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Tri sélectif et rôle tampon des condensats ARNm dans le contrôle stoichiométrique du transcriptome

L'homéostasie cellulaire requiert un robuste contrôle de la concentration de ses composants moléculaires.

La régulation de l'expression des gènes nécessite à elle seule la coordination de la stoechiométrie de millions de molécules d'ARNm face à des changements traductionnels dynamiques. Les ARN peuvent s'assembler pour condenser en des gouttelettes liquides, des hydrogels semi-liquides, ou même s'agréger et solidifier. Les bio-condensats qui résultent de ces transitions de phases des ARN peuvent tolérer de larges variations stoechiométriques dans leur composition. Si leur capacité à tamponner l'accumulation de protéines a récemment été débattue, leur impact sur les flux et la concentration des ARNm reste élusive, et cela malgré la corrélation, à l'échelle du transcriptome, entre la répression traductionnelle des ARNm et leur condensation cytosolique. De la molécule unique d'ARNm aux condensats, les différentes échelles d'organisation des ARN restent à être caractérisés d'un point de vue structurel et fonctionnel. Ici, nous combinons la purification et le séquençage des super-assemblages d'ARNs à l'imagerie molécule unique dans la lignée germinale de C. elegans. Nous avons modélisé de manière quantitative la réorganisation cytosolique du transcriptome lors de l'arrêt de l'ovogenèse. Les copies de séquences identiques d'un même ARNm fermement réprimées s'auto-assemblent entre elles pour former des nanoclusters. Différents nanoclusters peuvent eux-mêmes co-assembler en condensats compacts comprenant de multiples phases. L'auto-assemblage produit un mécanisme de tri sélectif par séparations de phase, mais tamponne également l'accumulation des ARNm en les séquestrant. Le partage coopératif d'un nombre limité de répresseurs de la traduction entre les ARNm d'un même condensat empêche la déplétion de ces répresseurs du cytosol où ils contrôlent la traduction. Le contrôle de la stoichiométrie du transcriptome résulte de l'effet combiné du tri sélectif des ARNm et de l'effet tampon dans les condensats multi-phases. L'autonomie du tri individuel par auto-assemblage en clusters homotypiques, associée à la coopération du co-assemblage entre les divers clusters d'un même condensat, fournit un contrôle sélectif et robuste que nous avons appelé stoichiostasis. Nous définissons une nouvelle échelle d'organisation du transcriptome : le nanocluster. Les nanoclusters régulent la stoechiométrie relative ARN-ARN, tandis que les condensats macroscopiques contrôlent la stoechiométrie ARN-protéine.
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xi Table S1. mRNA enrichment within oocyte P-bodies according to the abundance of their protein product in oocytes. The robustness of post-transcriptional regulatory processes requires very specific and coordinated interactions that must happen among a crowded cytosol (8), and must be further preserved in the face of environmental fluctuations and cellular activity changes. Through cellular organization cells have compartmentalized functions, from stoichiometric complexes to entire organs, to deal with these challenges (Fig. 1) (9). Subcellular compartmentalization has historically been described as a result of separating microenvironments by membrane-delimited organelles such as the nucleus or the mitochondria.
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Compartmentalization clusters macromolecules specialized in particular functions, thus making protected microenvironments with specialized and faster biochemical reactions (10). The current view is that compartmentalization of functions and macromolecules is not only delimited by membranes, and can also be achieved by the condensation or clustering of molecules into membrane-less organelles (11)(12)(13)(14), arguably in a more diverse, dynamic, and energetically efficient way (Fig. 1).

Since the assembly of C. elegans P-granules, a membrane-less organelle, was first shown to follow a softmatter phenomena known as phase separation a decade ago (15), numerous similar macromolecular assemblies (also termed biomolecular condensates or granules) have been identified (11) and implicated in the regulation of various post-transcriptional regulatory processes and cellular functions (11,14,(16)(17)(18):

mRNA repression and storage (19), non-stoichiometric tolerance (20), asymmetric mRNA and protein distribution and development control (21,22), response to stress (23,24), noise buffering of protein production (25), ribosome maturation (26,27), receptor signaling (28), cytoskeleton nucleation (29), and even transcription (30).

As part of these regulatory processes macromolecular assemblies can undergo reversible assembly, remodeling, and dynamic exchange of their components with the surrounding environment. Condensates therefore might coordinate post-transcriptional regulatory processes to adapt to cellular activity. In quiescent systems (e.g., arrested oocytes) and stressed conditions, untranslated mRNAs usually bound by repressor RBPs (mRNPs) accumulate in the cytosol and can further cluster into macromolecular assemblies (Fig. 2). Do macromolecular assemblies coordinate millions of transcripts to cellular activity, do they buffer the accumulation of repressed mRNAs in an identity-dependent manner, how is mRNA translation tuned to cellular activity, and by which mechanisms? This dissertation details investigations into how selective sorting and buffering of repressed mRNAs within condensates robustly control RNA:RBP stoichiometry in the cytosol where translation control occurs.

Fig. 2. Can condensates buffer repressed mRNAs accumulation upon quiescence?

A hallmark of quiescent/stressed cells is the accumulation of repressed mRNAs as cells face challenging conditions. Whether phase separations can provide a mechanism to buffer concentration variations is heavily debated (see section 6. Homotypic and heterotypic models of phase separation), and it has not been addressed for mRNAs nor in the context of transcriptome-wide coordination.

Condensates and phase separations organize cellular biochemistry at the subcellular level

Compartmentalization is not a process restricted to a handful of macromolecules but rather a functional cellular strategy conserved across the tree of life. Prokaryotes and eukaryotes use both membrane-bound and membrane-less organelles to organize functions and biochemistry within the crowded cellular environment (31)(32)(33)(34). The term of biomolecular condensates was recently coined to define membrane-less organelles that locally concentrate biomolecules as compared to the surrounding dispersed phase (11,14).

At a lower organization scale within cells, proteins and nucleic acids assemble through covalent and noncovalent interactions into complexes that are characterized by specific structural 3D organization. Among these complexes, examples of the largest and most complex molecular machineries include the ribosome or the proteasome. Whereas these complexes have relatively stable structures and fixed stoichiometries, biomolecules can further assemble, at a mesoscale level, into condensates that are non-stoichiometric, and whose size, compositional complexity, and structural organization far exceed the ribosome. In eukaryotic cells, the diversity of biomolecular condensates and clusters is extensive (11) (Fig. 3). These condensates coordinate a plethora of functions including the control of DNA replication, repair and transcription, the organization of the cytoskeleton and cell signaling, and the post-transcriptional regulation of gene expression. Foci of condensed molecules can be broadly classified based on their subcellular localization.

Besides, secondary classifications include composition and function, cell-type specificity, and material properties. Subcellular localization thus classifies assemblies into nuclear and cytoplasmic (11) (Fig. 3).

Such a diversity of condensates has shed light on how a densely packed and crowded cellular space is organized to enable precise spatiotemporal control of biological and biochemical processes. 

Nuclear condensates and clusters

Sub-classified by localization, composition and functions, nuclear bodies (NBs) are pivotal for a broad collection of processes. The most prominent nuclear condensate is the nucleolus, a site for rRNA biogenesis and ribosome assembly (35). Cajal bodies (CB) are compartments where snRNPs assemble and undergo modifications essential for gene splicing [START_REF] Sawyer | Cajal body function in genome organization and transcriptome diversity[END_REF]. Promyelocytic leukemia (PML) NBs are involved in various aspects of genome maintenance and chromatin remodeling [START_REF] Lallemand-Breitenbach | PML nuclear bodies: from architecture to function[END_REF][START_REF] Chang | The functional roles of PML nuclear bodies in genome maintenance[END_REF][START_REF] Corpet | Survey and summary PML nuclear bodies and chromatin dynamics: Catch me if you can![END_REF]. Speckles and paraspeckles are hubs associated with transcription and mRNA/miRNA metabolism (splicing and export) [START_REF] Galganski | Nuclear speckles: Molecular organization, biological function and role in disease[END_REF][START_REF] Smith | Nuclear hubs built on RNAs and clustered organization of the genome[END_REF][START_REF] Fox | Paraspeckles: Where Long Noncoding RNA Meets Phase Separation[END_REF]. Transcription factories have also been described as puncta that co-concentrates transcription machineries (30). In summary, these nuclear bodies among others are involved in gene transcription, RNA processing, ribosome biogenesis, chromatin modification, and protein degradation [START_REF] Li | Speckles and paraspeckles coordinate to regulate HSV-1 genes transcription[END_REF]. How this diversity of compartments is assembled in the nucleoplasm and integrates the DNA polymer as scaffold to direct nuclear processes is yet to be fully cracked [START_REF] Strom | The liquid nucleomephase transitions in the nucleus at a glance[END_REF].

Cytoplasmic condensates and clusters

The diversity of biomolecular condensates goes beyond functions, with some being context-, cell-, or organism-specific. We have only begun to unravel the collective implications of the plethora of membraneless assemblies. Cytoplasmic condensates and clusters can be grouped into those localized at the membranes (plasma, ER, mitochondrial) and cytosolic foci (Fig. 3). Plasma membrane-associated clusters mostly participate in cell adhesion/migration (focal adhesions, podosomes, nephrin clusters), signaling/synapsis (T-Cell Receptor clusters, postsynaptic densities), and endocytosis (actin patches) (11,[START_REF] Bergeron-Sandoval | Proteins with prion-like domains can form viscoelastic condensates that enable membrane remodeling and endocytosis[END_REF]. Cytosolic condensates and clusters are rather associated with various post-transcriptional processes such as mRNA translation, repressed mRNA sequestration, cellular response, and specialized functions specific to cell types (Fig. 3). Examples of cytosolic condensates and clusters are neuronal transport granules that carry mRNAs to axons to enable local translation (2,[START_REF] Besse | Translational control of localized mRNAs: Restricting protein synthesis in space and time[END_REF], stress granules (SGs) triggered during endogenous and exogenous stress [START_REF] Panas | Mechanistic insights into mammalian stress granule dynamics[END_REF][START_REF] Guzikowski | Stress-induced mRNP granules: Form and function of processing bodies and stress granules[END_REF], and mammalian P-bodies that sequester repressed mRNA regulons (19). Germ granules are an example of cell-type specific transcriptome organizers. They participate in RNAi silencing pathways and inheritance, the asymmetric distribution of transcripts during early development, and they are debated as fate determinants (22,[START_REF] Seydoux | Soma-germline asymmetry in the distributions of embryonic RNAs in Caenorhabditis elegans[END_REF][START_REF] Gallo | Cytoplasmic partitioning of P granule components is not required to specify the germline in C. elegans[END_REF]. Germline P-bodies, which co-exist with germ granules in the C. elegans germline, will be discussed in detail in the context of translation control (section 8). The following sections focus on cytoplasmic RNA condensates.

Limits of the classic model of post-transcriptional regulation of mRNAs by trans-factors, from single RNP to RNP super-assemblies into condensates

Although the collection of regulatory mechanisms of gene expression is not entirely identified, seminal research works have defined how the gene information "flows vertically" from the transcription of coding genes in the nucleus to protein translation in the cytosol (Fig. 4A). In addition to the genetic and epigenetic control of transcription, down-stream post-transcriptional regulations are critical to gene expression control.

The post-transcriptional regulation of mRNA begins during transcription with the association of transprotein factors [START_REF] Dreyfuss | Messenger-RNA-binding proteins and the messages they carry[END_REF][START_REF] Viphakone | Co-transcriptional Loading of RNA Export Factors Shapes the Human Transcriptome[END_REF]. As mRNAs go through subsequent processes a collection of RNA binding proteins (RBP) will participate in the fate of mRNA itself [START_REF] Palacios | RNA processing: Splicing and the cytoplasmic localisation of mRNA[END_REF][START_REF] Palacios | How does an mRNA find its way? Intracellular localisation of transcripts[END_REF][START_REF] Dominguez | Sequence, Structure, and Context Preferences of Human RNA Binding Proteins[END_REF][START_REF] Gerstberger | A census of human RNA-binding proteins[END_REF]: mRNA can be stored or decayed, translated or repressed, homogeneously distributed or localized in subcellular compartments (Fig. 4A). Regarding the control of mRNA translation, specific mRNA-RBP associations (mRNP) maintain mRNA in a translationally repressed state [START_REF] Besse | Translational control of localized mRNAs: Restricting protein synthesis in space and time[END_REF][START_REF] Martin | mRNA Localization: Gene Expression in the Spatial Dimension[END_REF]. These post-transcriptional regulations uncouple transcription quantities from protein abundances (Fig. 4B). Ultimately, protein products can be controlled posttranslationally.

Whereas the regulation of individual genes has been dissected in depth, how tens of thousands of genes coordinate their expression remain puzzling. Furthermore, cells must integrate the stoichiometric information of millions of mRNA molecules in an identity-dependent manner that takes into account the huge differences in mRNA copy number across the diversity of mRNA species. The reductionist molecular dissection of transcriptional and post-transcriptional regulations poorly explains transcriptome-wide coordination. Intriguingly at mesoscale, genes that are co-regulated by the same transcription factors can physically cluster within diverse nuclear condensates, while co-regulated RNAs can similarly co-segregate with post-transcriptional regulatory pathways within cytosolic condensates. For example, repressed mRNPs can further co-assemble into physiological condensates (also known as granules), whose contents display selectivity (19,[START_REF] Standart | P-Bodies: Cytosolic Droplets for Coordinated mRNA Storage[END_REF]. The underlying central hypothesis of the current work is that this higher scale of organization provides mechanisms to integrate, coordinate, and synchronize large pools of transcripts. In the current thesis proposal, we deal with how gene expression is "coordinated horizontally" as in collectively transcriptome-wide (Fig. 4C).

Fig. 4. Transcriptome-wide coordination of mRNA expression.

(A) The general flow of biological information describes the "vertical" control of mRNA expression. Post-transcriptional regulations such as mRNP repression and further mRNA condensation can uncouple mRNA abundance from protein production. RBP repressors represented as green squares.

(B) The abundance of proteins and their encoding mRNAs are poorly correlated. P-bodies purified from a human cell line contained mRNAs whose corresponding protein levels were lower compared with depleted mRNAs. Adapted from Hubstenberger et al. 2017.

(C) How gene expression is coordinated transcriptome-wide is not fully understood. Among the possible coordination mechanisms, mRNAs that are bound by the same regulatory proteins can be co-regulated. In addition, diverse mRNAs and their regulators can co-assemble into condensates.

The following introduction will mainly focus on the pre-existing scientific backgrounds that brought us to formulate the central hypothesis of my PhD work: RNA super-assemblies, termed RNA condensates, may coordinate repressed mRNA stoichiometries. Whether this selective sequestration into repressive condensates may serve as a reservoir is highly debated. How and why repressed mRNAs selectively accumulate into condensates? Can condensates be reservoirs? Is condensation a consequence or a cause of mRNA repression? These are questions that the current dissertation will attempt to address. (9). Translation factories have been described as centers in which mRNA translation can be tuned or localized to precise regions within the cell.

RNA condensates and the post-transcriptional regulations of gene expression

Imaging mRNAs and nascent peptides simultaneously demonstrated this compartmentalization of translation [START_REF] Pichon | Visualization of single endogenous polysomes reveals the dynamics of translation in live human cells[END_REF][START_REF] Chouaib | A Dual Protein-mRNA Localization Screen Reveals Compartmentalized Translation and Widespread Co-translational RNA Targeting[END_REF][START_REF] Lui | Granules Harboring Translationally Active mRNAs Provide a Platform for P-Body Formation following Stress[END_REF]. These compartments might represent a mechanism to direct local translation in different organisms [START_REF] Chouaib | A Dual Protein-mRNA Localization Screen Reveals Compartmentalized Translation and Widespread Co-translational RNA Targeting[END_REF][START_REF] Pizzinga | Translation factor mRNA granules direct protein synthetic capacity to regions of polarized growth[END_REF]. In addition, the co-concentration of the mRNAs that encodes the different subunits of a same biochemical pathway suggest that these condensates might promote the co-translational assembly of large protein complexes [START_REF] Pizzinga | Translation factor mRNA granules direct protein synthetic capacity to regions of polarized growth[END_REF]. In contrast, SGs, P-bodies, germ granules, P-granules, neuronal granules, are on the opposite examples among others of condensates enriched in repressed mRNAs (19,[START_REF] Khong | The Stress Granule Transcriptome Reveals Principles of mRNA Accumulation in Stress Granules[END_REF][START_REF] Niepielko | Stochastic Seeding Coupled with mRNA Self-Recruitment Generates Heterogeneous Drosophila Germ Granules[END_REF][START_REF] Lee | Recruitment of mRNAs to P granules by condensation with intrinsically-disordered proteins[END_REF]. This broad classification sets a first layer of compositional selectivity for cytosolic condensates and clusters (see section 5).

However, within cells, diverse types of condensates composed of different repressed mRNAs coexist, and translation factories also accumulate selective subclasses of translated mRNAs. Whether an mRNA is translated or repressed is therefore not sufficient to determine in which condensate type the mRNAs will accumulate, thus the translation status seems permissive rather than a strict determinant of RNA condensation selectivity. The structural features and characteristics of phase separating repressed mRNAs that may determine condensation selectivity will be further discussed below (section 5). Regardless, what brings spatiotemporal resolution to mRNAs translation control seems to be achievable by efficient and dynamic compartmentalization within condensates.

The role of P-body condensates in mRNA translation control is debated

P-bodies, a subtype of RNA condensates on which the current thesis will focus, have been debated as sites for mRNA processing (decapping, decay), repression, or storage. Therefore, such cytosolic condensates among many others might play a fundamental role in controlling mRNA fates and classical biochemistry in the soluble cytosol. Interestingly, whereas studies agree on P-bodies containing translational repressors such as Dhh1/Me31b/DDX6, Pat1/PATL1, Scd6/LSM14, 4E-T (19,[START_REF] Parker | P Bodies and the Control of mRNA Translation and Degradation[END_REF][START_REF] Buchan | Eukaryotic Stress Granules: The Ins and Outs of Translation[END_REF], and RNA as an essential component [START_REF] Teixeira | Processing bodies require RNA for assembly and contain nontranslating mRNAs[END_REF], the role of P-bodies in mRNA fate/regulation has been debated. Proposed functions range from decay to storage.

Sites of mRNA decay: P-bodies were initially described as assemblies composed of mRNA decapping (Dcp1/Dcp2) and decay enzymes (Xnr1/XNR1). Blocking both processes increases P-body size, which led to hypothesize P-bodies as sites for mRNA decay [START_REF] Parker | P Bodies and the Control of mRNA Translation and Degradation[END_REF][START_REF] Andrei | A role for eIF4E and eIF4E-transporter in targeting mRNPs to mammalian processing bodies[END_REF][START_REF] Cougot | Cytoplasmic foci are sites of mRNA decay in human cells[END_REF][START_REF] Sheth | Decapping and Decay of Messenger RNA Occur in Cytoplasmic Processing Bodies[END_REF][START_REF] Franks | The Control of mRNA Decapping and P-Body Formation[END_REF].

Translation on the periphery: mRNAs were shown to move between polysomes and cytosolic P-bodies in a translation-dependent manner [START_REF] Brengues | Movement of Eukaryotic mRNAs Between Polysomes and Cytoplasmic Processing Bodies[END_REF][START_REF] Bhattacharyya | Relief of microRNA-Mediated Translational Repression in Human Cells Subjected to Stress[END_REF]. Because of their small size (~ 300 nm), P-bodies were disregarded as reservoirs and instead proposed as sites for transient storage as mRNAs cycle between polysomes, Pbodies, and SG [START_REF] Brengues | Movement of Eukaryotic mRNAs Between Polysomes and Cytoplasmic Processing Bodies[END_REF][START_REF] Balagopal | Polysomes, P bodies and stress granules: states and fates of eukaryotic mRNAs[END_REF]. Later it was shown that P-bodies in Drosophila have translationally active edges and a silent core, suggesting mRNA translation occurs at the periphery [START_REF] Weil | Drosophila patterning is established by differential association of mRNAs with P bodies[END_REF]. Dynamic relocalization might control mRNA translation [START_REF] Weil | Drosophila patterning is established by differential association of mRNAs with P bodies[END_REF]. In line with this, polysomes distribution in close proximity to P-bodies is compatible with a translational activity adjacent to P-bodies [START_REF] Cougot | The dual organization of P-bodies revealed by immunoelectron microscopy and electron tomography[END_REF][START_REF] Cougot | Structural organization of the polysomes adjacent to mammalian processing bodies (P-bodies)[END_REF].

