateurs (vivants ou milieu) et les en protégeant (Protec.).

Proie Prédateur Multi.
- - - — Protec. Référence
Type Espece Type Espece Vivant Milieu
Chlamydomonas Rotifere Brachionus calyciflorus Oui Oui Lurling and Beekman, 2006
reinhardtii Euglenoidea Peranema trichophorum Oui Oui Oui Sathe and Durand, 2016
Crustacés Daphnia magna Oui Oui Non Kapsetaki and West, 2019;
Chlorella sorokiniana . ’ ’
Chrysophyceae Ochromonas danica Oui Oui Kapsetaki et al., 2017
] Crustacés Daphnia magna Oui Oui Kapsetaki et al., 2017
Chlorella vulgaris -
Ciliés Tetrahymena thermophila Oui Oui Fisher et al., 2016
Rotifere Brachionus calyciflorus Oui
Daphnia pulex Oui Non
Daphnia cucullata Non Oui
Scenedesmus acutus Daphnia magna,
Chlorophyta Eudiaptomus :qracil.is or Oui Ha et al., 2004; Kapsetaki
Bosmina IOHgIrOStI’IS et al" 2017, Lurllng and
Daphnia galeata Oui Oui Van Donk, 1996, 1997,
; - - - 2000; Lurling et al., 1997;
. Daphnia magna (0] 0] 0] ’ ! !
Scenedesmus obliquus Crustaces pan! 9 = = = Zhu et al., 2015
Daphnia cucullata Oui
Desm?desmus Daphnia magna Oui Non
subspicatus
Daphnia magna Oui
Scenedesmus dimorphus
Moina macrocopa Oui
. . Daphnia galeata or . .
Sphaerocystis schroeteri . . Oui Non Oui Kampe et al., 2007
Daphnia hyalina
Noctiluca scintillans Oui Non
Dinoflagellata — - - - Jakobsen and Tang, 2002
Haptophyta Phaeocystis globosa Gyrodinium dominans Oui Oui
Ciliés Euplotes sp. Oui Oui Oui Long et al., 2007
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Les prédateurs des unicellulaires s'en nourrissent généralement par phagotrophie, c'est-
a-dire en les ingérant entiers pour ensuite les digérer. Si les cellules forment des groupes de
taille suffisante, les prédateurs deviennent incapables de les ingérer. La taille relative de la
structure multicellulaire et du prédateur détermine si la proie sera protégée ou non. Chez les
microalgues, la forme multicellulaire apporte une protection dans la majorité des cas
(Tableau 1), si bien que cela peut amener a I'extinction du prédateur (Jakobsen and Tang, 2002).
En revanche, parfois la taille des agrégats n'est pas suffisante pour assurer une protection. Par
exemple, les gros Daphnia magna et Daphnia pulex sont capables d'ingérer des colonies alors
que les petits Daphnia cucullata ne le sont pas (Lirling and Van Donk, 1996). Cependant, les
deux premiers (Daphnia magna et Daphnia pulex) induisent tout de méme la production de
colonies, certainement pour désavantager le troisieme (Daphnia cucullata) (Lirling et al., 1997).

1.2.3 Mutualisme et agrégation inter-especes

La formation de structures multicellulaires est un moyen de défense contre les agressions mais
permet aussi la coopération entre especes. Des microalgues peuvent s'associer avec des
organismes aussi divers que des salamandres (Burns et al, 2017, 2020), des éponges, des
polychéetes, des cnidaires (Baulina et al.,, 2016), des foraminiferes (Lee, 2006), des bactéries ou
des champignons (Cooper and Smith, 2015). Plusieurs associations impliquant
Chlamydomonas et d'autres microorganismes ont été décrites. Par exemple, Chlamydomonas
ne peut pas se développer avec certains acides aminés et peptides comme seule source
d'azote. Cependant, en association avec Methylobacterium spp., Chlamydomonas pousse sur
ces substrats grace a un mutualisme obligatoire carbone-azote (Figure 2 A et B).

Chlamydomonas fixe le CO; et le transmet a Methylobacterium sous forme de carbone
organique qui en retour minéralise les peptides contenant de la glycine, proline et
hydroxyproline (Figure 2B) (Calatrava et al, 2018). Plusieurs bactéries entretiennent un
mutualisme facultatif en augmentant la fixation du CO, par Chlamydomonas, comme
Azospirillum brasilense ou des Azotobacter (Preininger et al.,, 2006). De méme, Pseudomonas
putida, Escherichia coli et Rhizobium etli permettent un développement accéléré de
Chlamydomonas en lui transmettant de I'acide acétique (Fakhimi et al., 2019). Chlamydomonas
est aussi capable d'échanger de I'azote pour du carbone avec de nombreux champignons
filamenteux ou unicellulaires, comme Saccharomyces cerevisiae. Le mutualisme
Chlamydomonas-Saccharomyces peut étre obligatoire en absence de CO; et en présence de
glucose et KNO; (Figure 2 A et B) (Hom and Murray, 2014). Dans certains cas, le mutualisme
s'accompagne de contact physique. Dans la nature, il a été observé des biofilms mixtes stratifiés
avec des microalgues et des cyanobactéries en surface qui ont ainsi accés a la lumiére
(Kublanovskaya et al., 2020). Sur milieu gélosé, Chlamydomonas se développe en contact de la
bactérie Azotobacter (Preininger et al., 2006) et du champignon Alternaria (Figure 2C) (Lérincz
et al,, 2010). En conditions liquides, Chlamydomonas peut s'agréger avec des bactéries comme
Methylobacterium (Figure 2C et (Calatrava et al., 2018)). De méme, certaines bactéries
s'agrégent avec la microalgue Chlorella vulgaris (Figure 2D) (Lee et al,, 2013). Chlamydomonas
peut aussi s'agréger avec les champignons filamenteux Neurospora crassa et Aspergillus
nidulans (Figure 2C). Cette interaction physique est d'autant plus forte chez des mutants de N.
crassa et A. nidulansincapables de réduire le nitrite et formant donc un mutualisme obligatoire
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avec Chlamydomonas. A notre connaissance, rien ne permet d'affirmer que I'agrégation
impliquant des microalgues améliore la résistance au stress. Les association microalgues-
champignons pourraient étre a l'origine du développement des lichens (Hom and Murray,
2014).

A B .
CO NO
Chlamy. R Ny
A\ A\
Symbionte / \ / \
seul peptides NH,* NH co
glycérol / ¢ \i / 2
Coculture . —
Gly, Pro A sucres =¥
or Hyp
Levure Methylobactérie Levure
c D

o ¢

Methylobactérie Aspergillus Azotobacter +
Alternaria

Figure 2. Mutualisme et agrégation entre Chlamydomonas et d'autres organismes. (A) Avec
certains acides aminés comme seule source de carbone et d'azote, Chlamydomonas ne pousse
gu'en coculture avec des methylobactéries et inversement. De méme, en I'absence de CO;,
Chlamydomonas et Saccharomyces cerevisiae ne peuvent pousser l'un sans l'autre. (B) En
présence de CO, Chlamydomonas fournit du carbone en échange d'azote et inversement en
absence de CO,. (C) Chlamydomonas s'agrege avec des methylobactéries et des champignons
filamenteux (Neurospora crassa et Aspergillus nidulans) en conditions liquides et avec des
azotobacter et le champignon Alternaria sur milieu gélosé (Calatrava et al., 2018; Hom and
Murray, 2014; Lérincz et al., 2010). (D) Chlorella vulgaris s'agrege trés fortement avec des
bactéries des genres Flavobacterium, Terrirons et Sphingobacterium (Lee et al., 2013).

1.3 Morphologie et régulation des structures multicellulaires
1.3.1 Perception du stress et communication

La premiére étape d'un comportement multicellulaire est la perception du danger. La
perception du stress abiotique est mal connue chez les microalgues, en revanche la
reconnaissance des prédateurs est mieux connue. En effet, le milieu de culture de prédateurs
est suffisant pour induire la formation de colonies ou d'agrégats chez les microalgues
(Tableau 1). Les kairomones responsables sont des sulfates aliphatiques et des sulfamates
(Lurling, 2021). Dans certains cas, le prédateur vivant induit une réponse mais pas son milieu
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de culture comme, par exemple, Sphaerocystis schroeteri en réponse a Daphnia galeata
(Kampe et al,, 2007). Il y aurait donc un autre moyen que les kairomones du prédateur pour
induire le comportement multicellulaire. On ne peut que faire des hypothéses: contact
physique, mort de certaines cellules ou signalisation entre les microalgues ?

Le guorum sensing permet aux cellules de sentir la densité de population au moyen de
molécules spécifiques. Il a d'abord été découvert chez les procaryotes ou il est impliqué, entre
autres, dans la régulation des biofilms. Les molécules impliquées sont en majorité de la famille
des homosérine lactones (Whiteley et al., 2017). Chez Saccharomyces cerevisiae et Candida
albicans, I'agrégation est aussi sous contréle du quorum sensing, au moyen d'alcools
aromatiques dont le tryptophol (Chen and Fink, 2006; Smukalla et al., 2008; Winters et al., 2019).
A notre connaissance, un seul article fait référence au quorum sensing concernant l'agrégation
chez les microalgues, dans lequel certaines homosérine lactones induisent la production d’EPS
(Extracellular polymeric substance) dans des agrégats mixtes de bactéries et microalgues
(Zhang et al,, 2019). De plus, Chlamydomonas est capable de mimer un signal de guorum
sensing en produisant du lumichrome qui active le récepteur a homosérine lactone LasR de
Pseudomonas aeruginosa (Rajamani et al., 2008; Teplitski et al., 2004). De nouveaux travaux
seraient cependant nécessaires pour évaluer un lien potentiel du quorum sensing dans
I'agrégation chez Chlamydomonas.