Reservoirs of repressed mRNAs:

The idea of P-bodies as mRNA decay sites has been opposed by several studies that show lack of causality between P-body localization and degradation. First, mRNA decay does occur in yeast, Drosophila, and mammalian cells that are deficient for P-bodies [START_REF] Eulalio | P-Body Formation Is a Consequence, Not the Cause, of RNA-Mediated Gene Silencing[END_REF][START_REF] Stoecklin | ARE-mRNA degradation requires the 5'-3' decay pathway[END_REF][START_REF] Stalder | Processing bodies are not required for mammalian nonsense-mediated mRNA decay[END_REF][START_REF] Huch | An mRNA decapping mutant deficient in P body assembly limits mRNA stabilization in response to osmotic stress[END_REF]. Second, monitoring XRN1-mediated 5'-to-3' mRNA decay, by a single-molecule dual-color biosensor termed TREAT (3(three)'-RNA end accumulation during turnover), showed no decay events within P-bodies [START_REF] Horvathova | The Dynamics of mRNA Turnover Revealed by Single-Molecule Imaging in Single Cells[END_REF].

Third, transcriptome-wide analysis of mammalian P-bodies by FAPSeq did not reveal the accumulation of decay intermediates (truncated mRNAs), lower transcript abundances, shorter half-lives, or mRNA accumulation following P-body dissolution. Instead, FAPSeq uncovered the accumulation of repressed mRNA regulons and their regulatory proteins, which by identity, account for hundreds of proteins and thousands of mRNAs (19). Such selective sequestration suggests that P-bodies might coordinate repressed mRNA storage (19,[START_REF] Standart | P-Bodies: Cytosolic Droplets for Coordinated mRNA Storage[END_REF]. Recently, it was again argued that decay or storage fate depends on mRNA identity and co-regulation in yeast P-bodies that form upon stress [START_REF] Wang | Context-dependent deposition and regulation of mRNAs in P-bodies[END_REF]. The extent to which this storage functions as a reservoir, and under which conditions, remains to be established. Whether mRNA condensation works as a reservoir has provocative implications regarding how we see the control of stoichiometries and biochemistry in the soluble cytosol.

The role of RNA condensates in the coordination to cellular activity and adaptation to stress: To deal with stress, energetically expensive processes like mRNA translation are reprogramed resulting in a strong reduction of global translation and the activation of stress-responsive proteins [START_REF] Advani | Translational Control under Stress: Reshaping the Translatome[END_REF][START_REF] Yamasaki | Reprogramming mRNA translation during stress[END_REF]. The remodeling of mRNA condensation upon stress can coordinate the stress response across different levels within the cell.

For example, stresses increase the number and size of P-bodies that are constitutively expressed in cells, but also induce the formation of SGs [START_REF] Guzikowski | Stress-induced mRNP granules: Form and function of processing bodies and stress granules[END_REF][START_REF] Khong | The Stress Granule Transcriptome Reveals Principles of mRNA Accumulation in Stress Granules[END_REF][START_REF] Kedersha | Stress granules and processing bodies are dynamically linked sites of mRNP remodeling[END_REF][START_REF] Kedersha | Mammalian Stress Granules and Processing Bodies[END_REF][START_REF] Ohn | A functional RNAi screen links O-GlcNAc modification of ribosomal proteins to stress granule and processing body assembly[END_REF][START_REF] Riggs | Mammalian stress granules and P bodies at a glance[END_REF]. In particular, SGs rapidly assemble after exposition to stressors such as hypoxia, pH and oxidative stress, UV irradiation, heat shock, among others. SGs are not constitutive condensates and disassemble once the stressor is removed [START_REF] Panas | Mechanistic insights into mammalian stress granule dynamics[END_REF][START_REF] Guzikowski | Stress-induced mRNP granules: Form and function of processing bodies and stress granules[END_REF]. Their composition is mainly translationally stalled mRNPs, 40s ribosomal subunits, and other proteins including known SG scaffolding RBPs [START_REF] Khong | The Stress Granule Transcriptome Reveals Principles of mRNA Accumulation in Stress Granules[END_REF][START_REF] Riggs | Mammalian stress granules and P bodies at a glance[END_REF]. Because SGs formation requires 'naked' RNA and RBP influxes, proposed functions include sequestering polysome-free mRNAs, storing proteins for post-stress use, and switching to stress response programs where condensation activates specific signaling pathways (24,[START_REF] Wheeler | Distinct stages in stress granule assembly and disassembly[END_REF][START_REF] Campos-Melo | The Integral Role of RNA in Stress Granule Formation and Function[END_REF].

Mechanistically, condensates can isolate mRNA that are transiently repressed, but also function as stress sensors and orchestrate cell signaling pathways in time and space [START_REF] Su | Liquid-liquid phase separation: Orchestrating cell signaling through time and space[END_REF].

RNA condensates: adapting RNA organization to cellular activity?

Changes in cellular activity challenge the cellular homeostasis. Yet, it is remarkable how cells and even multicellular organisms can endure, recover and eventually adapt in the face of activity changes triggered in many cases by environmental cues. How cells integrate the stoichiometric information of millions of mRNA molecules, whose copy numbers range from one to hundreds of thousands, in an identity-dependent manner remains enigmatic. Addressing this question is critical to uncovering how cells can achieve remarkably fine-tuned levels of specificity in coordinating mRNA translation to cellular activity.

Thesis strategy:

Overall the functions of numerous RNA condensates, and P-bodies in particular, remain unclear. A current challenge is to distinguish the molecular functions of the condensate individual components (decaping factor, helicases…) from the emerging functions that occur at the mesoscale level of the condensates. What function does the condensate provide in addition to the function of its individual components? The strategy of my thesis was to uncover properties that are unique to the condensate organization scale.

Phase separations and biomolecular condensates: physics concepts and biological implications

The physical mechanism that describes the formation of biomolecular condensates was proposed by Brangwynne, Jülicher, Hymman and colleagues, who connected the assembly of P-granules in C. elegans embryo with the demixing of RNPs via liquid-liquid phase separation (LLPS), a physical process that occurs when a supersaturated solution separates into a dense phase and a dilute phase (15,[START_REF] Boeynaems | Protein Phase Separation: A New Phase in Cell Biology[END_REF]. A supersaturated state therefore underlies a saturation concentration, or a phase transition that is concentration-dependent. Below, essential concepts to understand phase transitions and particularly the phase separation framework, are presented. The properties that emerge with a mesoscale organization into condensates are also introduced as they might be central to identify condensate biological functions.

Thermodynamics of phase separations

Over time physico-chemical systems should theoretically tend toward a high entropy or degree of disorganization, referred to as a mixed state. However, through certain interactions that are concentrationdependent, phase separations can demix components (low entropy, see Fig. 5), and thus organize the biochemistry in the cytoplasm and ultimately the genetic information expressed in cells. The simplest twocomponent biochemical system contains a biomolecule and its solvent. Three types of interactions may occur: solvent-solvent, solvent-biomolecule, and biomolecule-biomolecule interactions. If the energy needed to maintain solvent and biomolecule mixed becomes too large, the system will tend to phase separate [START_REF] Brangwynne | Polymer physics of intracellular phase transitions[END_REF][START_REF] Rubinstein | Polymers physics[END_REF][START_REF] Dill | Molecular Driving Forces : Statistical Thermodynamics in Biology, Chemistry, Physics, and Nanoscience[END_REF]. In simple terms, as the system evolves towards thermodynamic equilibrium, molecules will organize in a configuration so that the three types of interactions combine together to minimize the free energy in the system. Frequently biomolecules remain soluble at low concentrations as solvent-solvent and solvent-biomolecule interactions dominate. Nevertheless, biomolecule-biomolecule interactions can be energetically "less costly" than biomolecule-solvent interactions under certain conditions. For example, when biomolecules are numerous enough to co-assemble into condensates that partially exclude the solvent, the system can minimize the number of solvent-biomolecule interactions while the number of biomoleculebiomolecule interactions increases. Past a critical condensate size, the volume/interface ratio becomes energetically favorable (the biomolecule-biomolecule versus biomolecule-solvent interaction ratio). As a consequence, past a saturation concentration, biomolecules reorganize in a manner that will radically switch the relative ratio between the 3 types of interactions.

Implications of phase separation thermodynamics. It was experimentally shown using in vitro

reconstituted systems that RNAs and proteins can undergo concentration-dependent phase transitions (see section 4.1). Per se, phase separations compartmentalize biomolecules using an organization principle that is energy-free for the cell. Phase separations are also physical constraints, driven by thermodynamics, that can only be counteracted by chemical reactions that are energy consuming, such as ATP-dependent enzymatic activities [START_REF] Narayanan | A first order phase transition mechanism underlies protein aggregation in mammalian cells[END_REF].

Fig. 5. Thermodynamics of phase separations. Demixing by phase separation represents a mean to organize information within cells that does not rely on membrane-bound compartmentalization.

Saturation concentration as a buffering mechanism

Phase separation is depicted as a transition that takes place when the concentration of molecules mixed in one phase exceeds a saturation concentration (Csat), triggering a demixing into two coexisting phases: a dilute phase and a dense phase of condensed molecules (Fig. 6A). In the context of living cells, Csat represents the threshold concentration above which biomolecules including RNAs and proteins, will demix into biomolecular condensates. Although saturation concentrations have been mostly defined in reconstituted systems and synthetic models in vitro (15,[START_REF] Alberti | A User's Guide for Phase Separation Assays with Purified Proteins[END_REF]100), from these approaches we know that phase separating biological molecules do condense within a physiological concentration range.

The biological relevance of biomolecular condensates that form above a physiological saturation concentration, is the notion of an intracellular buffering mechanism for dissolved biomolecules (11,25,101,102). The idea comes from the physics of phase separation in a solute/solvent solution. When the total concentration (Ctot) is higher than the saturation concentration (Csat), the dilute concentration (Cdil) of the solute will not exceed Csat because the excess of solute condenses in the dense phase (Fig. 6B). As a result,

Cdil will remain at a fixed value, independent of Ctot variations, providing a buffering mechanism. Panels C to E refer to section 6-Saturation concentration as a buffering mechanism: homotypic and heterotypic models of phase separations.

Implications of the

Phase diagrams and their response to environmental variations

Csat responds to any parameter that influences the strength of interaction between the structural components that will phase separate. Multivalency (see section 3.5), post-translational modifications, changes in pH, ions, ATP, and temperature could shift the phase separation boundary between mixed and demixed phases (12,[START_REF] Alberti | A User's Guide for Phase Separation Assays with Purified Proteins[END_REF]100). How these parameters lower, increase or preclude Csat is mapped in phase diagrams (Fig. 6B).

In the context of living cells, phase diagrams help understanding the saturation concentration at which biomolecular condensates assemble and disassemble and how they respond to environmental and cellular fluctuations.

Implications of the condensate environmental sensitivity. The physical properties of phase separation impose that condensates are by definition sensitive to environmental variations, not only concentrations.

Responses to temperature and pH are examples of environmental variations and cellular activity sensing, and illustrate the shaping of phase separation potential in cells.

Condensates are non-stoichiometric macro-assemblies

Contrary to stoichiometric complexes like ribosomes, the number of molecules that phase separate is variable because it represents the relative number of molecules that are in excess as compared to the fixed saturation concentration. Therefore, condensate sizes are variable. Furthermore, when multiple components co-concentrate into condensates, their relative ratios or stoichiometry, can also vary.

Implications of the non-stoichiometric property.

This non-fixed stoichiometry distinguishes condensates from most protein complex structures. While fixed stoichiometries are central for the robustness of classic biochemistry in the dilute cytosolic phase, condensates are structurally competent to buffer stoichiometric variations and intriguingly well placed to maintain cellular homeostasis during cellular and environmental fluctuations.

Multivalent interactions promote phase separation: the degree of multivalency lowers the saturation concentration

The macromolecules that drive intracellular phase separations should have a multivalent nature, in other words, interactions that branch out and sequentially promote new interactions can scaffold condensates (100, 103). In the seminal work of Rosen and colleagues, linear multivalent proteins connected by intrinsically disorder linkers were first shown to form macromolecular assemblies (29). Within a branched interaction network, multivalency defines the number of interaction sites between a biomolecule (node) and its interacting partners (branches, edges). Multiplying the number of interaction interfaces among biomolecules, increases the avidity between interacting components, and thus reduces the saturation concentration (100). The concept of multivalency has extended to all types of interactions involved in phase separations (see section 4), largely modulating the concentrations at which demixing is started and the material properties of the dense phase (100, 103).

Implications of the multivalency concept.

Numerous proteins are characterized by repeated binding domains, and thus may function as multivalent binding platforms whose structural organization is predicted to favor or trigger phase separation. Similarly, RNAs, that have long been known to be essential scaffolding components of RNA condensates (104-106), carry repeated motifs that can bridge multiple proteins.

Phase separation-aided percolation transition

Multivalent molecules can be modeled as stickers regions linked by spacers. In a generalized view, both proteins and RNAs can be pictured as associative polymers which are polymers with attractive groups (stickers) separated by spacers (Fig. 7A). Since multivalent protein and RNA polymers contain interaction motifs or domains that work as biological stickers, able to form non-covalent interaction networks (14, 103, 107), phase separation has been referred to as a phase separation-aided percolation transition (14). This definition implies the existence of percolation clusters at finite concentrations, or crosslinks between the pool of molecules in the cell (i.e.: mRNPs), perhaps acting as nucleators (Fig. 7B, left panel). Above a system-specific threshold concentration, macromolecules phase separate into condensates mirroring a networking transition that can span system-wide and deplete the dilute phase of most macromolecules (Fig. 7B, right panel) (14). The extent of networking interactions and the sorting selectivity will be discussed in the sections Internal organization of condensates and The selective compositional control of condensates.

Implications of the sticker spacer framework. This framework has recently been successfully applied to quantitatively model biomolecule phase separations (14,29,107,108). Multivalency is a defining feature of macromolecules that drive phase transitions in vitro and in vivo. (A) RNA and proteins that drive phase separation are multivalent macromolecules containing interaction motifs or domains (light blue). Such organization resembles that of associative polymers containing attractive groups (stickers) separated by spacers (14).

(B) Interactions (non-covalent crosslinks) occur among the collection of macromolecules. Above a system concentration or percolation threshold, the system undergoes a networking transition that co-concentrate most macromolecules (percolation) (14).

From the scaffold-client model to the competing network model

In complex phase separated condensates (i.e.: intracellular condensates), the dense phase is composed of two categories of molecules: clients that are not necessary for assembly, and scaffolds that appear to be essential for the structural integrity of the assembly (109 

Condensate size distribution and interface exchange

Because biomolecules exchange at the condensate interface, the turnover will depend on the condensate size as the surface volume ratio drops with condensate size.

Biological condensates are active liquids

The biochemistry of living organisms and cells is not at equilibrium but at steady state. The phase separation physical concept must be re-investigated taking in account energy dependent enzymatic reactions. Energy consuming enzymes such helicases or chaperones remodel condensates.

Biomolecular condensates are going to be the results of an interplay between the thermodynamics of phase separation and the flux of chemical reactions. Of note, one of the most energy consuming processes is translation, which is therefore poised to interact with RNA phase separation thermodynamics.

Biomolecular condensates versus phase separations

Nowadays, the macromolecular assemblies that form via phase separations are known as biomolecular condensates, however the term condensates itself can be extended to clusters that locally concentrate biomolecules without necessary involving a LLPS mechanism of assembly ( 14) (e.g. transcription and translation factories). Below the diffraction limits, single molecule microscopy techniques have revealed nanoclusters [START_REF] Narayanan | A first order phase transition mechanism underlies protein aggregation in mammalian cells[END_REF], whose liquid-like physical properties like spherical appearance as a result of surface tension, fusion/fission events, and dynamic exchange are challenging to measure.

Condensates: physical interactions across scales

Biomolecular condensates integrate molecular information to cellular outcomes. Yet, the codes governing the interactions at the core of these condensates remain elusive. Considerations to this complex question are presented in the following sections about how molecular information is organized within condensates and what determines the sorting selectivity that gives rise to such diverse types of condensates. The Emerging functions of condensates from molecular scale to cellular scale will also be discussed

The diverse scaffolding interactions that are sufficient to drive RNP phase separations

The types of interactions that drive the intracellular condensation of RNPs remain debated. Most molecular mechanisms of condensate formation in complex systems have been extrapolated from reconstituted systems in vitro and synthetic systems in cellulo (9). Individually, RNA-RNA, protein-protein, and RNAprotein interactions are sufficient to trigger phase separations in vitro, suggesting that RNA, protein or RNP independently scaffold condensates. Within endogenous condensates where hundreds of proteins and thousands of RNAs co-exist and interact, the respective contributions of these interactions is not fully understood.

Protein -protein interactions: folded domains and intrinsically disordered regions (IDRs)

Protein-protein interactions through folded domains were shown to be sufficient to trigger phase separation in synthetic systems. In this model the degree of multivalency was critical to determine the concentration at which components phase separated (29). Since this seminal article, the focus of the field mainly switched from protein folded domains towards IDRs that are low complexity regions that do not fold into a fixed three-dimensional conformation. IDRs can display different conformations and their amino acids can promote weak, promiscuous, and multivalent interactions (9,111) Whereas part of the literature focuses on the aggregating properties of prion-like domains (PLD), it has been suggested that IDRs can also be involved in weak transient interactions that may, on the opposite, function as "lubricant" that promotes the liquidity and limits pathological solidification [START_REF] Patel | A Liquid-to-Solid Phase Transition of the ALS Protein FUS Accelerated by Disease Mutation[END_REF](116)(117)(118)(119). PLDs are particularly interesting because they can also drive the assembly of functional amyloids, condensates with a solid-like behavior that can slow or stop biological processes, but their formation is reversible (118).

RNA -Protein interactions

Membrane-less organelles within cells are enriched in RNA and proteins (19,[START_REF] Khong | The Stress Granule Transcriptome Reveals Principles of mRNA Accumulation in Stress Granules[END_REF][START_REF] Lee | Recruitment of mRNAs to P granules by condensation with intrinsically-disordered proteins[END_REF]120) This homotypic clustering however does not result from sequence-specific trans-RNA:RNA interactions but rather from the features of the entire mRNA and its associated proteins (mRNP), which in turn suggest a certain degree of identity-dependent sorting (133-136). Interestingly, conformation and compaction within the dense phase is yet to be understood, and can promote new trans-RNA-RNA interactions.

In contrast, the self-association of some mRNAs has been proposed to drive germ granule localization, possibly via specific trans-RNA:RNA interactions [START_REF] Niepielko | Stochastic Seeding Coupled with mRNA Self-Recruitment Generates Heterogeneous Drosophila Germ Granules[END_REF]133). An interesting feature of homotypic selfassembly is that self-association starts by stochastic seeding (within germ granules) allowing the recruitment of different RNA species to generate heterogeneous granules [START_REF] Niepielko | Stochastic Seeding Coupled with mRNA Self-Recruitment Generates Heterogeneous Drosophila Germ Granules[END_REF]137).

Phase separation in living cells is a complex multicomponent process. Besides thermodynamic principles, it involves a plethora of condensate-specific proteins and RNAs with structural features and functionalities that introduce various degrees of complexity. Arguably, the diverse scaffolding interactions that are sufficient to drive RNP phase separations cannot be seen separately but rather collectively. In summary, 3 main types of interactions, RNA-protein, protein-protein and RNA-RNA, are essential for phase separation.

The results of the current manuscript will focus on the scaffolding role of mRNAs, as well as mRNA-mRNA interactions, whose contribution to intracellular condensate assembly and function have been poorly explored.

Internal organization of condensates

Along with the progress in understanding how biomolecular condensates come about, new focuses of research have emerged by looking in detail within condensates: the internal organization and compositional selectivity might underlie functions of phase separation in living organisms.

Biomolecular condensates are not simple homogenous droplets that concentrate molecules. This is counterintuitive given the initial description of P-granules as liquid droplets for which a homogenous internal distribution would be expected (15). Strikingly, the condensate components are not uniformly distributed. Instead condensates and even clusters display a degree of internal subcompartmentalization.

Nucleoli (138), P-granules (139, 140), germline P-bodies (110), and germ granules [START_REF] Niepielko | Stochastic Seeding Coupled with mRNA Self-Recruitment Generates Heterogeneous Drosophila Germ Granules[END_REF]133) are examples of macro-assemblies with information organized at smaller scales (Fig. 8A-D).

Protein phases that define condensate subcompartments

Proteins could form structurally larger subcompartments as it is shown for nucleoli, where multiple protein phases coexist without mixing to organize nucleoli in subcompartments separated by surface tensions (Fig. 8A). Interestingly, disordered domains drive phase separations and RNA binding domains confer phases immiscibility (138, 141). This could support the notion that protein phases contain associated RNAs that share the same bound regulatory proteins, thus comprising smaller scales of subcompartmentalization (Fig. 8E). In line with this idea, C. elegans germline P-bodies contain at least three distinct RBP phases, CAR-1, PGL-1, and RNP depleted compartments (110), whose RNA content might differ. For instance, PGL-1 and CAR-1 accumulate in different droplets during early oogenesis, then these droplets coalesce in late oogenesis yet remain separated as coexisting phases within germline P-bodies (Fig. 8B) (110). Another example of subcompartmented condensates are P-granules in C. elegans embryo (germline blastomeres).

On the core of these condensates labeled by PGL-3, the MEG-3 protein forms interfacial solid clusters using a co-assembly mechanism reminiscent of a Pickering emulsion (Fig. 8C). This multiphase organization brings new functions to the PGL-3 condensates such as tuning condensate-cytoplasm exchange by lowering surface tension and coarsening kinetics (139). Remarkably, through germline development P-granules further demix to form a PMZ granules, a perinuclear assembly with at least Pgranules, Z granules, Mutator foci, and SIMR foci as subcompartments (22,142). Of note, core and surface subcompartmentalization could be an attribute extended to various biomolecular condensates (reviewed in (141, 143)). The results of this thesis will focus on germline P-bodies also referred to as oocyte P-bodies.

RNA nanoclusters are separated RNA domains within the protein phases of RNP condensates

Whereas proteins phases can range different scales, RNA seems to underlie subcompartmentalization at lower scales (Fig. 8F). An experimental observation was provided in Drosophila germ granules. Trcek, Niepielko, Gavis, Lehmann and colleagues have proposed that an mRNA localizes to germ granules as a consequence of its associated proteins [START_REF] Niepielko | Stochastic Seeding Coupled with mRNA Self-Recruitment Generates Heterogeneous Drosophila Germ Granules[END_REF]133). Theoretically, it could localize to a coexisting protein phase as well (Fig. 8E). Once within the condensate, mRNA self-associate to form homotypic clusters of few mRNA copies (Fig. 8D) [START_REF] Niepielko | Stochastic Seeding Coupled with mRNA Self-Recruitment Generates Heterogeneous Drosophila Germ Granules[END_REF]133) which would correlate with lower scales of subcompartmentalization.

Interestingly, homotypic clusters have been observed among germ cell condensates (reviewed in (143)), and also within fungi RNA condensates (105), suggesting that RNA nanoclusters are condensate building blocks that are conserved through evolution. It is also important to mention that different biomolecular condensate higher-order organization architectures have been proposed based on the composition (RNA or protein) and/or the properties (liquid or solid) of a generalized core and shell subcompartmentalization model (144). So far, most studies have focused attention on micron-scale condensates, yet it is largely unknown whether functions and material properties are different or conserved in nano-scale clusters (13).

Taken together these experimental results suggest that biomolecular condensates could be multiphase multiscale assemblies (Fig. 8E). Furthermore, a multiscale multiphase nature could reconcile aspects of homotypic LLPS buffering with the intrinsic multicomponent LLPS composition of condensates within cells (Fig. 8F). This suggests that, at least the aggregation of Synphilin1 and alpha Synuclein-labeled clusters, starts in a super-saturated cytoplasm where pre-exiting sub-diffractive clusters have a critical radius below the optical diffraction limit. Two important implications are drawn in this study. First, the critical radius was about 162 ±4 nm (at least 1400 ±300 labeled molecules in live cells), which means that is not only a few monomers needed for spontaneous growth and coalescence thus demonstrating the importance of clustering at nanoscales. Second, unexpectedly most of the sub-diffractive clusters stayed below critical size and the few that reached critical size did not overtake the system suggesting an active mechanism of super-critical clusters clearance. In fact, the chaperone RuvBL, also known to regulate RNA condensates (146), was proposed to be a key component for this clearance mechanism under normal growth conditions. It was only when the system was stressed that aggregates became significantly larger, probably due to the accumulation of misfolded proteins [START_REF] Narayanan | A first order phase transition mechanism underlies protein aggregation in mammalian cells[END_REF].

Strikingly, functions and material properties appeared to scale in nano-scale clusters. The surface tension estimated for sub-diffractive clusters was 10 -6 to 10 -4 N/m, which is similar to that of nucleoli and Pgranules. In addition, live cell imaging of nanoclusters showed growth and shrinking dynamics typical of ripening and coalescence dynamics observed in larger condensates [START_REF] Narayanan | A first order phase transition mechanism underlies protein aggregation in mammalian cells[END_REF].

In the RNA context, association and clustering at sub-diffractive scale is observed in processes from mRNA transport and localization to subcellular compartments and condensates, to mRNA transcription and translation (30,[START_REF] Chouaib | A Dual Protein-mRNA Localization Screen Reveals Compartmentalized Translation and Widespread Co-translational RNA Targeting[END_REF][START_REF] Niepielko | Stochastic Seeding Coupled with mRNA Self-Recruitment Generates Heterogeneous Drosophila Germ Granules[END_REF]105,133,134,147). mRNA clustering seems to be quite relevant at sub-diffractive

scales. Yet, it is largely unknown its dynamics in vivo.

We have only started to uncover the biological relevance of condensation or clustering below diffraction, especially for RNAs. Nano-scale clustering dynamics and properties may be of relevance in active cells where time scales precludes the assembly of large condensates. In this dissertation, we studied how RNA clustering at different scales allowed robust control of mRNA expression in the context of cellular activity time-scale changes. We propose a model in which the internal organization of oocyte P-body condensates comprises at least 3 scales of subcompartmentalization. At the largest scale, protein-protein interactions generate coexisting protein subcompartments. At intermediate scale, a protein phase contains associated heterotopic RNA-RNA interactions between homotypic RNA-RNA nanoclusters which could be the lowest scale of subcompartmentalization (Fig. 8E-F).

The selective compositional control of condensates: condensates as sorting centers

Biomolecular condensates and clusters could represent a sorting mechanism to organize mRNA information in the cytoplasm. Compartmentalizing molecules into membrane-less assemblies is a conserved feature across evolution. These assemblies are diverse and carry out different functions which might be related to their unique compositions. Various purification methodologies have revealed the proteomic and transcriptomic contents of condensates, helping to understand biochemical functions and how condensates organize the transcriptome (9).

Condensate proteomics

The proteomic networks that make up each type of condensate have been studied typically to identify compositional signatures, which protein features drive phase separation, and the molecular and biological processes enriched in condensates. Proteomic analyses across nucleoli, P-bodies, SG, and neuronal granules have made possible to identify that hundreds of different proteins co-assemble in each condensate (9). These networks are quite exclusive, and although there is a degree of overlapping when condensates are associated or share subcellular compartments, most of the protein networks remain condensate-specific as exemplified when comparing neuronal granule subtypes (Fig. 9A) (148), and P-bodies versus SG (Fig. 9B) (19). Proteomic composition differences can be explained by competition between protein-protein and RBP interaction networks (Fig. 9B-C) (103). RNA composition should play a fundamental role in the compositional selectivity of condensates; while protein-protein and IDR-IDR interactions contribute extensively to the multivalency and collectively to selective networks, RNAs might act as fundamental nodes that lead the selectivity in the multivalent proteomic network (Fig. 9C). However, it remains difficult to predict which component is recruited as client or key scaffolding component.

Condensate transcriptomics

The RNA composition of just a few condensates has been sequenced. Nonetheless, it is clear that the amount of RNA information in a condense state is vast and organized within cells (Fig. 9D). Hundreds to thousands of mRNA species have been identified as condensates components ( 9). Yet, how does the cell organize the transcriptome? remains elusive. As presented in the introduction (section 2.1), mRNA translational status is not sufficient to determine the compositional selectivity of condensates. The mechanisms and elements that sort RNAs to condensates are discussed in the following subsections.

The limits of the ribosome-free "naked" mRNAs model to explain RNA partitioning selectivity within condensates

Ribosome release has been proposed to be necessary and sufficient to promote RNA condensation into Pbodies or SGs. Parker and colleagues support the notion that mRNAs with low translation efficiencies (low ribosome density) preferentially accumulate into SGs, which in turn suggests that their targeting is not very selective but rather a sequence-independent global effect coming from naked mRNAs (ribosome-free) and other RNAs acting as platforms for phase separating multivalent RBPs. This is further supported by the positive correlation between mRNA lengths and SG enrichment, in a model where the interaction strength would be proportional to RNA length (23,[START_REF] Khong | The Stress Granule Transcriptome Reveals Principles of mRNA Accumulation in Stress Granules[END_REF]104). In addition, in vitro aggregation of RNA in the absence of regulatory protein may partially recapitulate the SGs transcriptome (104), further supporting a model in which the sequence naked of RNA that are ribosome-free are sufficient to drive their aggregation independent of an RBP code. However stress-response specific mechanisms for condensation described recently might complicate this generalized picture (24,128).

Seydoux and colleagues argue that there are similarities between P-granules and stress granules, as the recruitment of mRNAs to P-granules seems to be sequence-independent with intrinsically disordered proteins driving their condensation. In that sense, P-granules transcripts also tend to be longer on average than other embryonic transcripts [START_REF] Lee | Recruitment of mRNAs to P granules by condensation with intrinsically-disordered proteins[END_REF]. Although translation repression is permissive for mRNA accumulation in diverse reprieve mRNA condensate (stress granules, P-bodies, transport granule, germ granule), the coexistence of several of these granules in the same cell argue for a more selective partition code that is going to distribute mRNA within specific condensate subtypes. The alternative molecular codes that have been proposed to explain RNA partition selectivity are reviewed below.

An identity but sequence independent recruitment: stochastic seeding and self-recruitment

An example of identity-dependent, but unexpectedly sequence-independent, sorting mechanism has been proposed in Drosophila germ granules by Trcek, Gavis, Lehmann and colleagues. They have suggested germ granules protein ensemble is seeded with single mRNPs by stochastic events likely to be associated with RBPs or the acquisition of granules proteins like Osk. Then, seeds can independently self-assemble homotypic clusters by self-recruitment of additional mRNAs up to form the granule. In particular, this selfsorting into homotypic clusters (within granules) is not sequence-specific but rather depends on the mRNA feature itself [START_REF] Niepielko | Stochastic Seeding Coupled with mRNA Self-Recruitment Generates Heterogeneous Drosophila Germ Granules[END_REF]133,134). In contrast, whether single mRNA localization to granules is sequencedependent (RBP-RNA interactions) or driven by self-association (specific trans RNA:RNA interactions) is not completely clear [START_REF] Niepielko | Stochastic Seeding Coupled with mRNA Self-Recruitment Generates Heterogeneous Drosophila Germ Granules[END_REF]133). The molecular code that controls the sorting into condensates and selfassembly are unclear, but the poor mixing between different classes of repressed mRNAs further confirms that although repression can be sufficient to trigger condensation, other features determine the demixing selectivity. interact with other mRNAs. Thus mRNA structure may define the ability of mRNAs to self-associate, or not, through homotypic or heterotypic RNA-RNA interactions, and thus determine whether an mRNA is recruited to or excluded from condensates (105).

Sequence

RNA-RBP networks mRNA regulons (regulatory vs constitutive functions)

Recently, Hubstenberger, Weil and colleagues developed a fluorescence-activated particle sorting and sequencing (FAPSeq) method that set a breakthrough in the purification of intact cytosolic P-bodies.

Interestingly, P-body mRNAs sorting might have sequence-dependent features. First, RNA-protein specific interactions are sufficient to discriminate the P-body transcriptome from other RNAs. Known mRNA targets of RBPs found within P-bodies were exclusively enriched. Furthermore, RNA-protein interactions are sufficient to predict mRNA condensation in P-bodies. Although mRNA condensation could be an indirect and secondary consequence of the translation repression induced by these specific RBPs, RBPs might directly recruit RNA to specific subcompartments, and thus could explain the sorting of repressed mRNA in specific protein territories, such as the PUF-5 subcompartment, within condensates.

Stoichiometry-dependent RNA-RBP networks competition

Discussed through the introduction, stoichiometry-dependent competition between protein networks for interacting sites may determine which proteins and associated RNAs exclusively partition to or are shared between condensates (103) (Fig. 9C). As multivalent protein-RNA networks branch out through homotypic and heterotypic interactions, protein interaction can be stereospecific but also highly promiscuous, so one would expect these promiscuous interactions not to be a determinant factor for sorting specificity but rather modulate phase separation (103, 107). Here, attention is focused on the role of RNA, as interacting sites with great importance could be sequence-encoded, like specific RNA motifs. First, upon RNA influx, RNA species could act as determining interaction sites that could give rise to the compositional specificity and tunable miscibility of P-bodies and SGs upon stress (103). Arguably, RNA species could drive their own sorting and the selectivity of linked RBP networks to condensate types, perhaps through 'scaffolding'

interactions related to RNA sequence-dependent features. Supporting examples are seed RNAs and architectural RNAs that induce paraspeckle phase separation (124, 130) Second, in another example of RNP phase separation, during ribosomal subunit assembly in nucleoli, ribosomal RNAs (rRNAs) change conformation and consequently their interacting RBP networks, shifting from multivalent RBPs that 'stick' them within the nucleolus to RBPs that reduce their affinity. This affinity change underlies a selectively exclusion/inclusion mechanism for rRNAs, which is correlated to the secondary structure folding (27). This is not limited to highly structured rRNAs, also the secondary structure of mRNAs could determine whether an mRNA is recruited to or excluded from condensates (105).

Interestingly, large disordered regions of mRNA have high propensity to form multivalent intermolecular RNA-RNA interaction networks, an essential feature for mesh-like condensates (149). Recurrently, features somehow encoded in the RNA co-concentrate specific network of interactions.

Saturation concentration as a buffering mechanism: homotypic and heterotypic models of phase separations

The properties of phase separations suggest a buffering function (see section 3.2-Saturation concentration as buffering mechanism). A critical aspect of this buffering is the saturation concentration (Csat) of the scaffolding components of condensates. Interestingly, Csat has a fixed value when phase separation is driven by homotypic interactions. However, for a phase separation that is driven by heterotypic interaction, the Csat of one component depends on the concentration of the other condensate components.

In a single biomolecule LLPS (one solute and solvent) (Fig. 6B) (27), the governing interactions are homotypic which means the same proteins or RNA molecules self-assemble into homotypic condensates.

In a classical simplified view, it is expected from the regular solution theory that the concentration of the dilute phase (Cdil) will plateau at a fixed Csat whereas the dense phase will sequester the excess of molecules by increasing the condensates size and number (25, 27) (Fig. 6D). A fixed Csat is commonly found or expected in most of the studies that address the phase separation of a protein in reconstituted systems [START_REF] Patel | A Liquid-to-Solid Phase Transition of the ALS Protein FUS Accelerated by Disease Mutation[END_REF]125,126,128). In an intracellular context, such fixed saturation concentration was proposed to function as a cellular buffering mechanism to reduce noise in protein concentrations (11,101,102): whereas the total protein levels can vary, the dilute concentration remains constant in the cytosol, and the excess is buffered by the condensates. Hyman and colleagues have reported on a mechanism for noise reduction of the dilute phase by phase separation buffering of variable protein levels given the stochastic and non-equilibrium fluctuations in protein synthesis and turnover (25). This study demonstrated experimentally how engineered proteins that are ectopically expressed in somatic cells form membrane-less compartments, and phase separate to buffer their own concentration. However, whether this applies to endogenous condensates is still debated. The concept of buffering in biomolecular condensates is puzzling when it is brought into consideration the multicomponent composition nature of most endogenous condensates, which precludes a fixed saturation concentration (27).

The contrary point of view is a multicomponent LLPS (Fig. 6C, right panel). When in a solution with different types of molecules heterotypic interactions dominated over homotypic interaction, buffering is limited because the phase diagram boundaries will be controlled by each component concentration (Fig. 6C, left panel). In a phase separation system formed by heterotypic interactions, the Cdil of one of its components will not plateau at Csat, because Csat is a systemic concentration meaning each component contributes to it (Fig. 6D). Instead, Cdil will keep increasing as both dilute and dense phase accumulate molecules past Csat (compare blue squares background in Fig. 6B andC). As a result, the response of the dense phase to concentration increase differs between homotypic and heterotypic phase separation models.

In homotypic systems condensates enlarge and multiply but the concentration of the dense phase (Cden) is constant, whereas in heterotypic systems the Cden does increase for the components (compare condensates intensity in Fig. 6B andC). In summary, the partition coefficient (PC) or ratio Cden/Cdil is constant in homotypic systems and variable in heterotypic LLPS, and discriminates which interactions drive phase separation (Fig. 6E).

Riback, Brangwynne and colleagues reported on the multicomponent nature of nucleolus, Cajal bodies, stress granules, and P-bodies. The PCs of these endogenous condensates were variable when concentration fluctuates, suggesting that at least for proteins, intracellular phase separation is rather governed by heterotypic interactions. They showed how the concentration of one interacting protein in the multicomponent LLPS system can gradually change another component PC in the dense phase, confirming the multicomponent concentration dependency (27). Strikingly, phase separation co-dependency occurs when interactions are multivalent between components and it is lost for components that engage in strong specific interactions that act as caps. Rather than a buffering mechanism, multicomponent LLPS might provide a mechanism for exclusion and could explain why fully assembled ribosomal subunits are released from the nucleolus (27). Although this study refutes the idea of intracellular buffering by phase separation, recently Deviri and Safran introduced the theoretical basis for concentration buffering in a multicomponent phase separation system (150), reasoning that coexisting concentration are buffered and even cells can adapt homotypic and heterotypic interactions to optimize buffering, but this needs to be tested in cells.

In this context, whether phase transitions and phase separations within cells can provide a mechanism to robustly control the stoichiometry of biomolecules through the buffering of their concentration variations is heavily debated. Addressing this question in vivo has proven challenging and has only begun to be tested for a restricted number of proteins. Furthermore, the concept of phase transitions possessing a buffering functionality remains to be explored for RNA, and investigated on a transcriptome-wide scale. This dissertation results investigate how dilute concentrations of repressed mRNAs can be buffered in vivo and what are the types of interactions that make buffering fit in multicomponent condensates. Our findings reconcile this prevailing controversy of whether multicomponent condensate can provide a buffering mechanism.