1.3.2 Mode de formation des agrégats : clonal ou agrégatif

L'environnement toxique induit la formation d'agrégats chez les organismes unicellulaires,
mais comment ces structures multicellulaires se forment elles ? Deux mécanismes ont été
identifiés (Pentz et al.,, 2020) (Figure 3A), les cellules peuvent :

- Se diviser et ne pas se séparer, c'est le mode clonal ;
- Une adhésion entre les cellules, c'est le mode agrégatif.

Le processus agrégatif a 'avantage d'étre bien plus rapide ce qui permet a l'organisme
de se protéger trés vite d'une agression de l'environnement. Par exemple, I'amibozoaire
Dictyostelium s'agrége en quelques heures en réponse au manque de nutriments et la levure
peut floculer en quelques secondes (Hashimura et al., 2019; Stratford and Keenan, 1988). Le
développement clonal permet, d'un point de vue évolutif, une sélection plus rapide des
caractéres avantageux (West et al., 2021). Les levures, comme Kluyveromyces lactis ou
Saccharomyces cerevisiae, sont des organismes modeles intéressants car elles sont capables
de déclencher les deux types de processus (Briickner and Mdsch, 2012; Driscoll and Travisano,
2017). Chez Saccharomyces cerevisiae, des souches agrégeant spontanément ont été isolées.
En particulier, snowflake (ace2) forme des agrégats avec des filaments en étoile rappelant un
flocon de neige, d'ou son nom, et floc (FLO"), des agrégats irréguliers (Ratcliff et al., 2015;
Smukalla et al., 2008). Dans des cultures de ces deux mutants, la moitié des cellules ont été
marquées en rouge et 'autre en vert. Si les agrégats obtenus sont homogeénes, c’est-a-dire
d'une seule couleur, il s'agit de développement clonal, sinon d'agrégation. Ainsi, les auteurs
ont déterminé que snowflake était clonal (agrégat homogene, Figure 3B) et floc agrégatif
(agrégat hétérogene, Figure 3C) (Pentz et al., 2020). La souche sauvage peut s'agréger avec les
cellules floc mais ces dernieres s'agregent préférentiellement entre elles (Smukalla et al., 2008).
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floc a donc un comportement « altruiste » avec les cellules sauvages « tricheuses ». Lorsqu'ils
sont cultivés séparément, floc agrége beaucoup mieux que snowflake. En coculture, snowflake
et floc agregent ensemble fortement et d'avantage que chacune des souches seule. Lorsqu'ils
sont mis en compétition, snowflake prend le dessus sur floc jusqu’'a I'extinction de ce dernier
(Pentz et al., 2020). Ces résultats montrent qu’en monoculture le développement agrégatif est
supérieur au clonal, que les deux peuvent agréger en synergie et qu'en compétition le
comportement clonal remplace I'agrégation.

Snowflake est muté pour le facteur de transcription ace2 qui contréle de nombreux génes
de la séparation des cellules mere et fille apres la mitose (Oud et al., 2013; Ratcliff et al., 2015).
La souche floc surexprime FLO1 et de maniere générale le mode agrégatif est induit par les
protéines FLO, des flocculines qui se fixent aux sucres de la paroi (Briickner and Mésch, 2012;
Smukalla et al., 2008). Le comportement agrégatif est donc controlé par des protéines
extracellulaires d'adhésion et le mode clonal par des protéines de la division cellulaire.

Clonal Agrégatif

Figure 3. Processus clonal et agrégatif de la formation des structure multicellulaires. (A) Si une
cellule se divise et que les cellules filles ne se séparent pas, il s'agit d'un développement clonal.
Si, au contraire, plusieurs cellules se regroupent et restent collées, on parle de développement
agrégatif. Chez Saccharomyces cerevisiae des mutants existent pour les deux processus,
(B) snowflake est clonal alors que (C) floc est agrégatif (Pentz et al., 2020). (C) Comportement
agrégatif de la microalgue Chlorella sorokiniana. (Kapsetaki et al., 2017). Les barres d'échelle
représentent 10 um (B et C) et 20 um (D).

Comme nous l'avons vu précédemment (voir 1.1.2), les microalgues sont capables
d'agréger en réponse au stress par deux moyens: les palmelloides ou les agrégats. Les
palmelloides se forment par division d'une cellule mére dont les cellules filles restent dans la
paroi (Khona et al,, 2016), c'est la définition méme d'un processus clonal. Pour les agrégats,
peu d'études ont tenté de trancher entre les 2 hypothéses. Chez Chlamydomonas, en réponse
au prédateur Peranema, les agrégats sont chimériques c'est-a-dire composés de plusieurs
especes différentes. De plus, le mélange d'une population marquée et d'une non-marquée de
la méme espece donne des agrégats hétérogenes (Sathe and Durand, 2016). Cet article ne
présente malheureusement pas d'illustration de ces résultats. A I'inverse, les agrégats induits
par le rotifere Brachionusne se forment qu’en présence de lumiére, suggérant que la croissance
serait nécessaire et qu'il s'agirait plutét ici d'un processus de type clonal (Lirling and Beekman,
2006). Enfin, les zygotes (diploides) de Chlamydomonas forment spontanément une pellicule
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tres solides quelques heures apres la reproduction sexuée. Dans ce cas, il s'agit forcément d'un
développement agrégatif car les zygospores ne se divisent pas, ils vont étre amenés a germer
en nouvelles cellules végétatives (Suzuki et al., 2000). Hormis Chlamydomonas, quelques autres
microalgues ont été étudiées pour leur facon de former des groupes multicellulaires : Chlorella
et Scenedesmus. En présence de prédateur, Chlorella sorokiniana, Chlorella vulgaris ou
Scenedesmus obliquus forment en majorité des structures multicellulaires par agrégation
(Figure 3D) mais aussi de fagon clonale. De plus, ces trois especes agregent ensemble deux a
deux, par exemple Chlorella sorokiniana avec Scenedesmus obliquus ou Chlorella sorokiniana
avec Chlorella vulgaris. Les microalgues sont donc capables de former des structures
multicellulaires par un mode agrégatif ou clonal comme la levure. Enfin, le milieu de Daphnia
n'induit que des agrégats alors que le prédateur vivant donne a la fois des agrégats et des
colonies (Kapsetaki et al., 2017). Cette différence suggere que des régulations différentes
pourraient étre a l'origine de |'une ou l'autre des formes multicellulaires.

Les bases moléculaires de ces différentes régulations n‘ont été étudiée que récemment.
Roccuzzo et ses collegues ont identifié les protéines exprimées dans les développements
clonaux et agrégatifs chez Scenedesmus. Le premier serait déclenché par la production d’ATP,
de protéines de la photosynthése et d'acides gras membranaires. A I'opposé, I'agrégation
nécessite la production de composés extracellulaires dont des protéines avec des ponts
disulfure, des carbohydrates et des lipides (Roccuzzo et al, 2020). Chez Chlamydomonas,
I'agrégation des zygotes nécessite ZSP-2 (Zygote Specific Protein), une protéine riche en
hydroxyproline avec un domaine lectine (Suzuki et al, 2000). C'est la seule protéine de
Chlamydomonas connue comme impliquée dans I'agrégation. En outre, certaines lectines de
plante, de levure ou de bactérie induisent I'agrégation en particulier la Concanavalin A qui se
fixe a des résidus mannosyl et glucosyl (Diaz-Santos et al.,, 2015, 2016; Sharabi and Gilboa-
Garber, 1980). On retrouve ici des mécanismes similaires a la levure avec une altération de la
division cellulaire pour le développement clonal et une adhésion avec des protéines (lectines ?)
et sucres pour 'agrégation.

1.3.3 Matrice extracellulaire

Chez les bactéries, la matrice extracellulaire (ECM) est un élément constitutif du biofilm. Elle est
décrite dés la découverte des biofilms dans les années 1970 (Costerton et al.,, 1978). Dans la
majorité des cas, les microorganismes composent moins de 10% de la masse du biofilm, les
90% restants étant de la matrice. L'ECM des biofilms bactériens est composée d'EPS qui sont
des polysaccharides mais aussi des protéines ou des acides nucléiques. Sont aussi associés aux
biofilms de nombreuses enzymes qui dégradent les sucres, protéines et lipides (Flemming and
Wingender, 2010).

On peut se demander si une telle matrice existe chez les microalgues et quel serait alors
son role dans la protection et/ou I'adhésion. Chez Chlamydomonas, il a été montré que les
palmelloides induits par le stress avaient une matrice contenant des sucres (Khona et al.,, 2016).
En réponse au cadmium et au plomb, Chlamydomonas développe une ECM qui protege les
cellules en fixant ces métaux (Li et al, 2021). Les colonies de Phaeocystis contiennent une
épaisse ECM qui leur apporte une protection supplémentaire contre la prédation (Dutz et al,,
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2005). Les protéines et les sucres de la matrice ont une importance pour |'agrégation chez
Scenedesmus (Roccuzzo et al., 2020) et I'adhésion aux surfaces chez Nannochloropsis (Soriano-
Jerez et al., 2020), mais de nouvelles études seraient nécessaires pour comprendre leur rdle
précis.