Phase separation functions across scales: integrating molecular scale mechanisms to cellular scale outcomes

How is the information of biological molecules integrated across scales that are orders of magnitude larger than the molecular scale? (Fig. 1). Emerging functions of condensation shed light on this question. Rosen and colleagues described three scales of condensate functions: (i) molecular-scale, (ii) mesoscale, and (iii) cellular-scale (13). This section will focus on these three roles with a particular emphasis around the intracondensate environment function as a new solvent (section 7.2.1), and their material properties in the control of biomolecule diffusion, exchange and compaction (section 7.2.2).

Cellular-scale functions

Previous sections have covered two main cellular-scale functions: (1) how a concentration-dependent LLPS mechanism could result in buffering concentration variations of molecules in cells, and (2) how an assemblage of molecular interactions can give rise to selective compartmentalization and subcellular organization of biological information within cells. Rosen and colleagues proposed that given the sensitivity of LLPS separation to environmental factors as temperature, pH, and ionic strength (example for temperature in Fig. 6B), cells could have learned how to use LLPS to sense and coordinate adaptive responses to environmental cues (13). An interesting example is shown in yeast by Iserman, Alberti and colleagues. At optimal growing temperatures, the helicase Ded1p would contribute to resolve secondary structures in 5'UTRs and promote ribosome scanning and translation of housekeeping genes, whereas stress-induced RNAs would be inactive. Upon heat shock, SG condensation inactivates Ded1p by sequestration and represses translation of housekeeping genes while simultaneously allowing the expression of stress-induced mRNAs. This molecular mechanism orchestrated by LLPS contributes to the adaptive translational switch from housekeeping to stress protein production (24).

Mesoscale and molecular-scale functions

The material properties of condensates take part in linking molecular-scale processes to larger scale functions, reaching mesoscale and cellular-scale. In general, condensates can have interconnected functions that range across all these different scales (13).

Does the intra-condensate environment function as a new solvent?

Molecular interactions and biochemical reactions need specialized environments whose solvents facilitate them and prevent nonspecific ones. Subcellular environments are typically achieved by membrane compartmentalization, nevertheless as it has been discussed, membrane-less condensates and clusters do compartmentalize and even subcompartmentalize in ways that could make micro-environments more diverse and dynamic, cooperatively via interactions and sequence features at molecular scales.

From a standard view, following phase separation, the solvent is enriched in the dilute phase while solute accumulates in the dense phase. Given the nature and structural features of the protein and RNA molecules that phase separate into endogenous condensates, the resulting chemical environments can function as alternative solvents (9,13). strikingly exhibited polarities comparable to solvents that would promote the recruitment of small molecules, which could further explain accelerated reactions by an optimized solvent environment (151).

Low

7.2.1.a Local concentration of molecules and biochemical reaction rates

Condensates locally concentrate molecules at discrete locations, and often at precise times. This could particularly modulate reaction kinetics of biochemical reactions. Sorting molecules into condensates can be seen from four different functional categories. First, concentrating molecules so that reactants are physically closer and reaction kinetics increases. Second, enriching enzymes and particular subtracts so specific reactions are favored. Third, sequestering enzymes or subtracts so reaction kinetics decreases outside. Four, excluding inhibitors so reaction efficiency increases inside. In addition, kinetics can be modulated by controlling molecules dynamics such as diffusion, dwell times, proximity by association to condensate scaffolds, and subcellular localization (reviewed in ( 13)).

These functional categories are not limited to enzymatic reactions. Physiological processes and response to cues can fit into these categories. For instance, concentrating molecules or specific components in cells can lead to (i) faster or (ii) favored processes including local translation tuning in translation factories [START_REF] Chouaib | A Dual Protein-mRNA Localization Screen Reveals Compartmentalized Translation and Widespread Co-translational RNA Targeting[END_REF][START_REF] Pizzinga | Translation factor mRNA granules direct protein synthetic capacity to regions of polarized growth[END_REF], transcription activation at transcription clusters (30), ribosomes biogenesis and mRNA processing in nucleolus and Cajal bodies [START_REF] Strom | The liquid nucleomephase transitions in the nucleus at a glance[END_REF], possibly deadenylation as reported in vitro (152), among others.

Furthermore, it has been shown that misfolded proteins can be (iii) sequestered within nucleoli to prevent aberrant aggregation outside during heat stress (153). Sequestration of untranslated mRNAs in SG (63) and mRNA regulons in physiological P-bodies (19) fall in this category as well. Finally, components (iv) exclusion from condensates can be associated with cell's ability to use LLPS to achieve: sorting (see The selective compositional control of condensates), size-exclusion barriers in P-granules via hydrophobic interactions (154), affinity exclusion as observed when mature ribosomes particles lose affinity for the nucleolus by dropping "sticky" multivalent RBPs and gaining stereospecific monovalent RBPs (27), or more globally, the experimental observation that ribosomes subunits are strongly depleted from P-bodies which correlates with an efficient accumulation of mRNAs in tightest states of repression (19).

Both concentrating and sequestering biological molecules in an identity/function regulated manner could have huge impacts on large cellular scale functions. Another example was given by in silico and in vitro works from several labs (158-160). In brief, amino acids like lysine or arginine have side chains positively charged that could interact with RNA's negatively charged backbone to form coacervates, resembling what could be commonly happening in endogenous condensates. Interestingly, simulations suggested arginine has a higher affinity for nucleotides than lysine at physiological concentrations as a result of its side chain increased propensity to interact with oligonucleotides and hydrogen bonds. Arginine is thus predicted to form more stable protein-RNA interactions (160). In vitro, lysine/RNA-coacervates are more dynamic and less viscous than arginine/RNAcoacervates. Differences at molecular scale can explain why lysine-rich environments are better at demixing and dynamically sequestering nucleic acids (158, 159). The implications of these amino acid-level differences in the biochemistry inside condensates is still not fully understood and might have relevance in physiological condensation and pathological aggregation: P-bodies and stress granule are highly enriched in lysine and arginine repeats that are predicted to interact with RNA.

Altogether, we can predict that the condensate micro-environment could severely impact RNA secondary structures, and thus switches the ratio of intra versus intermolecular RNA-RNA interactions. Accordingly, it is very intriguing that RNA condensates tend to accumulate regulators of RNA-RNA interactions; RNA helicases, as well as proteins of the PIWI family (19,22,24,161). Together these results suggest that condensate could be key centers to remodel RNA-RNA interactions that are at the core of the machineries controlling RNA fates.

7.2.1.c Subcompartmentalization and vectoral organization of biochemistry

The section Internal organization of condensates discussed how information can be organized within condensates through subcompartments. Condensate subcompartmentalization has been also proposed as a mechanism to organize biochemical reactions in a vectoral manner from a catalytic perspective, arguing that components of a biochemical reaction cascade can be differentially concentrated in subcompartments as an intrinsic property of heterotypic condensates. Moreover, components can be transferred from one dense phase to another as function of enzymatic modifications (Fig. 10A) (13). Two striking examples are reviewed in ( 13): (i) Ribosome particles maturation which starts in the innermost nucleolar subcompartment (Fibrillar center in Fig. 8A) where rRNA is sequentially transferred through the external dense phases (subcompartments) as function of rRNA modifications during ribosome assembly (Fig. 10B) (13,35,138).

(ii) Amplification and possibly routing of RNA silencing for RNAi inheritance and mRNA surveillance within the P-granules of the germline of C. elegans. In early germline progenitors, germ granules demix into perinuclear sub-granules that associate as an array and include P-granules, Mutator foci, Z granules, and SIMR-1 foci (Fig. 10C). The association between these granules is hypothesized to function as subcompartments, that filter RNA exiting the nuclear pores, filters through which specific processes of RNA silencing pathways can happen, which coupled with transfer between contiguous subcompartments might contribute to silence mRNAs not licensed for germline expression (Fig. 10C) (13,22).

An interesting example that connects the condensates' micro-environment idea with the subcompartmentalization of biochemistry is the dual role of piRNAs and the PIWI protein Aub in maternal mRNA decay in the soma and stabilization in the germ plasm (161-164). The accumulation of PIWI proteins in germ granules that constitute the germ plasm suggests condensates might play a role in this functional switch that underlies new interactions (161, 162).

In this dissertation we explored the emerging functions of biomolecular condensates linked to the ability of condensates to cooperatively coordinate the translation of millions of mRNA molecules through subcompartmentalization and autonomous self-assembly. 

7.2.2.a Condensate provide mechanical filters that control biomolecule diffusion

Discussed above, the size-exclusion barrier in C. elegans perinuclear P-granules is another example of emerging internal chemical environments. Components of P-granules contain hydrophobic FG-repeat domains required to maintain P-granules integrity and dock on the hydrophobic nuclear pore (NP). Yet, Pgranules internal environment accepts larger components than the NP (154), putting forward the idea that even closely similar condensates have different internal environments. However, the porous hydrogel nature of both nuclear pore and P-granules might provide a physical filter that controls biomolecules ability to diffuse from one compartment to another. Similarly, SG and P-bodies have been proposed to have a size exclusion barrier that prevent ribosomes from accumulating within condensates, and thus may provide a micro-environment that is not competent for mRNA translation because the condensate acts as a mechanical filter that limits ribosome entry.

7.2.2.b Viscosity and surface tension: using physical forces within the cell

Biomolecular condensates that form via liquid-liquid phase separation are expected to have liquid-like behaviors. In other words, they can be seen as liquids that coexist with the liquid cytoplasm, nucleoplasm, or tube solution. From a physical perspective, surface tension and viscosity are two fundamental parameters that define the material properties of a liquid (15,165,166).

Behaviors including fusion, dripping, wetting, dynamic exchange, and geometrical shape can be used to estimate or infer surface tension (interfacial tension) and viscosity (15,110), therefore whether condensates exhibit material properties of a liquid droplet. Over the past decade, several studies have shown a more complicated picture. First, condensates display a wide range of viscosities even in similar cells. Two extremes are P-granules with an apparent viscosity of 1 Pa•s (~10 3 larger than water) and oocyte P-bodies or nucleoli reaching viscosities between 700 to 1000 Pa•s (~10 6 larger than water) (15,26,110,167).

Second, viscosities can be modulated to adapt condensate dynamics to the developmental stage (110).

Third, differences in viscosities might result in functionality changes. Viscosity increase is often associated with the formation of fibrils that underlie aging-associated diseases (114,[START_REF] Patel | A Liquid-to-Solid Phase Transition of the ALS Protein FUS Accelerated by Disease Mutation[END_REF]168,169). Fourth, biomolecular condensates can transition through different states including liquid/semi-liquid droplets, disorganized solid gels, solid crystal-like arrays, and solid crystalline fibers (9,110,[START_REF] Patel | A Liquid-to-Solid Phase Transition of the ALS Protein FUS Accelerated by Disease Mutation[END_REF]. The implications of condensates' material properties and states in cellular functions are yet to be completely dissected.

So far, studies have converged to associate the surface tension and viscosity of condensates with mesoscale functions underlying the use of physical forces within the cell. Both surface tension and viscosity can be perceived as physical forces. Surface tension causes phase-separated liquids to shape into a spherical conformation, the smallest surface area for a given volume, in the absence of external forces (13). The molecules in the most interior are uniformly pulled outward, whereas the molecules at the surface are pulled inward creating a contractile force. In contrast, viscosity describes an internal frictional force. In a condensate where molecules diffuse, it infers about the degree of movement constraint that molecules could face.

In addition, as condensates exhibit a plethora of apparent states between liquid-like and solid-like, they are best described as viscoelastic network fluids. In general terms, factors like condensate maturation and the timescale would determine an elastic or viscous behavior ( 14). Yet, active processes in living cells might modulate viscoelastic behaviors against pure thermodynamics. ATP depletion increases the viscosity of nucleoli and germline P-body (26,170), suggesting that ATP-dependent remodeling enzymes are critical for RNA condensates fluidity. What influences material properties and their implications are then far from being fully deciphered. Overall, condensates displaying a more viscous liquid behavior are characterized by surface tension mediated coalescence (docking/fusion/spherical relaxation), and easy deformation. In contrast, a more solid gel behavior can produce an elastic response to deformation (see Fig. 2 in ( 9)).

Thus, these unique material properties of condensates can participate in: (i) the generation and transduction of forces ( 13), (ii) the diffusion kinetics that tune the exchange of information between dense and dilute phases (9), and (iii) the condensate size distribution, which will also indirectly impact exchange dynamics. (ii) Diffusion kinetics and coexisting phases exchange. Material properties of condensates can influence internal diffusion and exchange between coexisting phases. From a movement perspective, viscosity is an internal frictional force and surface tension results from molecules pulling inwards or outwards near the boundary between phases. Consequently, phase transitions from liquid-like condensates to solid-like assemblies that are accompanied by viscosity and surface tension changes can limit the intra-condensate diffusion and phases exchange (reviewed in (9,110,[START_REF] Patel | A Liquid-to-Solid Phase Transition of the ALS Protein FUS Accelerated by Disease Mutation[END_REF]121,122,125,175)).

Functional implications of diffusion kinetics modulated by condensation and material properties are more prominent in condensates or clusters that associate with membranes to support signaling pathways. At signaling activation spots, membrane-associated condensates/clusters recruit signaling components, and can increase the dwell time of those molecules. Physically limiting rapid diffusion out of condensates can boost the activity signaling pathway reactions steps and even filter signaling noise (176-178).

(iii) Viscosity and surface tension also govern coarsening kinetics, and the growth kinetics of condensate and therefore their size distribution, with impactful consequences. Molecules of smaller condensates exchange frequently with the cytosol whereas molecules of larger condensates exchange rarely. For RNA condensates, the extremely high viscosity of germline P-body RNA condensates has been proposed to "freeze" maternal mRNA in a material state that favors their storage and protection until embryogenesis.

The slow coarsening kinetics and the mRNA content unraveled in the following thesis proposal further strengthen the hypothesis of a storage center for repressed mRNA until their translation resume (110).

7.2.2.d Transient interactions and condensate fluidity

Several studies have strongly supported the idea that low complexity domains (LCD) such as protein IDRs and PLDs, are phase separation modulators rather than promoters. Examples mostly include phase separation and material properties tuning, but also demixing restriction has been reported (23,103,107,108,117,119,122), which contrasts with LCDs role in driving phase separation in vitro and in vivo (see Protein -protein interactions: folded domains and intrinsically disordered regions (IDRs)).

In a more functional aspect, transient, weak and promiscuous are hallmarks of interactions between LCDs at a molecular-scale, yet when scaled up to condensates, such collection of flexible short-lived interactions might strongly participate in condensates' fluidity at a mesoscale level (23,[START_REF] Patel | A Liquid-to-Solid Phase Transition of the ALS Protein FUS Accelerated by Disease Mutation[END_REF]125). In fact, when the interaction strength between LCDs increases because of factors including mutations or polymerization through amyloid-like interactions at aberrant concentrations; liquid-like droplets can transition to solid glassy, gels and fibers, in which the dynamicity and material properties can change significantly and underlie deregulations in neurodegenerative diseases (12,[START_REF] Patel | A Liquid-to-Solid Phase Transition of the ALS Protein FUS Accelerated by Disease Mutation[END_REF]117,141,179). Furthermore, decreasing helicase activity has been reported to drastically promote polymerization into non-dynamic solid crystallike arrays, which supports the importance of flexible and changing interaction within condensates not only at protein-protein interaction level but also protein-RNA and RNA-RNA (110, 146).

In contrast, PLDs involved in phase separation can also have a physiological role in cell-specific contexts.

For example, participating in neuronal granules transport and dynamicity rather than assembly (119), and dictating specificity in functional amyloids assembly that may preserve biochemistry during oocyte dormancy (118, 180).

7.2.2.e. Compaction of the transcriptome: mesoscale mRNA compaction

The reference for compaction in cells is DNA. Genome compaction is a classic example of how cells spatially organize information into chromosomes. Among the various functional implications of compaction, compaction itself has two structural advantages. First, it fits large amounts of information into small volumes, which is a principle that spans to every aspect of how we manage information on a daily basis. Second, compact information cannot be read directly but it is an optimal storage state. Uncompressing information is a generalized mechanism of reading and using instructions otherwise not easily accessed.

Both examples of structural functions can be seen from DNA in cells to the "unrelated" action of writing this dissertation. It is not striking that such functions also apply to information contained in RNA molecules.

At molecular-scale, Adivarahan, Zenklusen and colleagues showed that mRNP compactions change according to whether mRNA information is being translated or not; the state of gene expression (181). To determine mRNP compaction, authors estimated the radius of gyration (Rg), the distance between an mRNA's most external regions (5' and 3' UTRs) and its mass center, to approximate mRNA conformation (Fig. 12A). Interestingly, repressed mRNAs are more compacted whereas they decompact when associated with ribosomes during translation (Fig. 12B). On average, compaction increases ~3 times when mRNAs are repressed (181).

Hypothetically, repressed mRNAs might reach higher levels of compaction within mesoscale assemblies.

As discussed in the Intra-condensate environment section, within the interior of biomolecular condensates, emerging new solvent properties present a picture where classical biochemistry might need to be revised.

In addition, nucleic acids can be seen as polymers made up of nucleotide monomers. Polymers can reach higher levels of compaction by entanglement at concentrations where their Rg overlap (182) (Fig. 12C).

This overlap concentration can represent another level of compaction for RNA information within biomolecular condensates where thousands to millions of mRNPs can concentrate in very small volumes.

However, the biological implications and structural functions of mesoscale mRNA compaction is yet to be understood.

In this dissertation we investigate mRNA condensation transcriptome-wide upon quiescence. Higher levels of mRNA compaction might help adapting mRNA stoichiometries to cellular activity. Images A, B, and C are adapted from Wormatlas (https://www.wormatlas.org/hermaphrodite/introduction/Introframeset.html).

C. elegans life cycle and span

C. elegans is a tiny nematode used as a model organism in many laboratories worldwide. It reaches just about 1 millimeter at the adult stage, yet it has defined tissues including epidermis, muscles, digestive system, nervous system, and the reproductive tissue with secondary sexual mating structures (Fig. 13A) (183). The reproductive tissue (somatic gonads) house the germline where the oocytes and sperm develop (184). As a multicellular organism, it is a powerful model to study molecular and cellular biology in the context of intra-tissue and inter-organ communication and regulation (Fig. 13B). In addition, the C. elegans genome has a lot of similarities with the human genome. According to WormBook, 38% of protein-coding genes have predicted ortholog human genes, 60-80% of human genes have an ortholog in C. elegans, and both share multiple ortholog genes associated with human diseases (184-187).

C. elegans has a rapid life cycle (Fig. 13C) of about ~3 days from egg to egg-laying adult. Wild-type C.

elegans are primarily self-fertilizing hermaphrodites. Essentially the germline of hermaphrodites first produces sperm to store in the spermatheca, then the germline switches fate to differentiate oocytes. A secondarily sexual form is male that arises at a low frequency (<0.2%, ~1:1000) (Fig. 13A) (183). Males can fertilize hermaphrodites, sperm-depleted hermaphrodites, and feminized (see below) worms (188)(189)(190).

If sperm signal is present, oocytes are ovulated at rates of ~3 oocytes/hour (189,191,192).

C. elegans lifespan is on average 20 days (range 12 to 30 days or more if mutants) until dying of senescence.

During this period worms go through the normal life cycle to become egg-laying adults and then enter the reproductive span for about 5 adult days (peak at 2 adult days). Reproductive capacity decline marks the beginning of aging in C. elegans (183,(192)(193)(194)(195)(196)(197).

C. elegans germline

Hermaphrodite gonads look like U-shaped tubes located at opposite sides of the vulva (see Fig. 13A,12B).

Each gonad arm contains the germline, the cellular lineage that will give rise to first sperm and then oocytes to eventually produce progeny. The germline is "a visible gradient of development" (183, 184), that one can take advantage of to study post-transcriptional regulations with spatiotemporal resolution in a context as important as an organism's development.

The temporal progression of the germline can be seen as a cycle that starts with the germline specification during early embryogenesis, and begins again after oocytes in adult worms, are fertilized and produce a new zygote, in which a new specification of the germline will occur (Fig. 14A). The fundamental aspects involved in oocyte fertilization (191,198) and the germline specification in the early embryo and larval stages (184, 199) were reviewed elsewhere (Fig. 14B). In adult worms, gonads are fully developed and the fate of the germline is set to produce oocytes. Both hermaphrodite gonads are organized from distal to proximal (Fig. 15A). Following a distal-to-proximal axis, the germline is divided into five regions. First, the distal tip cell (embedded in a niche) that maintains the germline stem cell fate via GLP-1/Notch signaling. Second, the mitotic region where progenitor cells undergo rapid mitosis amplification. Third, a transition zone which delimits the transition to meiosis (early meiotic prophase: leptotene and zygotene stages) and the "beginning" of oocyte differentiation. Fourth, the meiotic prophase. In this region nuclei undergo pachytene, diplotene, and diakinesis meiotic stages. In diakinesis oocytes are differentiated and stay arrested until meiotic maturation is triggered. Fifth, the process of meiotic maturation, triggered by the Major Sperm Protein to prepare the most proximal oocyte for fertilization and subsequent oocyte-to-zygote transition. Then, a new germline specification will occur during embryonic development (200,201).

Because differentiated oocytes are produced at roughly constant rates and stay arrested in diakinesis until meiotic maturation is triggered, the staging of oocytes in the proximo-distal axis provides a spatiotemporal organization that can be mapped precisely in space and time. Interestingly in organisms with longer lifespans, oocyte arrest can last for long periods of time. How do oocytes adapt gene expression and regulations to cellular activity changes? is a question of biological relevance that I addressed in the model organism C. elegans.

C. elegans germline as a model for post-transcriptional mRNA control

In different organisms transcription is shut down prior to fertilization (4,5). Thus during oogenesis and early embryonic development, controlling maternal mRNAs post-transcriptionally preserves oocyte fitness and development robustness (6). In absence of transcription, how do oocytes adapt and coordinate transcriptomic information to environmental and developmental cues, in a robust and specific manner regardless of cellular activity, is the main question of this dissertation.

A rapid life cycle and the spatiotemporal organization of oogenesis in the adult C. elegans germline provides a unique model to investigate this question. Different works have demonstrated that the bulk of RNA synthesis decreases dramatically as the nuclei progress through diplotene into diakinesis, the stage where oocytes become fully differentiated and stay arrested until meiotic maturation (6,202,203).

Nevertheless, RNA transcription with the exception of rRNAs, will remain silenced during the oocyte-tozygote transition and early stages of embryonic development (204,205). mRNA transcription restarts shortly in the somatic blastomeres (ABa, ABp, and EMS) after the second asymmetric mitosis is completed (4-cell embryo) (white cells in Fig. 14A). In the germ line, the transcription of mRNAs resumes in the P4 blastomere after the developing embryo has reached the 28-cell embryo stage (see yellow lineage in Fig. 14A). Newly transcribed embryonic mRNAs can be detected as late as before the onset of morphogenesis (Z2 and Z3 cells) [START_REF] Seydoux | Soma-germline asymmetry in the distributions of embryonic RNAs in Caenorhabditis elegans[END_REF](204)(205)(206).

The loss of transcriptional competence is a hallmark during diakinesis, oocyte maturation, and stages of germline specification from P2 to P4. It correlates with dephosphorylations in the carboxyl-terminal domain (CTD) of the large subunit of RNA polymerase II (6,202,203,(205)(206)(207). Through oocyte maturation new modifications are gained in CTD, however transcription silencing is maintained until the first asymmetric mitosis (2-cell embryo, AB and P1, Fig. 14A) by mechanisms that interfere with transcription initiation step (6,208).

It is puzzling that complex regulated processes like the adaptation of oocytes to arrest, the oocyte maturation and zygote transition, and the divisions that commit cell lineages in early embryonic development, rely on the information of maternal mRNAs. How cells integrate the transcriptome information posttranscriptionally in the face of environmental cues and cellular activity changes remains enigmatic. I addressed this question in the context of oocytes adaptation to quiescence and how to coordinate millions of mRNA molecules to cellular activity, as described below.

C. elegans germline as a model for mRNA phase separation

Diversity of cytosolic condensates in the C. elegans germline

A remarkable diversity and a spatiotemporal remodeling of biomolecular condensates is exposed during C.

elegans oogenesis (Fig. 15B). Such controlled dynamic remodeling correlates with specific patterns of mRNA regulation, suggesting these processes are tightly interconnected (146,202,209,210).

The diversity of cytosolic condensates across oogenesis can be seen as soon as in early stage germ cells where P-granules, Z granules, Mutator foci, and SIMR foci, among other compartments, form germ granules, a multiphase condensate associated with the nuclear membrane (22, 142) (Fig. 15B). Following the disto-proximal axis, three additional types of assemblies are observed. (i) In the distal gonad cytoplasmic core, mRNPs co-concentrate into an assembly referred to as the cloud (Fig. 15B). (ii) In the proximal gonad, germline P-bodies or oocyte P-bodies (grPBs) come into play, whose growth to micronscale bodies is triggered in response to cues such as prolonged arrest (see sections 8.4.2, 8.4.3, and Fig. 15C) (110,146,210,211). From early to late oocyte differentiation, diverse remodeling events occur to the oocyte P-bodies labelled with the repression cofactor protein CAR-1/LSM-14/Tral. As an example, PGL-1 labeled P-granules form a subcompartment within CAR-1 grPB in differentiated oocytes (see Fig. 8B) (110, 210, 211), showing the dynamic control of the structures according to cellular context as well. (iii) Another class of mRNP granule, the DCAP-2 (DCP) particles, has also been reported to be distinct to oocyte P-bodies but often localized adjacent (211). A hypothesis is that these phase transitions organize the transcriptome to cellular activity.

Whether oocyte P-body formation and dynamics underlie an mRNA regulatory mechanism for oocyte adaptation to cellular activity, during oogenesis differentiation and in response to cues, remains unclear.

Interestingly throughout this developmental program, specific RBP repressors are expressed at different oogenesis stages, and therefore generate specific spatiotemporal patterns of mRNA translation (Fig. 15B) (146,(211)(212)(213)(214). RBP repressors and their targets can accumulate into condensates at the developmental stage at which these repressors function, making a link between mRNA condensation and regulation (213-215). In this work, the mechanistic link between the stoichiometric control of soluble and condensed mRNAs and mRNA translation, is explored in the context of adaptation to cellular activity changes triggered by quiescence.

Active vs. quiescent oogenesis

In adult C. elegans hermaphrodites with constitutive sperm signal, oocyte ovulation occurs approximately every 23 min. Ovulation of a maturing oocyte will generate a zygote upon fertilization. Such fast ovulation rates (~3 oocytes/h) precludes prolonged oocyte arrest in diakinesis (189,191,192), making a very active system, referred to as active oogenesis in this work (Fig. 15C, upper panel).

Feminized C. elegans can be produced by null mutations in the sex determination genes fem-1,2,3 and fog-1,2,3 (189). "Female" worms do not produce sperm and require mating with males for fertilization. In absence of sperm and mating, oocytes arrest in diakinesis for hours-to-weeks periods, setting oocyte quiescence and reduced cellular activity. Stochastically the most proximal oocyte is ovulated approximately every 10 h (unfertilized). Such reduced ovulation rate (~0.1 oocytes/h) is referred to as quiescent oogenesis in this work (Fig. 15C, bottom panel). Female worms at 2 adult days can stack 18 to 25 oocytes, of which, less proximal ones can stay arrested for a week-long period (Fig. 15C). To bring into context the duration of arrest, C. elegans embryogenesis only takes approximately 16 h (183). It should be noted that quiescent oocytes in feminized C. elegans can be fertilized and produce viable embryos (192), confirming that oocyte fitness is maintained despite prolonged quiescence, oocytes have the ability to adapt their metabolism.

I took advantage of tunable ovulation rates of C. elegans oogenesis to address the question of how mRNA stoichiometries are coordinated/integrated to cellular activity (Fig. 15C).

Quiescence triggers micron-scale mRNP phase separation in arrested oocytes

As discussed throughout the introduction, quiescent and stress cells accumulate untranslated mRNAs.

Therefore, cells should adapt gene expression programs according to cellular needs. Interestingly upon prolonged arrest, quiescent C. elegans oocytes form large cytosolic RNP assemblies that can reach up to 10 µm in diameter, referred to as germline P-bodies or oocyte P-bodies (grPBs) (Fig. 15C) (110,202,210,211). Because condensation or clustering below diffraction limits has gained importance in vivo, and (ii) nucleation and seeding are not mesoscale processes (see Clustering at nano-scales), it is relevant to question whether quiescence might rather trigger the growth of pre-existing clusters to micron-scale mesoscale assemblies (Fig. 15C). Single-molecule sensitivity is then required to explore the extent of phase transition for mRNA regulation.

Micron-scale grPBs assemblies seem to accumulate repressed ribonucleoproteins. First, grPBs recruit repressed mRNAs but exclude translationally activated mRNAs (110, 202, 211). Second, grPBs contain several ortholog proteins found in human P-bodies shown to accumulate repressed mRNAs (19,110,211).

Third, they contain RNA binding proteins with repressive functions such as CAR-1 (LSM-14 in human, Trailer Hitch in Drosophila), PUF-5, and MEX-3 (19,110,211).

Several lines of evidence suggest these assemblies of repressed RNPs form via phase separation. First, an inverse ''power-law'' size distribution reminiscent of that of phase separated systems. Second, spherical shapes consistent with surface tension. Third, apparent viscosities that are comparable with phase separated nucleoli. Fourth, dynamic exchange measured by fluorescence recovery after photobleaching (FRAP).

Fifth, display fusion kinetics of coarsening dynamics (110).

Do mRNA phase transitions buffer the accumulation of repressed mRNAs? and can phase transitions integrate the stoichiometric information of millions of mRNAs and regulatory proteins to cellular activity? (Fig. 2 and4) 

Aim of the thesis

I hypothesized that, in the face of cellular activity change, phase separated condensates buffer variations in mRNA:regulatory proteins stoichiometries to preserve a robust translation control in the cytosol. Repressed mRNA phase transitions should therefore display (i) an identity-dependent sorting of repressed mRNAs, (ii) a transcriptome-wide coordination of mRNA sorting and buffering, and (iii) adapt to cellular activity.

The main objectives of this thesis were:

1.) To understand the impact of mRNA phase separation on mRNA stoichiometries transcriptome-wide.

I quantitatively dissected the effect of phase separations on mRNA stoichiometry at a cellular-scale. For that purpose, I combined the purification and sequencing of mRNA condensates with single molecule FISH imaging in arrested oocytes. I developed the quantitative image analysis pipelines and in silico simulations.

2.) To assess whether sequestration of repressed mRNAs is limited to quiescent oogenesis or scale with cellular activity.

To this end, I monitored the clustering of the repressed mRNA spn-4 in active oogenesis and quiescent oogenesis. I developed quantitative analyses to determine the features of spn-4 clustering from single molecule to macro-condensation in two different cellular activity models.

3.) To determine if phase transitions allow an identity-dependent mRNA sorting and a transcriptome-wide coordination in the buffering of the variations of mRNA:regulatory protein stoichiometries.

To identify the mechanism involved in the identity-dependent sorting of mRNAs, I manipulated cellular spn-4 mRNA and tested whether spn-4 mRNA clustering responded in a concentration-dependent manner.

To address the question of the cooperativity between various mRNA species, the composition and internal organization of condensate subcompartments (mRNA and regulatory protein phases) were analyzed. I further challenged the system buffering capabilities by manipulating condensate assembly synthetically, and also analyzed the physiologically-induced remodeling of condensates along the spatiotemporal oogenesis axis.

4.) To understand how mRNA translation and condensation are adapted to cellular activity.

To this end, I imaged spn-4 mRNA localization patterns and SPN-4 protein accumulation across active oogenesis and quiescent oogenesis. I combined the imaging of SPN-4 protein accumulation with quantitative analysis and modeling to determine how protein production rates quantitatively relate to mRNA condensation.

Introduction

Addressing how cells integrate the stoichiometric information of millions of mRNAs, whose copy numbers range from one to hundreds depending on identity, is critical to uncovering how cells achieve remarkably fine-tuned levels of specificity in coordinating mRNA translation to cellular activity. In a first layer of coordination, binding proteins coregulate mRNAs that share the same regulatory elements. However, these "master-coordinators" of mRNA regulons do not alone explain the system-wide control of ribonucleoprotein (RNP) stoichiometries. RNPs further co-assemble into liquid droplets, semi-liquid hydrogels, or solidify into glass or crystal-like forms (1-3) to concentrate into membrane-less organelles, termed bio-condensates. Intriguingly, toleration of large stoichiometric variations is a hallmark of condensates (4, 5), and was recently debated as a buffering mechanism for its protein structural components (6,7). mRNAs also structure condensates (8-10), and despite the transcriptome-wide association of translation repression with cytosolic condensation (11)(12)(13), the impact of condensation on mRNA fluxes and concentrations is unknown. We quantitatively modeled how RNA self-organization into multiphase condensates selectively and robustly controlled mRNA cytosolic stoichiometries depending on sequence identity and translational activity.

Results

Transcriptome-wide mRNA condensation is a default but selective state upon quiescence

C. elegans oogenesis arrest offers a unique and biologically relevant opportunity to investigate how condensation reorganizes the transcriptome in the context of cellular adaptation to quiescence. Oogenesis arrest triggers the accumulation of translationally repressed mRNPs into P-body condensates that can grow up to 10 m in size (Figure 1A) (2, 3). To test the ability of condensates to sort and sequester large mRNA fractions we first focused on candidate mRNAs that were previously shown to be repressed (spn-4, glp-1)

or translated (puf-5, tbb-2, pccb-1) in oocytes (14). To visualize mRNAs with single-molecule sensitivity, we used fluorescent in situ hybridization (smFISH) (see Figure S1, methods and associated quantitative controls). The repression cofactor protein GFP:CAR-1 was used to label P-bodies in arrested oocytes (Figures 1B,S1). The two translationally repressed mRNAs, spn-4 and glp-1, were found to be more than 100-fold concentrated within P-bodies compared to the surrounding cytosol (Figures 1B, 1B suggesting that condensates could be reservoirs.

To expand our quantification of condensation transcriptome-wide, we adapted our Fluorescence Activated Particle Sorting (FAPS) method (11) (Figure 1C). Oocyte P-bodies were labelled with GFP:CAR-1, formaldehyde fixed, and FAPS sorted by their size and fluorescence using whole animal extracts (Figure 1D). By comparing P-body and whole oocyte transcriptomes, we computed mRNA relative enrichment within condensates (Figures S2A-S2D, Data S1). This strongly correlated (r 2 >0.95) with the mRNA enrichments computed by smFISH imaging for candidate mRNAs, cross validating the two approaches (Figure S2E). Calibrating RNA-Seq relative levels (Data S2) with imaging absolute numbers (Figures S2F, S2G) allowed us to extrapolate mRNA copy numbers within and outside P-bodies transcriptome-wide (Figure 1E, Data S3). For mRNAs of similar abundance, the degree of enrichment within P-bodies ranged across orders of magnitude (Figure 1E). While the dynamic range of condensation was between 10 to 90%, the median across mRNA identities was 65% (Figures S3A-S3E, 1F), demonstrating that despite selectivity condensation is the rule rather than the exception.

Compacted mRNAs reach overlap concentration within condensates

The ability of condensates to concentrate large cytosolic RNA fractions in small volumes raised the question of mRNA compaction. Weighting enrichment by mRNA abundance we estimated that 5010 % of the 18 million mRNA molecules were condensed in 5% of the oocyte volume (Figures S3F,1G). This concentrated mRNAs to 10 7 nucleotides per µm 3 , which is 10 times higher than the textbook example of nuclear dsDNA compaction (Figures S3G, S3H, 1H, 1I). Multiplying the volume of a single compacted repressed mRNA (15) by our computed number of P-body mRNAs gave a cumulative volume slightly larger than P-bodies (Figures S3H, S3I, 1J), suggesting that P-body mRNAs reach the overlap concentration where mRNAs become entangled by occupying overlapping space.

Translationally repressed mRNAs condense into oocyte P-body reservoirs

To define the features of condensed RNAs, we computed the degree of P-body enrichment of different RNA types compared to the whole oocyte transcriptome. mRNAs were strongly enriched compared to all ncRNAs we investigated (Figure 2A). Moreover, tRNAs and rRNAs, components of the translation machineries, were among the most severely depleted (Figures 2A,2B), evidencing that P-body mRNAs are not translationally active. Ranking candidate mRNAs according to the abundance of their protein output in oocytes ( 14) confirmed that mRNA enrichment within P-bodies is inversely correlated with protein production (Figure 2C, Table S1). Accordingly, the mRNA targets of PUF-5 and OMA-1/LIN-41 (16,17), were strongly enriched in oocyte P-bodies at the developmental stage at which these repressors function, whereas the targets of repressors that function at earlier stage were not (Figure 2D). Translationally repressed P-body mRNAs tended to encode regulatory functions, whereas mRNAs excluded from P-bodies tended to encode constitutive, housekeeping, metabolic and structural functions (Figure 2E). Although Pbody mRNAs carried longer 3'UTRs that are known to promote translation repression, they did not possess longer CDSs or 5'UTRs. This is in contrast to stress granule and P-granule mRNAs (12, 13) (Figure S4A).

The absence of compositional bias and the restriction of length bias to 3'UTRs (Figures S4A,S4B) suggests more selective mechanisms for condensate sorting.

Homotypic mRNA nanoclusters coarsen into multiscale multiphase condensates

Classic phase separation theory predicts that as a system tends toward equilibrium a single large droplet will integrate smaller ones over time in a coarsening mechanism that minimizes the energy of surface tension at the interfaces (Figure 3A). To test whether coarsening applies to the viscoelastic P-bodies that were previously shown to relax under surface tension (2), we took advantage of the spatiotemporal organization of oocytes within gonads to record the sizes of GFP:CAR-1 condensates at various time points (Figures 3B,3C). In the oldest quiescent oocytes, 1-2 supersize outliers per cell outgrew the smaller condensates in a time-dependent manner to represent most of the condensate cumulative volume (Figures 3C,3C'). Although such coarsening fits the classic phase separation theory, the condensate growth was extremely slow and occurred over a week-long period.

Next, we tested whether smaller mRNA clusters might exist in a system were condensates do not have time to grow. We took advantage of the tunable rates of oogenesis. In the absence of fertilization, oogenesis rates decreased to one ovulation every 10 hours (quiescent oogenesis), this rate accelerated to every 20 minutes upon fertilization (active oogenesis). During active oogenesis, macro-condensates were not detected (Figure 3C), as expected from the observed week-long condensate growth period. However, the smFISH uncovered nanoclusters that accumulated half of the repressed spn-4 mRNAs, demonstrating that clustering had been largely underestimated because of resolution limitations (Figures 3D,3D',S5). Although coarsening kinetics were limiting in active cells, nucleation was not. Upon quiescence, mRNAs slowly redistributed to supersize outliers. In addition, the slope of the power-law distribution distinguished nanoclusters from macro-condensates, suggesting divergent mechanisms of assembly (Figure 3D').

Regardless, the ability to segregate large mRNA fractions is not restricted to macro-condensates and includes nanoclusters of active cells.