1.3.4 Réversibilité : retour a la forme planctonique

Pourquoi les microalgues ne restent-elles pas définitivement sous forme multicellulaire ? Chez
Scenedesmus aucune différence n'a été observée en termes d'efficacité photosynthétique et
de croissance mais les grosses particules sédimentent plus facilement. Cela les éloigne de la
lumiere et des températures clémentes (Lirling and Van Donk, 2000). Des le retour a des
condition favorables, les microalgues retournent donc a leur état unicellulaire qui leur permet
de se développer plus efficacement. Par exemple, les palmelloides de Chlamydomonas se
dissocient en une heure aprés I'arrét d'un stress salin (Khona et al., 2016). Le retour a la forme
planctonique peut aussi étre induit par un stimulus extérieur. En effet, contrairement a la
majorité des prédateurs, Acartia tonsa préfere ingérer les colonies aux cellules planctoniques.
En réponse a ce copépode, dont la présence est trahie par un composé lipide-soluble non
volatile, les colonies de Phaeocystis ou de la diatomée Skeletonema marinoi se dissocient
(Bjeerke et al., 2015; Long et al., 2007).

Les processus moléculaires en jeu dans la dissociation impliquent une dégradation
enzymatique de la matrice ou de la paroi retenant les cellules. En effet, la matrix
métalloprotéinase MMP13 de Chlamydomonas est fortement surexprimée a ce moment-la
(Khona et al.,, 2016). D'autres protéinases pourraient étre impliquées dans la dégradation de la
paroi comme des MMP, dont les gamétolysines (Luxmi et al., 2018), ou la subtilisine VLE1 (Kubo
et al., 2009).

Les comportements multicellulaires et le retour a la forme planctonique sont donc des
réponses physiologiques rapides et contrdlées.

1.4 Comment devenir multicellulaire et le rester ?

1.4.1 Innovations morphologiques et génétiques

Comme les organismes unicellulaires en réponse au stress, les organismes multicellulaires
adoptent des développements agrégatifs et clonaux. En outre, les formes clonales sont bien
plus fréquentes que les agrégatives (Figure 4A). Elles ont plusieurs morphologies comme des
spheres organisées ou non, des filaments ou des syncytiums (cellules a plusieurs noyaux issues
de la fusion de plusieurs cellules) (Brunet and King, 2017; Grosberg and Strathmann, 2007). Les
Volvocales sont un ordre de chlorophytes contenant des especes unicellulaires
(Chlamydomonas), coloniales (Gonium) et multicellulaires (Vo/vox) (Figure 4B). Les especes
coloniales contiennent plusieurs cellules mais non différenciées. Les especes multicellulaires
ont au moins deux types de cellules, par exemple Vo/voxa des cellules somatiques et sexuelles
(Yamashita et al., 2016). Ces éléments font du lignage des Volvocales un terrain formidable
pour étudier la transition vers la multicellularité. L'espece la plus simple est I'unicellulaire
Chlamydomonas et les multicellulaires sont plus ou moins complexes allant de 4 a plusieurs
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milliers de cellules comme suit: 7etrabaena (4 cellules), Gonium (8 ou 16), Pandorina (16),
Eudorina (16 ou 32), Astrephomene (32 ou 64), Pleodorina (64 ou 128) et enfin Vo/vox (jusqu'a
plusieurs milliers ) (Yamashita et al., 2016).

Pour comprendre la transition vers la multicellularité chez les Volvocales, on peut étudier
les différences morphologiques mais aussi génomiques. Quatre génomes ont été séquencés:
Chlamydomonas reinhardtii, Tetrabaena socialis, Gonium pectorale et Volvox carteri
(Featherston et al., 2018; Hanschen et al., 2016; Merchant et al., 2007; Prochnik et al., 2010). De
facon générale, les changements génétiques sont relativement faibles. Ce constat corrobore
I'hypothese selon laquelle la transition vers la multicellularité ne nécessite pas la modification
d'un grand nombre de genes (Pennisi, 2010). Les comparaisons de génomes montrent des
modifications du cycle cellulaire, en particulier les cyclines et la voie du rétinoblastome. En
effet, I'expression du rétinoblastome de Gonium chez Chlamydomonas induit un
développement clonal (Hanschen et al.,, 2016). De plus, les familles de genes qui s’expandent
le plus chez Vo/vox sont les PHCs et les MMPs/gamétolysines qui agissent essentiellement au
niveau du développement de I'ECM (Prochnik et al., 2010).
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Figure 4. Différentes formes de multicellularité et morphologie des Volvocales. (A) Formes
agrégatives et clonales de multicellularité dans le vivant (Brunet and King, 2017). (B) Formes
unicellulaires, coloniales et multicellulaires de complexité croissante chez les Volvocales
(Yamashita et al., 2016).
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1.4.2 Evolution expérimentale de la multicellularité

La multicellularité est apparue de nombreuses fois dans le vivant, chez les procaryotes et
les eucaryotes. Il est improbable qu'un phénomeéne si complexe soit apparu par chance si
fréequemment, sous des formes variées et dans des groupes tres différents (Grosberg and
Strathmann, 2007). Quels sont les pressions évolutives qui amenent a cette convergence ? On
peut se baser sur les réponses physiologiques amenant des comportements multicellulaires
pour trouver ces pressions évolutives. La socialisation est une réponse adaptative qui ne
nécessitent pas de sélection naturelle. Cependant, les causes de la formation des structures
multicellulaires pourraient étre les mémes que celles de I'apparition de la multicellularité stricto
sensus. Pour étudier ceci, des études d'évolution expérimentale en laboratoire ont permis de
transformer des organismes unicellulaires en multicellulaires. Les premieres expériences ont
été faites en sélectionnant sur un grand nombre de générations les cellules sédimentant le
plus. Cette pression de sélection artificielle a permis de générer des souches multicellulaires de
Saccharomyces cerevisiae et Chlamydomonas (Moulton and Bell, 2013; Ratcliff et al., 2012,
2013). De facon plus intéressante, la prédation, qui est une pression de sélection présente dans
la nature (voir 1.2.2), induit aussi une transition vers la multicellularité en quelques centaines
de générations chez Chlorellaet Chlamydomonas (Becks et al., 2010; Boraas et al., 1998; Herron
et al,, 2019). Les souches ainsi obtenues ont une ECM mais sont peu organisées et non motiles
contrairement a Tetrabaena ou Gonium ce qui indique qu'il s'agit d'une forme coloniale
primitive (Boyd et al., 2018). Les levures multicellulaires ont la morphologie clonale snowflake.
En revanche, si la pression de sélection est plus intense, la levure évolue en énormes agrégats
formés de snowflakes collés dans une matrice de protéines (Gulli et al., 2019). Cela montre que
I'évolution d'une multicellularité agrégative est possible. Chez les microalgues, les formes
multicellulaires obtenues par sédimentation ou prédation sont clonales. Ces souches montrent
une expression différente de nombreux gene dont ceux de la reproduction et du cycle cellulaire
(Herron et al.,, 2018), ce qui est en corrélation avec le développement clonal en réponse au
stress (se référer a 1.2.2).

En conclusion, les Volvocales ont développé une multicellularité qui peut étre
partiellement reproduite par évolution dirigée. Que ce soit dans la nature ou
expérimentalement, la multicellularité est clonale et est due a des modification du cycle
cellulaire et de I'ECM. En réponse au stress, le comportement clonal est aussi di a une
modification du cycle cellulaire et de 'ECM (se référer a 1.2). En revanche, il a été proposé que
la transition vers la multicellularité soit une combinaison de mécanismes clonaux et agrégatifs
(Olson, 2013). Le scénario proposé est le suivant : dans des conditions défavorables, les cellules
se regroupent. Si les périodes de stress persistent, I'agrégation devient un avantage évolutif.
Par conséquent, le développement clonal devient aussi un avantage et est aussi sélectionné.
Ainsi, les mécanismes clonaux et agrégatif pourraient étre a I'origine de la multicellularité.
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2 Résultats