The cluster size distribution of spn-4 mRNAs demonstrated the coexistence of four mRNA populations: single molecules, nanoclusters, macro-condensates and supersize outliers (Figures 3D',S5D). To test whether compositional differences explained the size distribution discontinuity between nanoclusters and macro-condensates we simultaneously labeled two translationally repressed mRNAs, spn-4 and glp-1

(Figure 3E). Imaging uncovered that nanoclusters were homotypic, they contained only glp-1 or spn-4

(Figure 3E'). Although nanoclusters of spn-4, glp-1, or another repressed mRNA, mbk-2, co-assembled into heterotypic macro-condensates, patterns were reminiscent of spinodal decomposition (Figures 3E-3E'', 3F, S6), supporting demixing between nanoclusters of different identities. In addition to the RNA-protein interactions of single RNP assembly, new interaction scales emerged from RNP clustering: homotypic RNA-RNA interactions within nanoclusters, and heterotypic interactions between nanoclusters that coassembled but poorly mixed. Moreover, while RNA-RNA demixing separated mRNAs identities, proteinprotein demixing defined subcompartments on a larger scale within condensates (2) (Figures 3F-3H). We conclude the multiscale multiphase organization of the transcriptome.

Condensate buffering promotes robust RNA:protein stoichiometries

mRNA condensation correlated with translation repression (Figure 2), suggesting that condensates buffer repressed mRNA accumulation. To test this, we recorded variations of concentrations for the repressed spn-4 mRNA and CAR-1 repressors across oogenesis (Figure 4A). Imaging revealed that their cytosolic concentrations remained constant, while their relative stoichiometries within condensates dramatically changed (Figures 4B,S7). Additionally, despite a 4-fold variation between animals in total cellular spn-4 copy numbers for similarly staged diakinesis oocytes, cytosolic copy numbers remained almost identical (Figure 4C). Sequestration in condensates buffered the spn-4 mRNA variations. 

Condensates buffer the tightest state of mRNA translation repression

We hypothesized that, contrary to repressed mRNAs, translated mRNAs remained soluble at high concentrations. In the simplest linear model, as translation output doubles, the number of translated, and thus soluble mRNAs, also doubles (Figure 6A). However, in a model where translation efficiency depends on the scanning ribosome density, to double the translation output, the ribosome density per mRNA should double, but the number of mRNAs that are engaged with one or more ribosome (soluble) remains almost unchanged. Only when translation and ribosome density tend toward zero, should the probability to be ribosome free (condensed) exponentially increase (Figure 6B). To distinguish between these two models and quantify the condensation-translation relationship, we focused on spn-4 translation activation during oocyte maturation. ). Although mRNA clusters dissolved upon translation activation, there was no linear relationship between the fraction of soluble molecules and the translation output, supporting the non-linear model (Figure 6G). Only tightly repressed mRNAs were clustered. As translation reached less than 5% of the maximum efficiency, cluster sizes already dropped by four orders of magnitude (Figures 6C',6E'). At 15% of maximum translation efficiency, more than 50% of spn-4 were solubilized (Figure 6G). Contrastingly, toward high translation output, a less than 2-fold increase in the number of soluble molecules was enough to provide a 10-fold increase in translation (Figure 6G). Translation outputs depended on the translation efficiency per soluble mRNA rather than the number of soluble mRNAs. While the soluble mRNA fraction was translationally regulated across wide ranges of efficiency, there was an exponential relationship between the condensed fraction and the degree of repression (Figure 6G). Very subtle increases in translation frequency associated with massive dissolutions, in accordance with the days-long repression requirement for condensate growth.

The kinetics of mRNA translation dominated over the kinetics of condensation. We conclude that translation control mainly occurs in the dispersed phase of the cytoplasm, where the translation efficiency of single transcripts is adapted to cellular activity. Condensates buffer the exponential accumulation of repressed mRNA as translation drops, and conversely quickly dissolve upon translation activation.

The ability of repressed mRNAs to condense autonomously according to their identity through selfassembly into homotypic clusters indicates that mRNAs should similarly dissolve independent of each other according to their respective translation activation profile. To test this, we compared spn-4 mRNA that is activated upon oocyte maturation to glp-1, an mRNA that remains translationally repressed until later embryogenesis (Figure S8A). While, spn-4 was released from macro-condensates upon translation activation, repressed glp-1 remained sequestered (Figure S8A-S8C). We conclude that multiphase condensates are decentralized systems, where distinct mRNA identities coexist within the same macrocondensate while being regulated autonomously.

Discussion

In the face of gene activity changes, concentration-dependent condensation has been proposed to robustly buffer protein accumulation (7). The mechanism has been debated due to the paradox that although most endogenous condensates are heterotypic, homotypic self-interactions are required for fixed saturation concentrations (Figure 5B) (6). By focusing on mRNA dynamics rather than those of proteins our dissection of multi-scale assemblies reconciles the contradictions between the two models (Figure 6H). mRNAs first assemble with soluble regulators into single mRNPs whose translation is regulated in the dispersed phase.

As translation drops, tightly repressed mRNPs cannot exceed a saturation concentration without selfassembling in a self-buffering mechanism that selectively depends on mRNA identity. Diverse nanoclusters further coalesce but poorly mix within macro-condensate subcompartments that are themselves defined through protein-protein separations. Lowly abundant mRNAs below saturation are alternatively recruited as clients to preexisting macro-condensates, diversifying partition mechanisms. Thousands of mRNAs can co-exist within condensates and their concentrations can be independently coordinated to cellular activity.

(Figure 6H). Their autonomous self-assembly prevents one accumulating repressed mRNA from disrupting others. The better partitioning of mRNAs as compared to regulatory proteins further ensures that mRNA sequestration does not deplete the cytosol of regulators. mRNAs cooperatively share limiting regulators, preventing the disruption of RNA:protein stoichiometry in the dispersed phase. To limit mRNA intermixing and selectively adapt supramolecular organizations to individual molecular functions, evolution must have shaped the phase diagram of each mRNA, in a molecular grammar that remains to be deciphered (9,18).

Cluster condensation and dissolution quickly sense concentration variations to integrate cellular demands.

Clusters do not need to reach condensate reservoir volumes to ensure that robustly measured saturation concentrations are available. Beyond the stoichiometric control uncovered here, spatial and biochemical clustering may functionalize every aspect of RNA life (19,20), underscoring that there is still much to be discovered about the self-organization principles of the transcriptome supra-molecular polymer. (E) P-body depletion of mRNAs encoding housekeeping, structural and metabolic functions, and enrichment of mRNAs encoding regulatory and developmental functions, GO analysis. 
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C. elegans strains, maintenance and RNA interference

C. elegans strains were maintained by standard methods on feeding plates seeded with OP-50 E.coli (21).

All transgenic strains were crossed either into hermaphrodites N2 (Bristol wild-type strain) or feminized CB4108 (fog-2(q71)) backgrounds that are depleted of sperm. Strains are listed in Table S2. To deplete the expression of genes of interest, RNAi in C. elegans was performed as previously described, either by feeding (22,23) or injecting (dsRNA) (24). Briefly, for the feeding method, synchronized L4 larvae were grown at 20°C for 48 h on HT115(DE3) E.coli strains expressing the dsRNA of interest from an L4440 plasmid, whose inserted sequence was directly cloned from the corresponding C. elegans cDNA (22,23).

A random dsRNA that is absent from the C. elegans genome was expressed from the L4440 plasmid as a mock(RNAi) control. For the alternative direct injection of double-stranded RNA (dsRNA) in the gonad (24), worm gonads were analyzed 48 h post injection.

Live imaging of GFP:protein fusions

Live C. elegans nematodes were anesthetized with 50 mM NaN3 in Phosphate Buffer Saline (PBS), and transferred between slides and coverslips to 4% agarose pads, and imaged on a Zeiss LSM 880 microscope with a Plan-Apochromat 40x/1.4 Oil DIC M27 objective and AiryScan SR module. Imaging was conducted in the first 15 min of anesthesia. To avoid signal interference from the intestine, images of GFP-tagged proteins were acquired from the gonad closer to the objective. 3D image data was obtained using Zeiss ZEN software and a 488 nm laser (BP 420-480 + BP 495-550). Z-stacks were acquired with a step-size of 0.5 µm (2.0 optical zoom, 0.66 μs pixel dwell, master gain of 750, digital offset of 1,79 µm pinhole) and processed using the in-built Zeiss Airyscan Processing algorithm.

Single Molecule Fluorescent In Situ Hybridization (smFISH) smFISH probes preparation

Our smFISH method to visualize mRNA subcellular localization with single molecule sensitivity in formaldehyde fixed C. elegans gonads was adapted from (25). For that purpose, we designed 37 to 48 smFISH probes per tested transcript using the Oligostan R script (25). Primary probes carried FLAPx extensions (Tables S3-S7) that anneal to complementary FLAPx secondary probes labeled with two Cy3 fluorophores (Table S8) to fluorescently label target mRNAs so that the theoretical expected amplified fluorescence would correspond to a minimum 37x2 fluorophore per single hybridized transcript (25). For smiFISH probes preparation, primary probes (~60nM/probe) were mixed with labeled FLAPx secondary probes (5µM) in TSE buffer (10 mM Tris; 1 mM EDTA; 100 mM NaCl; pH 7.95), and annealed as described in (25).

step defined the upper and the lower limits of oocytes within the z-stack acquisition, the z-upper (𝑍 𝑢𝑝 ) and z-lower (𝑍 𝑙𝑜 ) oocyte boundaries. For that purpose, the 90 th percentile of the fluorescence intensities was computed for each stack along the z-axis, and the partial derivative (numerical gradient) of the 90 th percentiles was calculated using the MATLAB function gradient. The z-stack positions corresponding to the derivative's maximum and minimum defined the oocyte lower and upper limits by detecting the transition between background and oocyte signal (Figure S1B). Next, to set oocyte limits along x-and yaxis, the oocyte contours were identified manually in maximum intensity projections of the z-stacks (Figure S1C). Following oocyte segmentations, each oocyte was staged according to its position along the proximodistal axis of the gonad. The most proximal oocyte, ranked in position -1, is the most mature oocyte paused for fertilization. Other oocytes were numbered according to their proximo-distal positions, where the -4 oocyte is more differentiated than the -5 along the gonad spatiotemporal axis (Figure S1C).

Segmentation of mRNA condensates using a thresholding approach

The second segmentation step identified in each segmented oocyte the mRNA condensates that were larger than 32 pixels in size (~0.02 µm 3 ) (Figures S1D-S1F). This thresholding segmentation method was applied in the GFP:CAR-1 and the mRNA channels, which are both independent and overlapping markers of condensates (Figure S1A). Briefly, pixels with intensities lower than image's 90 th quantile were filtered out as background. Then, 2-by-2-by-pixel regions were normalized (𝑁) between 0 (≈cytoplasm) and 1

(≈condensates), according to each plane maximum intensity (Figure S1D): where 𝑁 is the normalized value of a 2-by-2-by-1 region, 𝑖 denotes 𝑥, 𝑦 coordinates, 𝑗 is the 𝑧-stack, 𝐼 is the average intensity, and 𝐼 represents intensities at stack 𝑗, z-upper (𝑍 𝑢𝑝 ) or z-lower (𝑍 𝑙𝑜 ) oocyte boundaries.

After normalizing fluorescence intensity (Figure S1D), the local fluorescence background was removed (Figure S1E). To this end, continuums of weak normalized fluorescent intensities (𝑁 < 0.65) were identified using the 3D-connected component function. Large 3D-connected regions (> 5000 pixels) with low 𝑁 (𝑁 < 0.65) were defined as local background and were therefore filtered out (Figure S1E). Next, to segment mRNA condensates, z-stack regions that passed a specific intensity threshold (𝑁 > 0.6) were labeled using the 3D-connected component function. 3D-connected objects larger than 0.02 µm 3 were considered as macro-condensates. To ensure that condensate edges were included, each macro-condensate binary mask was dilated using MATLAB function imdilate (Figure S1F).

Identification of mRNA sub-diffractive foci (single mRNAs and nanoclusters)

After delineating oocytes and segmenting the largest mRNA condensates (see above), the third step identified sub-diffractive fluorescent foci, that represent both single mRNAs and mRNA nanoclusters, using the open-source MATLAB package FISH-quant (25,26). Briefly, the raw smFISH signal was enhanced by a two-step convolution of the image with Gaussian Kernels using the FISH-quant function img_filter_Gauss_v5 as detailed in (25,26). To limit detection to the sub-diffractive foci, mRNA macrocondensates were masked (Figure S1G). Next, to quantify foci depending on oocyte differentiation stages, oocyte limits along x-and y-axis as defined above were used to generate compatible image outlines files readable by the FISH-quant software. Finally, cytosolic mRNA foci were detected (3D local maximum)

and filtered in FISH-quant (Figure S1H).

Single molecule calibration to compute the fluorescence intensity of a single mRNA copy

To quantify smFISH images with single molecule sensitivity it was critical to define the fluorescence intensity distribution of single mRNA molecules. For that purpose, the intensity distribution of subdiffractive mRNA foci was quantified at very low RNA concentrations to ensure that all mRNAs exist as single molecules (Figure S1I). mRNA foci were detected with the open-source MATLAB package FISHquant (25,26). The point-spread function (PSF) and amplitude of single molecules were defined in images with mRNA concentrations lower than 0.5 mRNAs/µm 3 𝜙 𝑛 (𝑥)Φ 𝑛 (𝛼 𝑛 𝑥)) populations were integrated, multiplied by the number of cytosolic foci, and divided by the estimated peak amplitude given by 𝐴 ̂. This integration allowed us to estimate the proportion of single mRNAs and nanoclusters, and the number of molecules in each fraction.

Quantification of the number of mRNAs copies within macro-condensates

To quantify the number of mRNA molecules that were clustered within macro-condensates, we took advantage of the average PSF of single mRNAs computed at low concentration (see above and Figure S1I), and used two complementary and cross-validating methods, an integrative method and a cumulative method (Figure S1J). For the integrated intensity approach, we used the dedicated FISH-quant biocomputing pipeline (26) that we modified to adapt integration windows to each condensate volume. For the cumulative method, we computed the number of mRNA molecules per condensates as follows:

𝑁 (𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑖𝑛𝑡𝑒𝑛𝑖𝑠𝑡𝑦) = ∑ (𝐼 𝑚𝑐 𝑗 -𝐵𝐺𝐷 𝑠𝑚 )≥0 𝑉 𝑚𝑐 𝑗=1 ∑ (𝐼 𝑠𝑚 𝑖 -𝐵𝐺𝐷 𝑠𝑚 )≥0 𝑉 𝑠𝑚 𝑖=1
, where 𝑉 represents the number of voxels, 𝑚𝑐 a given macro-condensate, 𝑠𝑚 the average PSF of single mRNAs, 𝐼 is the grayscale intensity, and 𝐵𝐺𝐷 denotes background.

smFISH quantifications of mRNA phase parameters

Dispersed mRNA copy number or dissolved mRNAs (𝑁 𝑑𝑖𝑠(𝑠𝑚𝐹𝐼𝑆𝐻) ): sum of the mRNAs that are detected as single transcripts in the cytosolic phase as described in our smFISH quantification pipeline detailed above.

Condensed mRNA copy number or clustered mRNAs (𝑁 𝑐𝑜𝑛𝑑(𝑠𝑚𝐹𝐼𝑆𝐻) ): sum of the mRNAs that are detected either as belonging to macro-condensates or nanoclusters in our smFISH quantification pipeline detailed above.

Total mRNA copy number (𝑁 𝑡𝑜𝑡(𝑠𝑚𝐹𝐼𝑆𝐻) ): sum of dispersed and condensed mRNA copy numbers.

Condensed mRNA fraction (% 𝑐𝑜𝑛𝑑 𝑠𝑚𝐹𝐼𝑆𝐻 ): ratio between the condensed mRNA copy number and the total mRNA copy number; % 𝑐𝑜𝑛𝑑 𝑠𝑚𝐹𝐼𝑆𝐻 = 𝑁 𝑐𝑜𝑛𝑑(𝑠𝑚𝐹𝐼𝑆𝐻)

𝑁 𝑡𝑜𝑡(𝑠𝑚𝐹𝐼𝑆𝐻) * 100.

P-body enrichment (𝐹𝐶 𝑠𝑚𝐹𝐼𝑆𝐻 ): ratio between the condensed mRNA copy number and the dispersed mRNA copy number; 𝐹𝐶 𝑠𝑚𝐹𝐼𝑆𝐻 = 𝑁 𝑐𝑜𝑛𝑑(𝑠𝑚𝐹𝐼𝑆𝐻)

𝑁 𝑑𝑖𝑠(𝑠𝑚𝐹𝐼𝑆𝐻)

.

Phase volumes: The Segmentation of oocyte boundaries and oocyte staging (see above) was used to obtain 3D reconstructions of staged oocytes and nuclei, and measure respective volumes. The Segmentation of mRNA condensates using a thresholding approach (see above) yielded macro-condensate volumes.

Total cytoplasmic concentration (𝐶 𝑡𝑜𝑡(𝑠𝑚𝐹𝐼𝑆𝐻) ): total copy number divided by the cytoplasm volume where the cytoplasm volume (𝑣𝑜𝑙 𝑐𝑦𝑡𝑜𝑝𝑙𝑎𝑠𝑚 ) was defined as the oocyte volume without the nucleus; .

spn-4 mRNA distribution across cluster sizes: the cluster sizes were defined as the number of condensed mRNA copies per cluster (mRNA molecules per foci, see Quantification of the number of mRNAs copies within sub-diffractive mRNA foci and macro-condensates sections). Second to compute spn-4 mRNA distribution across cluster sizes, the number of clusters was multiplied by the number of spn-4 molecules per cluster.

In silico simulations to control and correct for smFISH clustering quantifications

We used simulated images to evaluate the accuracy of our smFISH measures of mRNA clustering (Figure S5). In the absence of physical interactions, two independently free diffusing molecules may artificially appear as belonging to the same cluster by lack of spatial resolution in microscopy images as the molecules randomly come close to each other. Such occurrence will increase at high concentrations, leading to cluster overestimates. To take in account this resolution limit at high concentrations, and correct for potential clustering overestimates, we took an in silico simulation approach (Figure S5). For that purpose, we generated synthetic smFISH images where individual mRNAs were placed randomly within a 3D space, as expected from free diffusion without clustering (Figure S5A). To simulate our experimental imaging resolution limits, experimental PSFs of single mRNAs extracted from RNAi experiments were used. The random placement of PSFs in 3D was done in a segmented oocyte without nucleus using the MATLAB function randsample. A variable of our simulation was the input RNA concentration, that was artificially increased by adding randomly placed PSFs (Figure S5A). For the random placement, sampling replacement was allowed, and simulations were repeated 3 times for a given RNA concentration. The simulated images were next analyzed using our smFISH quantification pipeline (Figure S1, and see above). Thus, we could compare the measured smFISH mRNA quantification results from the simulated images that did not include clustering in the input parameters (1) to the actual input values of the simulation, (2) to our experimental measures (Figures S5B-S5F). The experimental nanocluster quantifications were corrected by subtracting the cluster artifactual over detection in the simulation, and single soluble mRNA quantifications were corrected by adding mRNA artifactually detected as nanoclusters (Figures S5B-S5F).

Experimental controls for smFISH clustering quantifications

To test whether our quantifications of clustered mRNAs in the condensed phase were accurate and linearly scaling with the quantification of single mRNAs in the dispersed phase, we induced a dissolution of mRNA clusters, and tested whether our total mRNA quantification remained unchanged independent of mRNA condensation status. For that purpose, condensate dissolution was either artificially induced by RNAi (Figures 4D,S7D), or physiologically induced during oocyte maturation (Figures 6E-6F'', S5G). Both approaches quantified the same total mRNA copy number whether mRNA were condensed or dissolved, confirming our quantifications did not over or underestimate mRNA in the condensed form as compared to the dispersed form. In addition, the smFISH computed mRNA copy number, as well as mRNA enrichment in condensates, linearly correlated with the results independently obtained from the condensate purification sequencing method (Figure S2E-S2G), cross-validating our imaging quantification by a biochemical purification sequencing approach.

Purification of germline P-bodies and oocyte dissection

Oocyte P-bodies were purified from C. elegans by adapting our published Fluorescent activating Particle Sorting (FAPS) method that we had previously developed starting from human epithelial cells in culture (11), the most significant improvement being our ability to start from whole animal fixed tissues rather than non-fixed cell lines.

Sample preparation

C. elegans oocyte P-bodies were labelled using a fluorescent GFP:CAR-1 reporter under the germline promoter pie-1 (2). As a secondary marker, PGL-1:RFP was used, which labels subcompartments of the oocyte P-bodies (2, 3). To sort oocyte P-bodies, ~ 1000 C. elegans animals were used per replicate. For each sorting experiment, staged L4 females (TE71) and L4 hermaphrodites (TE51) were isolated and grown for 72 h at 20°C in the absence of males. In adult worms, GFP:CAR-1 labelled P-bodies formed in the arrested oocytes of unmated females (TE71). By contrast, within active oocytes of self-mated hermaphrodites (TE51) that bypass oogenesis arrest, GFP:CAR-1 did not condensed in P-bodies macrocondensates, providing negative controls for the P-body purification.

Worms lysis and extracts preparation for FAPS

Adult worms were collected and washed 3 times in Phosphate Buffer (77.4mM Na2HPO4; 4mM NaH2PO4) equilibrated at 20°C, fixed in ~2.2% formaldehyde in a Phosphate Buffer for 12 min at 20°C, and washed twice in 100mM Tris pH 7.5 to quench the formaldehyde. All subsequent steps were conducted at 4°C to limit RNA degradation. Fixed worms were washed twice in Lysis buffer (150 mM NaCl; 50 mM Hepes pH 7.5; 1mM EDTA; 1% Triton; 0,2% SDS), resuspended in 300uL of fresh lysis buffer complemented with 80U of RNaseOut (Promega). Worm lysates were generated by mechanical bead beating using 1.0 mm zirconium-oxide beads in a Bullet Blender Gold homogenizer (Next Advance). The bead beating was conducted at medium speed for 15 s, which was repeated 8 times for total cellular lysis, with intermediate cooling steps of 30 s on ice between each bead beating to limit RNA degradation that can be induced by samples over-heating. The resulting fraction was named the whole animal pre-sorted extract. Three biological replicates from independent experiments were performed.

P-bodies sorting by FAPS

From the whole animal pre-sorted extracts, oocyte P-bodies were sorted on a cell sorter (MoFlo Astrios EQ, Beckman Coulter) equipped with a nozzle size of 70 mm, and working at 66 000 Hz with a 60 psi pressure, using the 488 nm excitation laser and the 526/26 band pass filter to detect the GFP labelled Pbodies, and the 561 nm excitation laser and the 579/8 band pass filter to detect the RFP. Particles were detected according to their intensities (either GFP or RFP) and sizes (Forward Scattered Light). The sorting window was defined to keep GFP:CAR-1 labeled oocyte P-bodies, by comparing TE71 extracts that contained P-bodies to TE51 extracts that did not contain enlarged P-bodies (Figure 1D). The purity mode (1-2 envelop) and a differential pressure of 0.5 were applied for sorting. Note that the starting dilution of the pre-sorted extract was critical for the purity of sorted P-bodies. A 1/2000 dilution of the presorted extract was therefore adjusted to detect maximum 10000 Event Per Second (EPS). After 12 h of sorting, 1x10 6 Pbodies were collected. The pre-sorted and sorted fractions were stored at 80 °C. The presence of sorted Pbodies was confirmed by microcopy, and their stability was verified by re-sorting collected P-bodies (11).

Oocyte dissection

For transcriptomic analyses, an additional control of dissected oocytes was included. Briefly, ~100 adult C.

elegans females (TE71), that were matched to the synchronized C. elegans used for P-body purification, were washed in Phosphate Buffer and dissected on coverslips. Dissected oocytes were transferred into 1ml

Phosphate Buffer, centrifuged at 1000G for 10 min, and resuspended in ~150 µl Phosphate Buffer. Lysis and FAPS steps were skipped. Three biological replicates from independent experiments were performed.

Transcriptome analysis of oocyte P-bodies and whole oocytes

Sorted oocyte P-bodies, whole animals extracts (pre-sorted extracts containing somatic and germline RNAs), and dissected oocytes fractions (oocyte RNAs) were processed in parallel for RNA sequencing (RNA-Seq).

RNA extraction, libraries preparation and RNA sequencing

In order to obtain high-quality RNAs from fixed samples (sorted oocyte P-bodies and animal extracts) and oocyte dissections, total RNA was extracted using a miRNeasy FFPE kit (Qiagen) with adaptations: i) deparaffinization step was skipped, and ii) since sorted oocyte P-bodies were subcellular fractions, the separation of cell debris by centrifugation was omitted for these samples. The subsequent steps followed 

Differential RNA enrichment in oocyte P-bodies

To compute the relative RNA enrichment between FAPS purified P-bodies, whole animal pre-sorting extracts, and whole oocytes, read raw counts were determined for each annotated gene by HTseq-count using default stranded parameters (30). Next, the DESeq2 Bioconductor package was used to detect foldchange (𝐹𝐶 𝑅𝑁𝐴-𝑆𝑒𝑞 ) differences between groups taking into account internal normalization with correction for library size and RNA composition bias (31). The geometric mean was calculated for each gene across samples. Then, the counts per gene were divided by the geometric mean. The ratios generated by this procedure were the size factors for each sample. Shrinkage estimation was applied for dispersions using the samples from the different conditions as replicates. To determine gene expression differences between conditions, negative binomial generalized linear models were fit to each gene and the Wald test was applied for significance testing. Count outliers and genes with mean of normalized counts below threshold were removed by Cooks's distance. For statistical significance, p-value < 0.05 was considered the threshold of FDR filtering for Type II error. All the statistical analyses were conducted R version 4.1.2.

Feature analysis of P-body mRNAs.

Differential enrichment of RNA biotypes in oocyte P-bodies, including rRNAs.GenomicRanges and rtracklayer Bioconductor packages were used to retrieve biotype information from the Gene Transfer Format file corresponding to WBcel235.96 (32,33). Transcripts were classified into the following biotypes: mRNA, pseudogenes, antisense, lincRNA, snRNA, ncRNA, rRNA, snoRNA, tRNA, and the 𝐹𝐶 𝑅𝑁𝐴-𝑆𝑒𝑞 were computed for each biotype by comparing the oocyte P-body transcriptome to the whole oocyte transcriptome (Data S1).

Differential enrichment of mRNAs in oocyte P-bodies depending on the abundance of their protein product.

mRNAs were binned in 3 classes (no, poor and high protein product) according to the abundance of the encoded proteins in diakinesis oocytes as estimated using GFP fluorescent reporter as described in (14).

Differential P-body enrichment for the RNA targets of various RNA binding proteins. The mRNA targets of various RNA binding proteins were predicted as follow. The top 100 mRNA targets of FBF-1 and GLD-1 were ranked according to their binding site records from CLIP data sets as computed in (34). The targets of OMA-1 and LIN-41 were identified in (17) and selected with a corrected p-value bellow 0.05. mRNA targets of PUF-5 were predicted from (16).

Gene Ontology (GO) analysis. To determine the GO terms of our P-body enriched and depleted mRNAs, Nucleotide length for mRNAs enriched in oocyte P-bodies and embryonic P-granules. For P-body and Pgranule enriched mRNAs (corrected p-value p<0.05), we computed for the longest isoform of each coding transcript the 5'UTR, 3'UTR, and CDS nucleotide length using the C. elegans genome annotation (WBcel235.96). P-granule enriched mRNAs were identified in (13).

Nucleotide compositional bias of mRNAs enriched in oocyte P-bodies. mRNAs were ranked from low to high enrichment in P-bodies (𝐹𝐶 𝑅𝑁𝐴-𝑆𝑒𝑞 ) and distributed in 5 bins of equal sizes. For each bin, the nucleotide composition (% of A,U,C,G) was computed in the 5'UTR, 3'UTR, and CDS.

Transcriptome-wide scaling of mRNA condensation Transcriptome-wide, for each transcript, the condensed mRNA copy number in the cytosolic P-bodies (𝑁 𝑐𝑜𝑛𝑑(𝑝) ), the dissolved mRNA copy number in the dispersed cytosolic phase (𝑁 𝑑𝑖𝑠(𝑒) ), and their P-body enrichment as compared to the dispersed cytosolic phase (𝐹𝐶 𝑝 ) were extrapolated by calibrating the RNA condensate purification and sequencing results with smFISH imaging quantifications of RNA condensation (Figure S2). The RNA-Seq provided information about mRNA abundance (FPKM units) and enrichment (𝐹𝐶 𝑅𝑁𝐴-𝑆𝑒𝑞 ) on a transcriptome-wide scale, but values were relative (Figures S2A-S2D). In a complementary approach, the smFISH quantified mRNA absolute copy number in the condensed (𝑁 𝑐𝑜𝑛𝑑(𝑠𝑚𝐹𝐼𝑆𝐻) ) and dispersed phases (𝑁 𝑑𝑖𝑠(𝑠𝑚𝐹𝐼𝑆𝐻) ) and their exact enrichment in P-bodies (𝐹𝐶 𝑠𝑚𝐹𝐼𝑆𝐻 ), but for a limited number of candidate mRNAs (Figure S1). To combine the advantages of these two approaches, we scaled the transcriptome-wide RNA-Seq with the absolute mRNA measurements of the smFISH imaging using linear regressions (Figures S2E-S2G).

Linear regressions demonstrated the strong correlation and therefore cross-validation between the two approaches when comparing:

(i) mRNA enrichment in P-bodies measured by smFISH (log 2 𝐹𝐶 𝑠𝑚𝐹𝐼𝑆𝐻 ) vs. mRNA enrichment in Pbodies measured by RNA-Seq (log 2 𝐹𝐶 𝑅𝑁𝐴-𝑆𝑒𝑞 ) (Figure S2E).

(ii.a) smFISH condensed mRNA copy number (𝑁 𝑐𝑜𝑛𝑑(𝑠𝑚𝐹𝐼𝑆𝐻) ) vs. RNA-Seq abundance in condensates (FPKM units) (Figure S2F).

(ii.b) smFISH total mRNA copy number in oocytes (𝑁 𝑡𝑜𝑡(𝑠𝑚𝐹𝐼𝑆𝐻) ) vs. RNA-Seq abundance in oocytes (FPKM units) (Figure S2G).

Note that 𝑁 𝑡𝑜𝑡(𝑠𝑚𝐹𝐼𝑆𝐻) = 𝑁 𝑑𝑖𝑠(𝑠𝑚𝐹𝐼𝑆𝐻) + 𝑁 𝑐𝑜𝑛𝑑(𝑠𝑚𝐹𝐼𝑆𝐻) , and the linear regressions of absolute counts (ii.a and ii.b) were constrained to intercept the origin (Figures S2F,S2G).

We took advantage of these linear regressions whose confidence interval were narrow to predict (𝑝) the ).

Linear regressions, model predictions, and statistical analyses were conducted using R version 4.1.2.

Transcriptome-wide estimates of the percentage of condensation

To obtain an estimate of the condensation percentage for all mRNAs combined together while minimizing the fitting dependence, we computed a weighted average of the relative log 2 𝐹𝐶 𝑅𝑁𝐴-𝑆𝑒𝑞 enrichments (log 2 𝐹𝐶 𝑤 ) calculated using the RNA-Seq of dissected oocytes, and in which the weight of each transcript depends on its relative copy number (FPKM) within the oocyte as follows:

log 2 𝐹𝐶 𝑤 = ∑ log 2 𝐹𝐶 𝑛 * 𝑜𝑜𝑐𝑦𝑡𝑒 𝐹𝑃𝐾𝑀 𝑛 𝑁 𝑛=1 ∑ 𝑜𝑜𝑐𝑦𝑡𝑒 𝐹𝑃𝐾𝑀 𝑛 𝑁 𝑛=1
Where 𝑛 represents a transcript and 𝑁 is the total number of transcripts in dissected oocytes.

Next, we used the model (i) to obtain the log 2 𝐹𝐶 𝑝 enrichment calibrated by smFISH, and calculated the estimated the percentage of condensation (% 𝑐𝑜𝑛𝑑 𝑒 ) and the confidence interval for all oocyte mRNA transcripts (Figure 1G).

Transcriptome-wide estimates of mRNA local concentrations and compaction within condensates

To estimate the mRNA compaction in P-body condensates, we computed the transcriptome-wide condensed , where 𝐼 𝐵𝐺𝐷 is the mean fluorescence intensity of the z-projected 𝐵𝐺𝐷 representative region (𝑜𝑢𝑡𝑙𝑖𝑛𝑒 𝐵𝐺𝐷 ), 𝑝𝑥 𝐵𝐺𝐷 is the number of pixels in the 𝑜𝑢𝑡𝑙𝑖𝑛𝑒 𝐵𝐺𝐷 , and 𝑣𝑥 𝐵𝐺𝐷 is the number of voxels given by 𝑁 𝑠𝑡𝑎𝑐𝑘𝑠 * 𝑝𝑥 𝐵𝐺𝐷 .

From the difference in relative SPN-4:GFP concentration (Δ 𝑟𝐶 𝑆𝑃𝑁4 ) between the N and N+1 oocyte separated by the ovulation time, we computed the relative SPN-4 protein production rates (𝑟𝑃𝑅 𝑆𝑃𝑁4 = Δ 𝑟𝐶 𝑆𝑃𝑁4 𝑜𝑣𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 ).

Statistical analysis

Statistical analyses were performed in R v. 4.1.2. When comparing two datasets, normality distribution was assessed using a Shapiro-Wilk test. Two-sided Mann-Whitney U-test was used for non-normally distributed data, and two-sided t-test for normally distributed (parametric) data. For parametric hypothesis testing, equality of variances was determined (F test; var.test function). When comparing more than two datasets, regression models were fitted and model assumptions checked including the normality of residuals (Shapiro-Wilk test). One-way ANOVA was used if a model met assumptions, otherwise, Kruskal-Wallis tests were implemented. Parametric or non-parametric pairwise comparisons were conducted with a false discovery rate (FDR) adjustment method. p-value less than 0.05 was considered statistically significant. (A-E) Distribution of mRNA enrichment in P-bodies. (A) mRNA enrichment was computed by comparing the oocyte P-body transcriptome to the whole oocyte transcriptome. To avoid bias from the technical dispersion because of low sequencing read counts for poor abundance transcripts, only the top 50% of transcripts with higher expression levels were plotted (B) Comparison of the cumulative distribution of mRNA relative enrichment in P-bodies depending on mRNA expression levels in oocytes. mRNAs were binned according to their expression levels in oocytes (FPKM), demonstrating that mRNA enrichment in P-bodies increases with mRNA abundance. The large dispersion of the lowest mRNA abundance bins is technical, and reflects dispersion noise due to the low sequencing read counts. (C) Distribution of mRNA relative enrichment in P-bodies according to P-body transcriptomics. Bins of mRNAs relative enrichment in oocytes P-bodies (log 2 𝐹𝐶 𝑅𝑁𝐴-𝑆𝑒𝑞 ) and bins of mRNA expression (FPKM) in oocytes were computed from transcriptomic analysis in (A). (D) smFISH calibrated distribution of mRNA enrichment in P-bodies. mRNA enrichment was computed using the linear regression that correlates transcriptomic sequencing relative enrichment to the smFISH imaging absolute enrichment (see Figure S2E). (A) Synthetic images of single mRNA foci randomly placed at increasing concentrations within the oocyte volume. Lower panels are one-plane magnifications of the inset. Note that because of the lack of imaging resolution to separate the mRNAs that are randomly placed at high density, some mRNAs artificially appear to cluster in brighter foci toward higher concentrations despite the absence of clustering within the simulation input parameters, demonstrating that mRNA clusters can be overestimated, as further quantified in (B). (B) Comparison of spn-4 mRNA distribution across cluster sizes in simulated images (in silico) versus experimental results. Experimental distributions of cluster sizes were computed at low (spn-4(RNAi)) and high (WT animals) mRNA concentrations, either in active oocyte or arrested diakinesis oocytes that were staged in position -4 along the gonad proximo-distal axis. In silico distributions as simulated in (A) were computed for concentrations matching the experimental measures. See Figure S1 for the quantification pipeline of smFISH experimental and simulated images, and Figure 5C for the experimental imaging of spn-4 in RNAi conditions. Note that in the simulation, the nanoclusters detected at high concentrations were artefacts because single mRNAs were not well separated because of imaging resolution limits as shown in (A). (C) Comparison of spn-4 mRNA cluster size distributions at various mRNA concentrations between simulated images (left panel) and experimental results (right panel). spn-4 mRNA concentrations were experimentally varied using an RNAi approach, for imaging see Figure 5C. Note the concentration threshold effect on mRNA clustering in the experimental data that is not detected in the simulation. (D) Experimental quantifications of spn-4 mRNA distribution across cluster sizes with a correction from the in silico simulation. Corrections subtracted the artificial clusters that were detected in the simulation at similar concentrations, and that were instead accounted as single soluble transcripts. (E) smFISH quantifications of single dispersed mRNAs and mRNA nanoclusters within simulated images versus experimental images. (F) Corrected experimental quantifications of single dispersed mRNAs and mRNA nanoclusters.