2.1 Bases de I'agrégation chez Chlamydomonas

2.1.1 Résumé de l'article

Historiquement, I'équipe de Stéphane Lemaire est experte dans la régulation redox de la
fixation du carbone chez Chlamydomonas (Michelet et al., 2013). D'autres thématiques ont été
développées plus réecemment. D'une part, I'équipe contribue fortement aux prémices de la
biologie synthétique chez Chlamydomonas avec en particulier la création d'un kit de clonage
modaulaire (voir Chapitre II.1, Crozet et al., 2018). D'autre part, plusieurs réponses au stress ont
été étudiées comme l'autophagie (Pérez-Pérez et al., 2016) ou l'adaptation au manque de
soufre (Mia et al,, 2019). Pour étudier ces domaines, le laboratoire s'appuie sur une solide
expertise en biochimie, protéomique et biologie moléculaire chez Chlamydomonas. Lorsqu'il a
rejoint I'équipe, Antoine Danon mon directeur de these souhaitait étudier les mécanismes de
la PCD chez un organisme unicellulaire. Pour induire la PCD, les cellules ont été soumises a des
stress d'intensités variables (se référer a 1.1.2). Il a également pu constater que, comme ce qui
était décrit dans la littérature, le milieu de culture de cellules mortes par PCD permettait de
protéger les autres cellules de la population (Moharikar et al., 2006). C'est ainsi qu'il a initié les
premieres études de caractérisation du milieu de culture pour essayer de comprendre quelles
étaient les molécules impliquées. Le pH est I'un des parametres importants du milieu de
culture, c'est pour cela qu'il a été analysé dans des conditions d'induction de la PCD. Les
premieres expériences ont montré que le pH du milieu de culture passait de 7 a 8,4 en quelques
jours, non seulement dans les cultures pour lesquelles on avait induit la mort mais aussi pour
les cultures contréle. Pour voir si les cellules se développent mieux a pH 8,4, nous avons essayé
les mettre directement en culture a ce pH. C'est alors que nous avons observé |'agrégation, en
effet, les cellules forment dans ces conditions des agrégats visibles & I'ceil nu. A |a suite de cette
observation, Antoine Danon a testé d'autres stress qui se sont montré tout autant capable
d'induire la formation d'agrégats, il a alors émis I'hypothese que les cellules s’agrégeraient
pour se protéger du stress. L'agrégation de Chlamydomonas est la plupart du temps percue
comme un artéfact génant les expériences (Harris, 1989). Au contraire, nous avons voulu
étudier ce phénomene trés peu décrit dans la littérature (voir 1.1.2). A cet égard, nous nous
sommes posé plusieurs questions. Quelles conditions induisent I'agrégation ? Les cellules sont-
elles protégées du stress dans les agrégats ? Les agrégats se forment-ils par agrégation ou de
facon clonale ? Ce phénomene est-il contrélé génétiquement ? Si oui, quels sont les genes
impliqués ?

Pour montrer la diversité des stress abiotiques pouvant aboutir a I'agrégation, nous
avons mis Chlamydomonas en présence des stress oxydatif, nitrosatif et thermique. Face a des
doses sublétales de ces stress, les cellules ont formé des structures multicellulaires visibles a
I'ceil nu composées de plusieurs milliers de cellules. Chez les unicellulaires, de telles structures
multicellulaires peuvent étre formées par un processus clonal ou agrégatif (voir 1.3.2 et Figure
3). Dans notre cas, nous avons montré qu’elles se formaient de facon agrégative. Nous avons
ensuite caractérisé I'environnement des cellules agrégées en étudiant 'ECM et le milieu
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extracellulaire. Une ECM riche en sucres a pu étre détectée au sein des agrégats. Le milieu
extracellulaire de cellules agrégées est suffisant pour induire I'agrégation. Enfin, nous avons
montré que les agrégats protégeaient les cellules du stress. Pour identifier les régulateurs
moléculaires de I'agrégation, la famille de mutants socializer (saz) agrégeant spontanément a
été générée. Le fait que des mutants agregent spontanément montre que ce phénomene est
controlé génétiquement. Le mutant saz7 est décrit en détail dans I'article ci-apres, il est inactivé
pour la subtilisine VLET. Les agrégats de ce mutant et de la souche sauvage en réponse au
stress ont des caractéristiques identiques. Ils ont une taille comparable, sont formés de facon
agrégative, ont une ECM riche en sucres, protegent les cellules du stress et leur milieu induit
I'agrégation. Pour identifier les régulateurs centraux de I'agrégation, une analyse multiomique
a été menée sur six mutants saz Les protéines du milieu ont été analysées en protéomique
quantitative et I'expression des genes a été mesurée en RNA-Seq. Ces deux analyses couplées
nous ont permis d'identifier des genes candidats régulateurs de l'agrégation. Pour certains
d’'entre eux nous avons caractérisé les mutants. Par cette stratégie de génétique inverse, nous
avons obtenu des mutants incapables d'agréger et agrégeant spontanément confirmant que
les genes concernés sont impliqués dans I'agrégation. Cet article présente donc la premiere
description de l'agrégation en réponse au stress abiotique chez Chlamydomonas. Nous y
décrivons les bases moléculaires régulant ce processus.

2.1.2  Stress-induced collective behavior leads to the formation of multicellular
structures and the survival of the unicellular alga Chlamydomonas reinhardtii
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Summary

In response to hostile environments, unicellular organisms such as yeast or bacteria form
multicellular structures known as biofilms as a protection mechanism. In the model green alga
Chlamydomonas reinhardtii, the formation of multicellular structures in response to stress remains
poorly documented, and a potential protective role of these structures has never been described. We
report in this paper the discovery of an abiotic stress response that Chlamydomonas can trigger to
form large multicellular structures made of several thousand cells. We show that these aggregates
constitute an effective bulwark within which the cells are efficiently protected from the toxic
environment. We have generated the first family of mutants that aggregate spontaneously, the
socializer mutants (saz), of which we describe here in detail saz/. We took advantage of the saz
mutants to implement a large scale multiomics approach whose results shows that aggregation is not
the result of passive agglutination, but rather genetic reprogramming and substantial modification of
the protein composition of the extracellular compartment. The reverse genetic analysis we conducted
on some of the most promising candidates allowed us to identify the first positive and negative
regulators of aggregation and to make hypotheses on how this process is controlled in

Chlamydomonas.

Keywords: Chlamydomonas reinhardtii, abiotic stresses, aggregation, cooperation, multicellularity



Introduction

When confronted with environmental stress, multicellular organisms implement a set of reactions
involving signaling and cooperation between cells from the same tissue. A typical example is the
hypersensitive response triggered by plants against pathogens, during which certain cells will be led
to self-destruction to enable the entire organism to survive (Saur, 2021).

In harsh environments, some unicellular organisms such as yeast or bacteria activate defense
systems, which also favor the emergence of collective behaviors between cells. These mechanisms
involve the formation of multicellular structures, such as biofilms, whose structure and function are
well documented (Karatan and Watnick, 2009; Smukalla et al., 2008). Biofilms, as opposed to
aggregates, are surface-anchored structures composed of an extracellular matrix (ECM) made of
proteins and sugars, in which cells are embedded to better resist to environmental stresses (Flemming
et al., 2016; Vachova and Palkova, 2018).

In the wunicellular green alga Chlamydomonas reinhardtii (hereafter named
Chlamydomonas), the formation of multicellular structures has been observed, but the existence and
the function of collective behavior mechanisms remain largely unknown. In response to abiotic stress
or to predation, Chlamydomonas is able to form clonal assemblies up to 16 cells (palmelloids), or
can passively flocculate by addition of destabilizing agents like multivalent cations or upon pH
elevation (de Carpentier et al., 2019). Bigger multicellular structures have been reported in response
to predators (Sathe and Durand, 2016), or by selection of sedimenting cells over a long period of
time (Ratcliff et al., 2013). However, the function of these multicellular structures, their composition,
and how their formation is controlled remain to be explored.

In this study, we unravel that the formation of large multicellular structures containing
thousands of cells can be induced by a wide range of abiotic stresses, and that this process is a crucial
pro-survival mechanism for Chlamydomonas cells. The formation of multicellular structures can be
aggregative, when cells assemble together, or clonal when cells do not separate after division (de
Carpentier et al., 2019). We demonstrate that in the conditions tested, aggregates are formed by an
aggregative process, and that they include a sugar-rich ECM. To understand the genetic basis of this
collective behavior, we have generated and screened 13,000 insertional mutants, and identified 16
socializer mutants (saz), which spontaneously form multicellular structures. We characterize here in
detail the sazl mutant which is defective for the vegetative lytic enzyme (VLE) gene (Kubo et al.,

2009). The aggregates formed by saz/ result from an aggregative process, and they also contain a
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sugar-rich ECM. Moreover, sazl was found to be more resistant to several abiotic stresses. For both
sazl and stress-induced aggregates, the extracellular compartment had a central role in the formation
of multicellular structures. Finally, a large scale multiomics approach taking advantage of the saz

mutant collection revealed a network of regulators of aggregation in Chlamydomonas.

Results
Characterization of aggregation in response to stress

Wild-type cells from the D66 strain (CC4425) (Schnell and Lefebvre, 1993), were subjected to
several stresses: S-Nitrosoglutathione (GSNO, nitrosative stress, Morisse et al., 2014), rose bengal
(singlet oxygen, Fischer et al., 2005), paraquat (superoxide/H202, Laloi et al., 2007) and heat shock
(Durand et al., 2011; Schroda et al., 2015). For all the stresses tested, at low intensity no impact
could be visualized in the cultures, while at higher doses cells died. Nevertheless, at intermediate
stress levels, large aggregates visible to the naked eye were detected and their surface area quantified
(Figure 1A). Aggregates could be detected after one day and their size continued to increase steadily
with time. To determine whether Chlamydomonas cells form multicellular structures through
aggregation or clonal assembly under our conditions, we constructed a strain expressing mVenus, a
cytosolic yellow fluorescent protein (YFP) (Crozet et al., 2018). The mVenus strain was grown
together with the wild type and treated with rose bengal to induce aggregation. The multicellular
structures obtained were then analyzed and found to be aggregative, since they were composed of
mVenus and wild-type cells (Figure 1B). During our observations, we found that within the
aggregates a translucent structure resembling ECM was very frequently visible (Figure 1E).
Knowing that in bacteria and yeasts the ECM present in biofilms are rich in sugar (Flemming et al.,
2016), we have tried to detect the presence of these compounds in our aggregates. We induced
aggregation using rose bengal and stained the cells in the presence of fluorescently-labeled
Concanavalin-A (ConA-FITC), that binds glucosyl and mannosyl residues (Cavada et al., 2018). In
Figure 1C, it appears clearly that the structures we identified as ECM, exhibit a strong fluorescence
showing the presence of sugar.

To test whether the formation of aggregates could enable increased stress resistance, we
treated wild-type cultures with rose bengal, and stained dead cells using Evans blue
(Vijayaraghavareddy etal., 2017). We observed that most of the time, within multicellular structures,

cells were protected from the toxic environment, while the others were dead (Figure 1D). To quantify
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Figure 1. Protective aggregation in response to stress. (A) Wild-type (CC4425) cultures were
exposed to heat shock (50°C, 3 min), GSNO (0.5 mM), rose bengal (2 uM) and paraquat (0.1 pM)
and placed in a 24-well plate for 48 h. For each well aggregates were detected, and their surface
measured. For each condition, all the aggregates detected in 4 independent wells are shown, each
point represents an aggregate. The bar chart represents the average total surface area of the 4 wells.
(B) Microscopic observations of a representative aggregate induced by heat shock (50°C, 3 min),
consisting of a mixture of wild-type and mVenus (YFP) cells. Red fluorescence represents
chlorophyll and yellow fluorescence represents mVenus. (C) Microscopic observations of sugar
detection in extracellular matrix-like structures (arrow), within a rose bengal-induced representative
aggregate, imaged in brightfield (upper panel), chlorophyll (red) and ConA-FITC fluorescence
(green) (lower panel). (D) Labeling of dead cells with Evans blue (arrow) 48 hours after treatment
with rose bengal (4 uM). (E) Relationship between the viability of the structures detected and their
surface after a 48-hour treatment with rose bengal (4 uM), “n” values represent the total number of
objects analyzed from four biological replicates. Error bars (A) and shaded area (D) indicates + SEM
and for t-test: * p < 0.05 or ** p < 1072, Scale bars represents 50 pm (B and E) and 100 pm (C).

this phenomenon, we developed an image analysis process allowing detection of all the structures,
their size and whether the cells are alive (green) or dead (blue). These analyses clearly showed that
the larger the structures to which the cells belong, the more the phenomenon of protection is

exacerbated (Figure 1E).

Socializer 1 mutant

To understand the genetic mechanisms that control the process of aggregation, we created
and screened a library of 13,000 insertional transformants. This allowed identification of 16 mutants
dubbed socializer (saz) for their ability to aggregate spontaneously. In The present study we have
extensively characterized the mutant saz/ which forms large multicellular structures visible to the
naked eye and containing several thousand cells (Figure 2A). The size of saz/ aggregates varied
between 100 um? and several mm?, in the same range as stress-induced aggregates of wild type cells

(Figure 2C). When observed under the microscope, we saw that the cells form a homogeneous
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Figure 2. Socializerl characterization. (A) Representative microscopic observation of cultures of
the wild type (CC4425) and saz! mutant under standard culture conditions. (B) Insertion sites of the
cassette in the VLE gene (Cre01.g049950) in saz/ and three CLiP mutants (LMJ.RY0402.131694,
LMIJ.RY0402.140798 and LMJ.RY0402.057262). (C) Cultures of sazl, the CLiP mutants and the

corresponding wild-types, respectively CC4425 and CC5325, in 24 well plate. For each well
aggregates were detected, and their surface measured. For each condition, all the aggregates detected
in 6 independent wells are shown, each point represents an aggregate. The bar chart represents the
average total surface area of the 6 wells. (D) Microscopic observations of a representative aggregate
formed in a co-culture of wild-type and Venus (YFP) strains. Red fluorescence represents
chlorophyll and yellow fluorescence represents mVenus. (E) Microscopic observations of sugar
detection in extracellular matrix-like structures (arrow), within a representative saz/ aggregate,
imaged in brightfield (left panel), chlorophyll (red) and ConA-FITC fluorescence (green) (right
panel). (F) Evaluation of dead cell percentage in wild-type and saz/ cells using Evans blue staining,
after heat shock (50°C - 4 min, 24 h), GSNO (1 mM, 24 h) (G) and rose bengal (4 uM, 8 h) (H)
treatments. Error bars indicates + SEM and for #-test: ** p < 1072; *** p < 107 or **** p < 10™*, Scale

bars represents 50 um (D) and 100 um (A, H).

structure in which the cells appear to be attached to each other (Figure 2D). The SAZ1 locus was
characterized using the protocol described in (Gonzalez-Ballester et al., 2005). The saz/ mutant
harbors an insertion in the Cre01.g049950 gene (Figure 2B), previously named vegetative lytic
enzyme (VLE) (Matsuda et al., 1995) or sporangin (SPO) (Kubo et al., 2009). We precisely localized
the insertion in the exon 21 of Cre01.g049950 and verified that a wild-type copy of the corresponding
mRNA was no longer expressed in saz/ (Figure S1). To confirm that a mutation in the VLE gene
leads to a spontaneous aggregation phenotype, we analyzed three additional insertional vle mutants
obtained from the CLiP library (Li et al., 2019) (LMJ.RY0402.131694, LMJ.RY0402.140798 and
LMJ.RY0402.057262). In these mutants with an insertion respectively in the 1% exon, the 6" exon
and the 17" intron, the ¥LE mRNA could not be detected (Figure S1). Similarly to saz/, these three
mutants aggregated spontaneously as opposed to the corresponding wild-type strain (CC5325)
(Figure 2C).

To determine the way aggregates are formed in sazl, we grew cultures composed of a

combination of saz/ and the mVenus strain described in Figure 1B. As in the case of the aggregates



formed in response to stress by wild type cells, the multicellular structures spontaneously formed by
sazl were heterogenous and therefore the result of an aggregative process (Figure 2D). A sugar-rich
ECM could be detected in saz/ aggregates using ConA-FITC (Figure 2E). The formation of wild
type aggregates allowed increased resistance of the cells to stress conditions (Figure 1C-D).
Consistently, saz/, which forms aggregates spontaneously, was also more resistant to stress. Indeed,
sazl showed a higher resistance to all the stresses tested (GSNO, rose Bengal and heat shock),

(Figure 2F-H), confirming the protective role of aggregates.

The culture medium is sufficient to induce aggregation.

Growing saz/ with the mVenus strain that does not spontaneously aggregate, induces the formation
of heterogenous multicellular structures (Figure 2D), suggesting a potential role of the culture
medium in transmitting an aggregation signal. To test this hypothesis, we removed the cells from the
culture medium by centrifugation and filtration. Wild-type cells were then grown in this culture
medium, and the formation of multicellular structures was quantified. Remarkably, the culture
medium of the mutant was able to induce a strong aggregation of wild-type cells (Figure 3A). There
is therefore probably one or several molecules in the culture medium capable of inducing
aggregation. To investigate the nature of this molecule we subjected the culture medium to different
treatments. After boiling for two minutes, a treatment that denatures proteins, the culture medium
was no longer able to induce aggregation (Figure 3A). Filtration of the culture medium revealed that
only the fraction containing molecules above 30 kDa was capable of inducing aggregation (Figure
3A). These results are consistent with the hypothesis that one or several proteins in the culture
medium might induce aggregation. To test whether the culture medium resulting from stress-induced
aggregation could also induce the formation of aggregates, we induced aggregation using heat shock,
as this treatment does not require incorporation of foreign molecules into the culture medium. This
culture medium was just as capable as the medium of the saz/ mutant to trigger aggregation of non-

stressed cells (Figure 3B).
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Figure 3. Induction of aggregation by the culture medium. (A) Medium from wild-type
(CC4425) and saz! cultures were harvested by centrifugation and filtrated. Wild-type (grey) or saz/
(red) medium were then used to start wild-type cultures in 24-well plates. Other cultures were
initiated in wild-type (grey) or saz/ (red) medium that were boiled for 2 minutes or fractionated
using a 30 kDa filter. For each culture, aggregates were detected, and their surface measured. Values
represent the average of total surface area of 4 independent wells. (B) Wild-type (CC4425) cells
were grown in 24-well plates in control (grey), or heat shock (purple) medium. In both cases, values
represent the average of total surface area of the aggregates detected in 4 independent wells. Error

bars indicates = SEM and for the t-test ** p < 102 or *** p < 1073,

Quantitative analysis of the secretome

As the culture medium is sufficient to induce aggregation in Chlamydomonas, possibly by way of
proteins, we performed a quantitative proteomic analysis by comparing the culture media of 6 saz
mutants with that of the wild type. For each strain, five biological replicates were prepared and
analyzed by tandem mass spectrometry. In our seven samples we identified a total of 762 proteins
in the culture medium (Table S1). The PredAlgo algorithm (Tardif et al., 2012), predicts that 341
(44.7%) of these proteins are exported, 108 (14.2%) are chloroplastic, 44 (5.8%) are mitochondrial
while 269 (36.3%) of them have no prediction. Consistent with the fact that the culture medium was
analyzed, a majority of the identified proteins are predicted to be secreted. The proteins whose
content is altered in several mutants in comparison to the wild type, were classified into different

categories, depending on whether their expression is altered in 6, 5, 4, 3 or 2 mutants (Figure 4A).
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Figure 4. Quantitative proteomic analysis of the extracellular medium. We analyzed the protein
content of the culture medium in the wild type in comparison to 6 different saz mutants. The results
are expressed as a ratio (log2) of the different mutants compared to the wild type, we classified them
according to whether the proteins are under-represented (A) or over-represented (B) in 6, 5, 4, 3 or
2 mutants. (C) We analyzed the function of the proteins deregulated in 5 or 6 mutants according to

their description on the Phytozome v13.0 website or in the literature, and we divided them into
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different categories according to the number of proteins represented. The list of these proteins is

available in Table S3.

To identify common regulators of aggregation, we focused on the proteins deregulated in 6 but also
in 5 mutants (208 proteins) to avoid missing interesting candidates. We classified the proteins into
different categories according to their annotation on the JGI Phytozome v13.0 website
(https://phytozome-next.jgi.doe.gov), and their descriptions in the literature (Figure 4B).

In this list pherophorins hold an especially important place. These proteins are essential constituents
of the ECM in Volvox carteri, a multicellular organism that belongs, like Chlamydomonas species,
to the order of Volvocales (Hallmann, 2006). Among the most represented protein classes, we also
found proteases, including the subtilisin VLE which is absent in saz/ as expected, and interestingly
downregulated in the medium of all the other saz mutants. We also detected several matrix
metalloproteinases (MMPs), such as gametolysins which are known to degrade the cell wall during
mating in Chlamydomonas (Abe et al., 2004; Kinoshita et al., 1992), but also to contribute to the
destruction of the ECM in Volvox carteri (Nishimura et al., 2017) and animals (Zaragoza et al.,
2002). Other proteins related to the ECM were also detected, such as VSPs (vegetative, SP rich)
(Waffenschmidt et al., 1993), lysyl oxidases (LOX) containing scavenger receptor cysteine-rich
(SRCR) domains, which are necessary for ECM formation in animals (Laczko and Csiszar, 2020),
or formin which influences ECM stability through the control of actin polymerization (Alieva et al.,
2019; Eisenmann et al., 2007). We also found many sugar-related proteins, mainly involved in
catabolism (e.g., Glucan 1,3-B-glucosidase or B-galactosidase), glycosylation or sugar binding
(lectins). Interestingly, we found four ephrin A/B receptor-like proteins that are known in animals
to mediate cell-cell adhesion (Niethamer and Bush, 2019). Two of them share similarities with
mastigonemes which have been proposed to play a role in adhesion through an interaction with the
transient receptor potential cation channel PKD2 (polycystic kidney disease 2) (Liu et al., 2020).
The latter mediates flagellar agglutination during mating (Huang et al., 2007). Altogether this
suggests that adhesion mechanisms could also have a role in the assembly of multicellular structures.
Hydroxylation and glycosylation of proline residues are associated with protein secretion (Duruflé
et al., 2017). In our secretome, eight enzymes linked to these post-translational modifications, were
upregulated in saz mutants. We identified members of another protein family also capable of

modifying prolines residues, the peptidyl-prolyl cis-trans isomerases (PPI), which contribute to
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protein folding by catalyzing the cis/trans-isomerization of peptidyl-prolyl bonds (Singh et al.,
2020). Finally, we found several lipases that are downregulated in saz mutants, suggesting that lipids
may be important for the aggregation process (Figure 4C). The entire list of the 208 proteins is shown

in Table S2.

Transcriptomic analysis of the saz mutants

We completed our systemic approach by analyzing the transcriptome of the same six saz mutants in
comparison with the wild type, using an RNA-Seq approach. During this analysis, a total of 16,829
messenger RNAs were detected (Table S3). Principal component analysis (PCA) showed that each
of the biological triplicates used for the different strains are homogenous and that the different strains
analyzed are clearly distinct (Figure 5B). However, the gene expression profile of one of the strains,
saz6, was quite different compared to the other 5 mutants (Figure 5SA-B). As we did for our
proteomics analysis, we focused on genes deregulated in 6 but also in 5 mutants, to avoid missing
important genes that would not be affected in one mutant. This subset corresponds to the 192 genes
up- or down-regulated at least 4-fold in at least 5 saz mutants (Table S4).

Strikingly, many genes belong to the main families identified during our proteomic analysis
including several genes encoding pherophorins, proteases, lipases, as well as proteins linked to the
ECM (Figure 5C). We also identified several genes encoding lectins, that bind specifically to sugars.
Beyond these families also found in our secretome, this transcriptomic analysis uncovered additional
gene families that may be involved in the intracellular signaling controlling aggregation. Sixteen
genes encode kinases, which are key players in cellular signaling. Interestingly, six genes related to
cyclic guanosine monophosphate (cGMP), which can act as a second messenger controlling kinase
activities (Kim and Sharma, 2021), are downregulated in saz mutants, including four guanylate
cyclases. Other interesting genes with a potential role in sensing or signaling include several ion

channels, receptors, or transporters (Figure 5C).
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Figure 5. Transcriptomic analysis of the saz mutants. We analyzed the transcriptome of the wild

type in comparison to 6 different saz mutants. The results are expressed as a ratio (log2) of the
different mutants compared to the wild type, we classified them according to whether the genes are
repressed (A) or induced (B) in 6, 5, 4, 3 or 2 mutants. (C) Principal component analysis (PCA) of
the transcript levels, for each strain 3 biological replicates were analyzed. (D) We analyzed the
function of the genes that are deregulated in 5 or 6 mutants according to their description on the
Phytozome v13.0 website or in the literature, and we divided them into different categories according

to the number of gene represented. The list of these genes is available in Table S4.
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Cross-analysis of the transcriptomic and proteomic analyses

To determine whether correlations exist between changes in protein abundance in the medium and
gene expression profiles, we have cross-analyzed our results, focusing on the 42 pherophorins and
the 15 MMPs that were detected in the extracellular compartment. For many members of these two
families, we find both under-expressed and over-expressed representatives, illustrating the
complexity of the signaling pathways induced during aggregation (Figure 6A-B). We observed that
the variation in the amount of protein in the extracellular compartment is not always accompanied
by a variation in the expression of the corresponding gene. For a few genes, such as PHC30 or
PHC75, the changes in gene and protein expression are even opposite. In such cases, other
mechanisms than transcription are attributable to this difference like changes in mRNA or protein
stability, in translation or subcellular localization. Nevertheless, for a vast majority of genes, the
variation in the expression of a gene and the amount of the corresponding protein are correlated

(Figure 6A-B).

Identification of new regulators of aggregation

Our multiomic analysis allowed identification of candidates potentially involved in the control of
aggregation. To assess this possible function, we analyzed insertion mutants of the CLiP library (Li
et al.,, 2019), for some of the genes of the main categories identified. We selected several
pherophorins, MMPs, VSPs and Glucan 1,3-Beta-Glucosidases (GBGs), from our proteomic or
transcriptomic analyses. Among the selected mutants, several exhibit a phenotype related to
aggregation, which we have characterized in more detail. For each mutant strain, we confirmed the
presence of the insertion sequence at the expected locus identified by the CLiP library (Figure S2).
The ability of each mutant to aggregate in response to stress was investigated. Three mutants affected
in pherophorin genes (PHC30, PHC41 and PHC50), which are all up regulated in saz mutants, are
no longer able to aggregate in response to rose bengal (Figure 7A). This suggests that the
corresponding proteins have a pro-aggregation role. Conversely, several mutants spontaneously
form aggregates, indicating that the corresponding proteins probably have an anti-aggregation role
(Figure 7B). For all these mutants, except mmp23, the pro-aggregation role is consistent with the
downregulation of the corresponding protein (PHC28, PHC35, MMP32, VSP4, GBG) or mRNA
(PHC28, PHC35) revealed by our multiomic analysis (Figure 7B).
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Figure 6. Cross-analysis of our multiomic study for pherophorins and MMPs. We have
compiled the results obtained during our proteomics and transcriptomics studies for all pherophorins
(PHC), (A) or matrix metalloproteinases (MMP), (B) that were detected in the culture medium. The
bars represent the ratio between the average expression of the six mutant and the expression of the
wild type, the green bars represent the results of the transcriptomics analysis and the orange bars

represent the results of the proteomic analysis. Each point according to its color represents the ratio
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associated with a particular mutant.
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Figure 7. Reverse genetic analysis. From our multiomics analysis, we have selected and
characterized CLiP mutants of genes of potential interest, strains exhibiting an aggregation-related
phenotype are presented here. These strains were grown in 24-well plates and aggregates were
detected and their surface measured. For each condition, values represent the average of total surface
area of 4 independent wells. Some of the mutants we analyzed are no longer able to form aggregates
in response to rose bengal (A), other mutants spontaneously form aggregates under standard culture

conditions (B). When a gene or protein is down- or up-regulated in saz mutants, the symbols (-) or

(+) is notified under its name.

Discussion

Several responses to abiotic stress have been reported in Chlamydomonas including acclimation,
palmelloid formation and programmed cell death (de Carpentier et al., 2019). Here we report the
discovery of a mechanism of abiotic stress response involving collective behavior and the formation
of large multicellular structures visible to the naked eye (Figure 1A). This phenomenon appears as
a general stress response since aggregation is induced and can confer resistance to stresses of
different nature. The mode of aggregate formation is not simply the result of the non-separation of
cells after division (clonal mode), but rather a complex process that may involve communication

between cells, a change in their ability to interact and a sugar-rich ECM (Figure 1B-C). We show
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here that the formation of aggregates is an efficient way for Chlamydomonas to survive abiotic stress,
and that the size of aggregates correlates with the capacity to survive under stress conditions (Figure
1D-E).

To understand how this complex process is genetically controlled, we have identified the first
family of mutants exhibiting a spontaneous aggregation phenotype, the socializer (saz) mutants. A
large scale multiomic analysis of these mutants revealed the existence of a common genetic program
and the importance of the secretome to implement cellular aggregation. Spontaneous aggregation of
saz mutants appears comparable to stress-induced aggregation including the same mode of aggregate
formation, a sugar-rich ECM (Figure 2D-E), a pro-aggregative culture medium (Figure 3), and
increased resistance to stress (Figure 2D-E). The saz mutant collection therefore constitutes an
invaluable tool for the understanding of this phenomenon.

In the present study, we further characterized the saz/ mutant and showed that inactivation
of the Cre01.g049950 gene induces a spontaneous aggregation phenotype (Figure 2A-C). This gene
has already been described in the literature as vegetative lytic enzyme (VLE) (Matsuda et al., 1995)
or sporangin (SPO) (Kubo et al., 2009). Because of its expression profile, its spatio-temporal
localization and its biochemical function, it was suggested that VLE was responsible for sporangial
cell wall degradation during cell division (Kubo et al., 2009; Matsuda et al., 1995). However, this
hypothesis has never been validated by the characterization of a VLE mutant. If the sole function of
VLE was to release cells during division, a culture of the vle mutant would likely consist only of
cells in sporangia or possibly in larger multicellular structures resulting from a clonal formation
process. By contrast, for the four v/e mutants analyzed, we observed both free cells, as well as large
aggregates (Figure 1A), which we showed to be heterogeneous and therefore not the result of a clonal
formation process (Figure 2D). This would suggest that not only VLE, but several enzymes are
capable of releasing cells during division, and that VLE has at least one other function in controlling
aggregation in Chlamydomonas. Other authors have suggested that VLE could be a gametolysin
activator (Luxmi et al., 2018). Gametolysins are MMPs that are responsible for cell wall removal
during mating and need to be activated by a still unknown serine protease (Snell et al., 1989).
Therefore VLE, which was the only serine endoprotease identified in the mating secretome, might
be responsible for the cleavage activation of gametolysins during this process (Luxmi et al., 2018).
MMPs are also known to control the degradation of the ECM in plants (Marino and Funk, 2012) and
animals (Fanjul-Fernandez et al., 2010; Zaragoza et al., 2002). The possible MMP activation
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function of VLE could explain how it contributes to the control of aggregation in Chlamydomonas,
as ECMs are present in all the aggregates we analyzed (Figure 2E). Another argument in favor of
the importance of MMPs in the control of the aggregation process is that several of them are
deregulated in saz mutants, at the gene and/or the protein level (Figure 6B). To investigate the
potential involvement of the selected MMPs, the corresponding mutants were characterized. Two
mutants exhibit a spontaneous aggregation phenotype (MMP23 and MMP32), giving them an anti-
aggregation role in this process (Figure 7). Beyond MMPs which are known to target ECM proteins
(Fanjul-Fernandez et al., 2010; Marino and Funk, 2012), we identified other protein controlling ECM
formation in other organisms. Pherophorins are a family of extracellular hydroxyproline rich
glycoproteins, whose function remains poorly known in Chlamydomonas. In Volvox carteri,
pherophorins are known to be necessary for the formation of the ECM (Hallmann, 2006). A
pherophorin was also proposed to participate in the signaling process leading to sexual reproduction
in Volvox carteri (Sumper et al., 1993). In both our transcriptomic and proteomic analyses, we found
many pherophorins which are over- or underexpresed in saz mutants. The role of pherophorins in
relation to aggregation in Chlamydomonas appears complex. Indeed, while some are present in all
saz mutants and absent in the wild type, which one would expect from a protein necessary for the
formation of the ECM, the opposite situation is also true and even more frequent (Figure 6A). There
would thus exist pherophorins having a pro-aggregative or anti-aggregative role. This hypothesis
has been confirmed by our reverse genetic analysis, which shows that when pherophorins are absent
in saz mutants and present in the wild type (PHC28, PHC35), the corresponding mutants
spontaneously aggregate, whereas when they are absent in the mutants and present in the wild type
(PHC30, PHC41, PHC50), their mutants are no longer able to aggregate in response to stress (Figure
7). Pherophorins have A and B globular domains similar to plant lectins, suggesting that beside being
glycosylated, they may also have sugar-binding functions (Hallmann, 2006), such as an interaction
with the sugar-rich ECM we detected in aggregates (Figure 1C-2E). Sugar-related proteins, whether
in terms of metabolism (e.g. beta-galactosidase, glucanase), transfer (e.g. glycosyltransferase) or
affinity (lectins), represent an important category of the candidates we identified in our multiomic
analysis. Sugars could have a role in the ECM, or in modifying the properties of the cell wall which
contains many glycoproteins (Voigt and Frank, 2003). We focused our attention on Glucan 1,3-Beta-
Glucosidase (GBG), of which 5 members are deregulated in saz mutants. B-glucans are glucose

polymers that play a role in the response to pathogens in both plants (Fesel and Zuccaro, 2016) and
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animals (Hopke et al., 2019). These sugars are mostly present in fungal cell wall and act as elicitors
perceived by specific receptors which trigger the immune response against these pathogens (Rivera,
2020). In plants, 1-3 B-glucans are also able to trigger stress responses at the transcriptome level and
to modify the antioxidant system of cells and induce an increased ability to resist abiotic stress
(Gauthier et al., 2014; Wu et al., 2016). One mutant of a GBG whose protein abundance is down-
regulated in the culture medium of all mutants, exhibits a spontaneous aggregation phenotype,
suggesting that 1-3 B-glucan might have a pro-aggregation role in Chlamydomonas (Figure 7B). The
role of 1-3 B-glucan in stress signaling is still unknown in Chlamydomonas, but several 1,3-B-glucan
synthases exist in its genome and we have shown that the corresponding degradation enzymes are
present in the extracellular compartment in Chlamydomonas. Finally, we analyzed a family of
extracellular proteins, the VSPs (vegetative, SP rich) which are hydroxyproline and Serine-Proline
(SP) rich proteins enriched during the vegetative stage of Chlamydomonas cycle (Waffenschmidt et
al., 1993). Three VSP proteins (VSP4, VSP6 and VSP7) are downregulated in the culture medium
of all saz mutants (Table S2). We further show here that an insertion in V'SP4 induces the formation
of multicellular structures (Figure 7B) suggesting an anti-aggregative function for VSP4.

The protein content of Chlamydomonas medium has already been analyzed in the context of
saline stress inducing the formation of palmelloids (Khona et al., 2016). Cross-analysis of these
results with ours, shows that the formation of palmelloids and large aggregates involves specific sets
of proteins. Indeed, even if MMPs or pherophorins are found in the secretome during palmelloid
formation, their identities are distinct from those identified in the medium of aggregates. Moreover,
among the 62 proteins identified during the formation or dislocation of palmelloids, only one
(MMP3) is common to our list of 208 proteins of interest, showing that the formation of aggregates
involves a protein network completely specific to this process.

Genes possibly involved in intracellular signaling during aggregation were suggested by our
transcriptomic study. Several genes related to cGMP are inhibited in saz mutants, including four
guanylate cyclase genes, which are responsible for its synthesis (Table S2). This suggests that this
secondary messenger could participate in the signaling pathway leading to aggregation.
Interestingly, in animals the destruction of ECM is mediated by MMPs that are activated by a
signaling pathway involving cGMP and nitric oxide (NO) (Denninger and Marletta, 1999; Dey and
Lincoln, 2012). This activation occurs through the activation of kinases, which regulate gene

expression, and may also involve the MAP kinase signaling pathway (Zaragoza et al., 2002).

19



Moreover, the two most represented families in our transcriptomic analysis are those of ECM-related
proteins and kinases, among which we identified a MAP kinase kinase (MAP2K), whose gene is
under-expressed in saz mutants. The fact that the signaling pathway known in animals to destroy the
ECM through the activation of MMPs is inhibited in saz mutants is consistent with an important role
of MMPs and ECM regulation for the establishment of multicellular structures in Chlamydomonas.
We now plan to investigate the role of cGMP as a secondary messenger in the signaling pathway
leading to aggregation.

In conclusion, we describe in this study the discovery of a new mode of adaptation of
Chlamydomonas in response to stress, which involves the formation of multicellular structures that
can comprise several thousand cells. We show that this process is fundamental, since within these
aggregates the cells can survive environmental stresses. VLE seems to play a particularly important
role in this process, since its absence leads to aggregation in saz/ and it is downregulated in the
extracellular compartment of the five other saz mutants we analyzed. We detected within the
aggregates a sugar-rich ECM which, based on the results of our multiomics and reverse genetic
analyses, appears to be central to the formation of the aggregates. We hypothesize that an
intracellular signaling pathway partly involving the regulation of gene expression leads to an
equilibrium in the extracellular compartment between pro- and anti-aggregative proteins such as
pherophorins, MMPs, or glucanases, to control the establishment of protective multicellular
structures.

The description of the dynamics of aggregation will inform us about the directions of
causality in the gene regulation network that underpins aggregate formation. This knowledge is a
prerequisite to optimize the aggregation process in biotechnological applications involving the
harvesting of Chlamydomonas cells (Singh and Patidar, 2018). Now that we have demonstrated that
in response to harsh conditions, Chlamydomonas is capable of forming multicellular structures to
survive, it is conceivable to postulate that this process played a role for the transition to
multicellularity in evolution over long periods of stress, as the hypotheses classically formulated for
this transition, is the formation of an intermediate stage of aggregation (Olson, 2013). The order of
Volvocales is particularly well adapted to study this phenomenon (Hallmann, 2006), given that it
extends over a relatively short evolutionary distance, from the unicellular Chlamydomonas to the

multicellular Volvox carteri.
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Materials and Methods
Strains, media, and growth condition

The D66 strain (CC-4425) (Schnell and Lefebvre, 1993), was used as a wild type for this study in
addition to the wild-type strain of the CLiP library CMJ030 (CC-4533) (Li et al., 2019), when
necessary. We wused the following CLiP (www.chlamylibrary.org) mutants for VLE
(Cre01.g049950): vlel (LMJ.RY0402.057262), vie2 (LMIJ.RY0402.131694) and vie3
(LMJ.RY0402.140798). For the reverse genetic analysis, we used : gbg (Crel6.g693600,
LMJ.RY0402.168539), mmp23 (Cre07.g333400, LMJ.RY0402.185101), mmp32 (Crel14.g625850,
LMIJ.RY0402.170721), phc28 (Crel7.g717950, LMJ.RY0402.116054), phc30 (Cre09.g404201,
LMIJ.RY0402.246644), phc35 (Cre05.g238687, LMIJ.RY0402.201505), phc4l (Crel2.g506750,
LMIJ.RY0402.152127), phc50 (Cre06.2292249, LMIJ.RY0402.121429), vsp4 (Cre09.g391801,
LMIJ.RY0402.176992). Cells were grown in liquid cultures mixotrophically in Tris acetate
phosphate (TAP) medium (Gorman and Levine, 1965) on a rotary shaker (120 rpm) under
continuous light (40-60 umol photons.m™2.s!), at 25°C. Aggregation assay and stress treatments were
done in 24-well plates in a 1 mL volume at a concentration of 4-8 x 10° cells.mL"!. Rose bengal
(330000) and paraquat (856177) were purchased from Sigma-Aldrich (Saint-Louis, USA). S-
Nitrosoglutathione (GSNO) was synthesized as described in (Hart, 1985).

Aggregate area and cell death image analysis

Multi-well plates were imaged with the Perfection V800 scanner (Epson, Suwa, Japan) and
micrograph were taken using the BX43 (Olympus, Tokyo, Japan) and Axio Observer (Zeiss,
Oberkochen, Germany) microscopes. The software used were Fiji / ImageJ 1.52a (Schindelin et al.,
2012) and R Studio 1.2.5 (tidyverse, ggpubr and PlotsOfData) (Postma and Goedhart, 2019;
Wickham, 2016). The particle areas were determined from 24-well plate scans using a Fiji macro
(github.com/fdecarpentier/ParticleWell). The quantification of cell death was done following the
previously published method (de Carpentier et al., 2020), using a final concentration of 0.2% w/v
Evans Blue (E2129, Sigma-Aldrich). The percentage of dead cells was calculated on a minimum of
100 individuals. To quantify the area and viability of each particle, we created a Fiji macro

(github.com/fdecarpentier/PlantDeath) based on the CIELAB color space.

mVenus plasmid construction
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Unless otherwise specified, the enzymes were bought from New England BioLabs (Ipswich, USA).
The level one plasmid pCM1-034 was constructed by cloning the parts Ppsap (pCM0-016), mVenus
(pCMO0-086) and Tpsap (pCMO-114) (Crozet et al., 2018) in the acceptor plasmid pICH47732
(Weber et al., 2011) by a Golden Gate reaction. pPCM1-034 was then assembled with the blasticidin
resistance transcription unit pCM1-029 (de Carpentier et al., 2020) and the empty linker pICH50881
in the level M acceptor plasmid pAGMS8031 (Weber et al., 2011) yielding pCMM-23.

Chlamydomonas transformation and generation of saz mutants

172 cassette conferring paromomycin resistance was excised from pSL72 plasmid (Pollock et al.,
2004) using Xhol and EcoRl, isolated on agarose gel and purified with the NucleoSpin Gel and PCR
Clean-up Kit (Macherey-Nagel, Bethlehem, USA). Transformants were generated using
electroporation as previously described (de Carpentier et al., 2020), and selected on agar plates
containing paromomycin at a concentration of 20 mg/L. The transformants were then grown in 96-
well plates from which were selected the saz mutants that aggregated spontaneously.

For the generation of the mVenus strain, pPCMM-23 was electroporated in D66 as previously
described (Onishi and Pringle, 2016). Transformants were selected agar plates using with 50 mg/L
blasticidin (de Carpentier et al., 2020). After 6 days of growth, the plates were scanned with a
Typhoon FLA 9500 laser scanner (GE Healthcare, Chicago, USA) at 473 nm excitation with the
filters BPG1 for YFP and LPG for chlorophyll, to select a fluorescent strain called the mVenus.

Insert localization in saz/ and CLiP mutants

Genomic DNA purification method was adapted from (Danon and Gallois, 1998). The insertion
locus of 172 was determined by RESDA-PCR (Restriction Enzyme Site-Directed Amplification
PCR) (Gonzalez-Ballester et al., 2005). PCR were performed with Quick-Load® Tag 2x Master Mix
(New England BioLabs) according to the manufacturer recommendations with the primer displayed
in Table S5. We used the NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel) for band

purification and sequencing was performed by Eurofins Genomics.

Medium purification and protein quantitation by tandem mass spectrometry

Culture medium was harvested after for 5 days of culture in TAP medium and cleared of cells by

centrifugation (2500 x g, 5 min) and 0.45 um filtration. For quantitative proteomics, 50 mL medium
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was concentrated 125 times at a 10 kDa cutoff (4000 x g, 4°C). The concentrated medium was
centrifugated (10 min, 17000 x g, 4°C) to pellet the insoluble debris. 20 pg of protein were denatured,
separated by a short migration (< 0.5 cm), and stained with Coomassie blue. Whole protein tracks
were trypsin-digested in gel according to Marchand et al., 2010. For each strain, five biological
replicates were prepared and split in 2 x 30 uL which were hereafter analyzed as technical replicates.
The samples were analyzed in label free LC-MS/MS quantitative analysis with the Q Exactive
Hybrid Quadrupole-Orbitrap mass spectrometer (ThermoFisher Scientific, Waltham, USA) and the
MS/MS spectra were quantified following the method published in Morisse et al., 2014 with
Progenesis QI (Waters, Milford, USA) and MaxQuant (Tyanova et al., 2016) against the
Chlamydomonas reinhardtii genome v.5.6 (Blaby et al., 2014). Proteins detected in at least three
biological replicates and with a Wilcoxon-Mann-Whitney non parametrical test p-value above 0.05

were regarded as differently present in comparison with the wild type.

RNA analysis

Total RNA of Chlamydomonas was extracted from 10 mL cultures at 5-6 x 10° cells/mL according
to the protocol described in Cavaiuolo et al., 2017. RNAs were treated with DNase I (New England
BioLabs) according to the manufacturer recommendations. RNA quality was checked on agarose
gel and with the TapeStation System (Agilent, Santa Clara, USA), three samples per strain with a
RIN® (RNA integrity number equivalent) above 5.5 were kept. Library preparation and sequencing
were performed by the iGenSeq genotyping and sequencing core facility (ICM Institute - Hopital
Pitié-Salpétriere AP-HP, Paris, France) using KAPA HyperPrep Kits (Roche, Basel, Switzerland)
and the NovaSeq 6000 sequencer (Illumina, San Diego, USA). Paired-end reads were mapped
against the Chlamydomonas reinhardtii genome v.5.6 using Bowtie2 v2.3.4.3 (Blaby et al., 2014;
Langmead and Salzberg, 2012). We kept the 16,829 genes with above 30 reads. Differential analysis
was performed according to DEseq2 v1.30.0 (Love et al., 2014). Genes were regarded as
differentially expressed than the wild type for adjusted p-values < 0.05 and log2(Fold Change) > 2.
For quantitative reverse transcription PCR analysis, the Maxima First Strand cDNA Synthesis Kit
for RT-gPCR (ThermoFisher Scientific) was used for both DNase treatment and reverse-
transcription according to the manufacturer recommendations. Quantitative PCR were performed
with the iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories, Hercules, USA) and the

primer displayed in Table S5. Relative mRNA, abundance was calculated using the comparative
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delta-Ct method, and normalized to the corresponding RACK (CBLP) (Cre06.g278222) gene levels.
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