Corrections subtracted the artificial clusters detected in the simulation at similar concentrations that were instead accounted as single soluble transcripts. (G) Quantification of the number of soluble and condensed spn-4 mRNA molecules across oogenesis differentiation. Corresponding smFISH images can be found in Figures 6E-F. Note that the total quantified number of mRNAs remained unchanged upon condensate dissolution, confirming the absence of bias in the quantification of condensed versus soluble molecules. 
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Table S4. Sequence of probes against glp-1. Primary probes carried the FLAPx extension shown in blue.

mRNA Probe 5' -probe -FLAPx -3' puf-5

1 TTATCACTAGATGGCGTTTCTAGTAGAGGCACCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 2 ACGGTTGACACGATTCTTGATCCGATCGAACCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 3 TGTTGGACGACATAGTTCCCGTATTGATGGAACCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 4 ACAAGATGTCCAGAGCATCACGGTTCGTCCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 5 CTGATCCTTCACATATCCATCGAAGATTTCGCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 6 ACTTGTCTTGCGACATCGATAGAATGTTACGGCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 7 ACGAGACGGCAACCATACTTGTCTTGGCCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 8 CAGTTTGACAACTTTCTGCAGAACGTGGATGGCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 9 GATCTTCTGGGAAATGGCGCTCCAGGAACCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 GATCGAACATTGCTCTGGACGTTTCCAACGCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 TGACGTATTGTTGGCGGTGAAATCGGCAAACGCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 AGTCAGCAGGAGTCAAGTTCAATGGGCCTCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 TTCAGTTTGTTCATGAAATGGGCACTGATGTCCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 TGAGTGGAGTTGGCATAGCCCAGTATGGCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 TTGGCTCATTCGTCATCGTCATTGGCACCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 TGAGCTTCTGGAGCGACTCGATTATTTTCTTCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 TTTGGCATAGAGGCGCATTTCCGATGCCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 GCGTGCCACTGATGTCATGAGTCCATCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 GGATTATCAGACAGCTTGTCGATGGTTTGCTCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 TGATCTTTTCGACGAGCTTCATCGCGATCCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 TTTCGATCAATCCGTTGTCACACATCTTGCCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 GGCGAGTATTGGAAGCGCTGGTTCCCACCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 TTTGGTGATCGCTGATCGACGATGAATCCGCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 GCTTTCGAGTTGATTCTTCCAGTACTGTCACCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 GAGGTCATCCCGAATGTTTCCGCTGTTGCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 TTCGATGATTGTATCACGGTACATTTCCATGACCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 GACATCGAATTTCTGGATCGACATCTGCACCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 CGGTGTAGACGGTGTCAAGGCAGCCAGACCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 CCATCTTACGTTCCTCTTTTCCGAGAAGTGCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 AGGCGTTCCTGTTCGTCAAGGGTTGCATCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 CCAGAGGACTTGATGACGTATTGAACGACGTACCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 TAGCGAACTCGTTCGATGAAAGTCGGAAGCAGCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 AGGAGCTGAAGACGTGTGTTGAAGCAATGGAGCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 AACAGTCATCAGGTTGTCATCGCGACACACCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 ATTTGACGAAGAAACTCCACGCACTAATTGGTCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 TCAACAAACTTCTGGATGATGAAATTTCCGGCCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 CACTGCGGCAAAGACTGGTGAAGACAGCCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 TTGTCAAAGAGCACAAAGTGCATCTCGTTATCCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 TGACTCCAGTTCTATCCATAGCGAAATCGACCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 AGCGATCCGTTGCTAACAACATCTTGGAGACCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 ACACGGATCACTCGACTTGGCAAATGGATCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 TCCCATGAAGTTGAACAGAGGAATGTTGGACGCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 GAGAATGCACCTCCATCGAAGGATCCGCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 CAGAGGAAAAACGCTCAAGGCGGCCGGAACCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 AGCAAGAGAGGTGGAGCAAAGAGAAAAGCTCCCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 TGATCGGTGCAAAGTGGCAGAAAATCAAGACTCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 TCGTTTCCAACGGAAAAATCGGCAAGCCCCCTCCTAAGTTTCGAGCTGGACTCAGTG puf-5 GACAGCCCAGGCAGGCAAAAGACGGGCCTCCTAAGTTTCGAGCTGGACTCAGTG
Table S5. Sequence of probes against puf-5. Primary probes carried the FLAPx extension shown in blue.

mRNA Probe 5' -probe -FLAPx -3' tbb-2

1 AGTGTACCAATGGAGGAAAGCCTTGCGGCCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 2 GTTCGGGATCCATTCGACGAAGTAGGACGAGCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 3 TGGGAATCGGAGACAGGTGGTAACTCCGGCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 4 ACCGAGAATGAGCTCATGATTCTGTCTGGCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 5 CACATTGTCGACAAGCTCAGCTCCTTCCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 6 GACAGAATCCATGGTTCCTGGTTCGAGATCCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 7 CCAACACGGCGCGTGGCACATACTTTCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 8 GTCGGAGATGACCTCCCAGAATTTGGATCCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 9 TTATTGCTCCGATTCGTAAGTCTCTCCAGCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 GGCAGTTGCTTCTTGGTATTGTTGGTATTCTGCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 ATGAGATCGTTCATGTTGCTCTCGGCTTCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 GTGAACTCCATCTCGTCCATTCCTTCTCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 AAGGTGGCAGCCATCTTGAGTCCTCTCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 GTGGGATGTCACAAACGGCGGTCTTGACGCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 CTTGTTCTGAACGTTGAGCATTTGCTCGTCACCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 CTCTCTCATCGACATGCGTCCACGGACCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 GTCTTGGGTCACAGGCAGCCATCATGCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 CTTGGCATCGAACATTTGTTGGGTGAGCTCCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 CCCTTGGCGGAAAGTGGTGCGAATCCTCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 AAGCTTGCGGAGATCGGCATTGAGCTGTCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 GGTTGGGTTGGTGAGTTTGAGGGTACGGTAGCCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 ATGTCGTAGAGGGCCTCGTTGTCAATGCCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 TAGGTCTCATCGGTGTTCTCAACAAGCTGCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 GGACGGAGAGGGTGGCATTGTATGGTTCTACCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 ACTGTGTCGGACACCTTTGGCGATGGTACCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 TCTTCGCGGATTTTGGAGATGAGAAGTGTTCCCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 TTCCAGATCCGGTTCCTCCTCCGAGACCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 CTTCGGCTTCCTTGCGGATCACGTCACCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 TGTAGTGACCCTTGGCCCAGTTGTTTCCCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 CTCCGCTTTGTCCGAACACAAAGTTGTCAGCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 GTTGTTGGCTTCGTTGTAGTAGACGTCAATGCCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 TCAAGCTGGAGATCCGTCTCTCCCTTCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 ATTTGGTTTCCGCATTGTCCGGCTTGCCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 ATAGCGGCCACGGTCAGGTAACGTCCCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 CGACGGTAAGGGCACGGTAAGCCTGGGCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 CGGAACAGCTGGCCGAATGGTCCAGAGCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 CCTCAGCGTATCCGTCGACGTCGTCTCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 AGGTTCCGTCTGGCTGGATTCCGTGCCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 AACATAGCAGTGAACTGCTCTGAGATACGCCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 AGTGAAGACGTGGGAATGGAACCATGTTGACGCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 ATGGTGAGGGATACAAGATGGTTCAAATCACCCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 GTGAGTGAGTTGGAATCCTTGAAGACAATCGCCCTCCTAAGTTTCGAGCTGGACTCAGTG tbb-2 GAAAAGCTCTTGGATAGCGGTCGAGTTTCCAACCTCCTAAGTTTCGAGCTGGACTCAGTG
Table S6. Sequence of probes against tbb-2. Primary probes carried the FLAPx extension shown in blue.

mRNA Probe 5' -probe -FLAPx -3' pccb-1

1 CCAGGCGTAGTTGATGTCTCCACGAAGATCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 2 TTTGATGACATGACATCGTAAGCTCCTCCCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 3 GAGTAATGATGGTAATCTTTGGAACGGTGGCCCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 4 GCATCCAGCAGCAAACTTTGGATTGTTTCCCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 5 GAATCCAATGACCAAGTTCTTGGCGTAGTCTCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 6 AGCGTGAACAACGTCCTTCATGTTGTAGGCCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 7 GCAGCACGGATTGGAGCAGCATCAGTGCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 8 TGAGCGACTCCAGAGGTGACAGTGTGAGTCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 9 GCTTTGACAACATCTGGGCCAGTGATGAACCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 CGAGTAGACGGCTCCTCCAGCACATGCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 AAGCCATCACGTTCTCTTGGAAGATATCGGCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 CCGATGACTGGGGCTCCGACAAGCATCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 CAGGATATTTCTCTTTCTGCATACCGAAGTCCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 TGCAGGTGTGCTCGGCAAACATGTCATACCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 GCAACCTTGATGGTATGAGCGATCGAACTGCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 TTAGAGTGGAATGTTTCCGTGCTTCTTCCATCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 GTTCTTCAACTTCTTGCTTTCAAGCATGTTCACCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 GCGGCTGGGAACGGGTTGCTGAACAGCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 CAGTGTATTCCTCCTCGTGTTGAACGGCGCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 CTCCCATCACAGCAACCTCAGCAGTTCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 GATGATACCTCCGTACTCTTGGGCAGTTCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 CAATTCCGACAGTGCGTCCGTTCATTCTGCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 TGGAACAGCTCTGTCCCATGGATCCTCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 CTCCTGGGTGACCTCCTCGTTGGTAACCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 TACCCAGCAAGCGACTCAACTCCTTCCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 GGATACGGGCACCTCCGGAGTCATTGCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 ATTTCTCCACGTCCAGTGACAACCGAATCCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 TGTTAGCTTTCCGCGAGCATGTTGAGCGCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 GACGCGCTTCTTTCCACCTCCGAGAACCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 GCTTTCTCTCTGGTCTCATCGATCTTATCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 CTCGCACACCTTCTTTCTGGTCTCTGCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 GGAATGATAATGTCGTCGACGAATCCTCTGACCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 TGGCAAGAAACCGGGAACGTCAACCAAAGTGACCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 ATTGGGATGTTGAAAGCATCGCAGAATCGGACCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 AACGAGCTCCTTTCACGGAAGAGTTGATATCACCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 CATAATCTCGAAGAAATCTCCCTCGTCGACCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 CAGTGCTTTCCAATGGAACAACAGTATCCAAACCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 TGAGCGCATCAACATCGTTGTCGAAAGCACCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 GGAGGTATCACGAACCATGAAAGTGAAGTCGGCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 CCCATAATCATAGAGATTTGAGGAACGACACCCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 CCTCTCTCATGATCTTGACGATCTTTTTGGCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 TATCATTACGGAAAAGAATGGAGACTGCACCCCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 GGCAAAAGCGTAGAGAAGTTTGGCTCCGTGACCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 AGTGGAAGATAGTTGAAAAGCTCTCTGAGGCTCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 TGAATGGATGACAGAGATCCTCCGAAAACAGTCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 GTCTTGGGAGAAAACAAAGACGGTACGTCCGTCCTCCTAAGTTTCGAGCTGGACTCAGTG pccb-1 TTCTATCCAAAAGAAGATCAATGCGTTCGCGACCTCCTAAGTTTCGAGCTGGACTCAGTG
Table S7. Sequence of probes against pccb-1. Primary probes carried the FLAPx extension shown in blue.

Discussion

In this dissertation we have addressed how cells coordinate the stoichiometries of millions of mRNA molecules, in space and time, to integrate molecular-scale information to cellular-scale outcomes. C. elegans oogenesis arrest offered a biological framework to tackle the mechanisms underlying the spatiotemporal reorganization of the transcriptome during cellular adaptation to quiescence.

We have shown two emerging properties of phase transitions in vivo: the self-sorting autonomy coupled to the co-assembly cooperativity, that together shed light on how cells achieve robust control of mRNA stoichiometries and translation, or stoichiostasis in the face of cellular activity changes (manuscript Fig. 6H). The mechanisms that underlie these emerging properties challenge the current understanding of how phase transitions and mRNA regulations are interconnected.

Condensates store translationally repressed mRNAs

Condensates can function as reservoirs

Initially P-body assemblies featuring the concentration of RNA processing enzymes were proposed to be sites of mRNA decay [START_REF] Parker | P Bodies and the Control of mRNA Translation and Degradation[END_REF][START_REF] Andrei | A role for eIF4E and eIF4E-transporter in targeting mRNPs to mammalian processing bodies[END_REF][START_REF] Cougot | Cytoplasmic foci are sites of mRNA decay in human cells[END_REF][START_REF] Sheth | Decapping and Decay of Messenger RNA Occur in Cytoplasmic Processing Bodies[END_REF][START_REF] Franks | The Control of mRNA Decapping and P-Body Formation[END_REF]. This view later switched to a transient storage before re-entering translation as P-bodies failed to display decay [START_REF] Brengues | Movement of Eukaryotic mRNAs Between Polysomes and Cytoplasmic Processing Bodies[END_REF][START_REF] Bhattacharyya | Relief of microRNA-Mediated Translational Repression in Human Cells Subjected to Stress[END_REF][START_REF] Balagopal | Polysomes, P bodies and stress granules: states and fates of eukaryotic mRNAs[END_REF][START_REF] Weil | Drosophila patterning is established by differential association of mRNAs with P bodies[END_REF][START_REF] Cougot | The dual organization of P-bodies revealed by immunoelectron microscopy and electron tomography[END_REF][START_REF] Cougot | Structural organization of the polysomes adjacent to mammalian processing bodies (P-bodies)[END_REF]. Although transcriptome-wide studies have now strengthened the link between transient mRNA repression and cytosolic condensation (19,[START_REF] Khong | The Stress Granule Transcriptome Reveals Principles of mRNA Accumulation in Stress Granules[END_REF][START_REF] Lee | Recruitment of mRNAs to P granules by condensation with intrinsically-disordered proteins[END_REF], the extent to which condensates can function as biomolecular reservoirs has been debated. Here, we have shown that oocyte P-bodies can be reservoirs that store the untranslated maternal mRNAs that accumulate upon oogenesis arrest. Quantitative modeling of condensation revealed that 50% ± 10% of the total oocyte mRNA molecules accumulated in oocyte P-bodies (manuscript Fig. 1G). The stoichiometric impact of mRNA condensation becomes relevant as the median condensation across transcripts is 65% of mRNA copies, and can reach up to 90% of copies for some transcripts (manuscript Fig. 1F), demonstrating that condensate segregate very significant mRNA fractions and thus are storing reservoirs that control cytosolic stoichiometries. The P-body reservoirs store a large fraction of translationally repressed maternal mRNA molecules that will be released and translated later when meiosis and embryonic development resume (example in manuscript Fig. S8).

Compaction of stored mRNA molecules might reduce occupied space and limit diffusion

Interestingly, the volume occupied by oocyte P-bodies was only 5.4% ± 0.7 of the cytoplasm (manuscript Fig. 1H), which led to an mRNA local concentration within condensates that is ~17 times higher than in the surrounding cytosol. The estimated mRNA compaction in P-bodies was 10 times higher than nuclear dsDNA in diakinesis (manuscript Fig. 1I). As polymers reach overlap concentration they may become proteins). Remarkably, condensation of repressed mRNAs into P-bodies ranged from 10 to 90% of copies depending on transcript identity (manuscript Fig. 1F), indicating a degree of selectivity in the sorting of transcriptome stoichiometries from a crowded cytosol. Together with the reservoir implications, these results suggest that condensation depletes the cytosol of large but selective mRNA fractions. This is reinforced by P-bodies sequestering networks of regulatory and developmental functions while excluding networks of housekeeping, structural, and metabolic functions (manuscript Fig. 2E).

Condensation of these mRNA networks strongly correlated with no protein yield (manuscript Fig. 2C) and the depletion of the translation machinery from P-bodies (manuscript Figs. 2A,B). However, mRNA enrichment into condensates could not be explained by only abundance, compositional bias, or transcript length (manuscript Figs. 1E, S3J, S4). This shows that translation repression plays a critical role for mRNA condensation into P-bodies but is not sufficient to explain clustering selectivity and hints towards a more selective mechanism for condensate sorting. In this line, an interesting example is two types of repressed mRNAs that can form homotypic nanoclusters and remain as separated territories even when they coalesce into P-bodies (manuscript Fig. 3).

Repressed mRNA clustering at sub-diffractive scale sequesters large mRNA fractions

Condensation and clustering below diffraction limit has recently been interrogated as single-molecule imaging techniques have shed light on the dynamics of nanoclustering. For example, a single aggregate with a radius below 162 nm segregates more than a thousand molecules of a labeled protein [START_REF] Narayanan | A first order phase transition mechanism underlies protein aggregation in mammalian cells[END_REF].

Considering that labeled proteins represent only a fraction of the volume of a single nanocluster, the cumulative number of proteins in a nanocluster would be far larger, and at a cellular-scale could represent a significant fraction of the number of molecules regarded as diluted due to lack of resolution [START_REF] Narayanan | A first order phase transition mechanism underlies protein aggregation in mammalian cells[END_REF]. Although RNA can form trans-RNA-RNA interactions and homotypic nanoclusters [START_REF] Niepielko | Stochastic Seeding Coupled with mRNA Self-Recruitment Generates Heterogeneous Drosophila Germ Granules[END_REF]105,133,134), the impact of mRNA nanoclustering is not fully understood.

Single molecule FISH imaging in C. elegans oocytes unexpectedly uncovered numerous homotypic nanoclusters of repressed mRNAs (manuscript Fig. 3), even during active oogenesis where micron-scale condensation was not observed. Abundant mRNAs like spn-4 accumulate up to 80% of transcript copies within nanoclusters (manuscript Fig. 3D'), whose formation was not limited by cellular activity. Following the decrease in oogenesis rate that prolongs the oocyte arrest for week-long periods (quiescent oogenesis), nanoclusters whose formation is identity-and concentration-dependent (see below), coalesced into P-body macro-condensates (see below). Thus, mRNA sequestration by clustering seems to be a default state that is rather modulated and coordinated to cellular activity.

Self-sorting and buffering in multiphase multiscale condensates

Recently phase separation has been debated as a buffering mechanism for fluctuations in the concentration of condensate structural proteins (25,27,216) (see section 6. Models of concentration-dependent phase separation). RNA also structures condensates and it is required for the formation of different endogenous condensates (104-106). Our experimental observations that clustering across different cellular activities can sequester large fractions of repressed mRNA suggested a buffering mechanism for mRNA in vivo.

Buffering by phase separation relies on the saturation concentration (Csat) fixing the maximum dilute concentration. Above Csat condensates grow in size to sequester the exceeding concentration. Moreover, unlike the soluble cytosol where stoichiometry between molecules needs to be fine-tuned, condensates tolerate large stoichiometric variations (177). A fixed Csat is expected from systems where one type of solute phase separates from a solvent (manuscript Fig. 5B), a physical property extended to in vitro reconstituted and in cellulo artificial systems. Recently, it was shown that stochastic noise of protein concentrations is buffered by phase separations driven by homotypic interactions (manuscript Fig. 5B) (25). However, due to the multicomponent nature of endogenous condensates, opposite results argued that condensates driven by heterotypic interactions lead to systems with a variable saturation concentration that depends on each component concentration (manuscript Fig. 5B) (27). Here we manipulated mRNA levels in vivo and showed that homotypic nanoclusters of repressed mRNAs form above a fixed Csat providing a robust buffer for the dilute cytosolic concentration, even when comparing oocytes of different individuals (manuscript Figs. 4C and5). In active oogenesis, rapid ovulations preclude nanoclusters growth as buffering is required transiently. In contrast, to adapt to quiescent oogenesis and untranslated mRNA accumulation, nanoclusters are organized into heterotypic condensates to preserve buffered concentrations transcriptome-wide during longer time-scales. Multiscale multiphase heterotypic condensates reconcile the buffering observed for homotypic phase separations into endogenous condensates composed of multiple RNAs and proteins.

Molecular interactions of a multiphase architecture of macro-condensates

The classical interactions proposed to underlie the mechanisms of biomolecular condensates formation (section 4.1) explain how phase-separating molecules could interact at the molecular level. Our multiphase condensate organization model additionally showed that homotypic and heterotypic RNA-RNA interactions are relevant for condensates emerging functions (manuscript Fig. 6H). Nanoclusters of homotypic RNA-RNA interactions form in a concentration-dependent manner, allowing mRNA species to indirectly sense their own concentration (manuscript Figs. 3 and5). Self-association was previously debated to happen within granules (133, 134) rather than self-sorting [START_REF] Niepielko | Stochastic Seeding Coupled with mRNA Self-Recruitment Generates Heterogeneous Drosophila Germ Granules[END_REF]. Here we showed that abundant untranslated mRNAs first self-sort into nanoclusters and then coalesce into macro-condensates during quiescent oogenesis.

Within oocyte macro-condensates, nanoclusters of different mRNA species remain demixed, setting two scales of subcompartmentalization (manuscript Fig. 3H, introduction Fig. 5B). Protein phases form larger subdomains within which mRNA nanoclusters sharing the same RBP regulators accumulate without mixing (introduction Fig. 11C, manuscript Fig. 6H). Here, we introduced the nanoclusters as the smallest scale of subcompartmentalization and organization in multiphase condensates (manuscript Figs. 3F-H). At mesoscale, heterotypic RNA-RNA interactions coupled with RBP-RNA interactions coordinate the stoichiometric information of millions of mRNAs to dynamic translation changes (manuscript Fig. 6H).

Although self-sorting and clustering is concentration-dependent, low abundance repressed mRNAs could partition to condensates via RNA-RBP interactions as suggested by the bimodal recruitment response observed when mapping mRNA partition coefficients according to concentration (manuscript Figs. 5E, 6H). In summary, heterotypic macro-condensates allow robust transcriptome-wide coordination of mRNA stoichiometries, and homotypic self-clustering is a "counting" mechanism to sort repressed mRNAs between dilute and condensed phases. Because homotypic self-assembly brings a degree of autonomy,

where the concentration of each mRNA species can be controlled independent of other mRNA species, we have started to investigate the molecular code that cells use to achieve specificity in sensing and sorting repressed mRNAs.

Material properties of nanoclusters vs micron-scale P-body condensates

P-body macro-condensates display properties of phase-separated viscoelastic droplets (110) (see section 8.4.3. Quiescence trigger mRNPs phase separations (grP-bodies) in arrested oocytes). In contrast, material properties of nanoclusters have been difficult to measure due to diffraction limitations. Some estimations in protein nanoclusters have suggested apparent material properties similar to larger condensates [START_REF] Narayanan | A first order phase transition mechanism underlies protein aggregation in mammalian cells[END_REF], but studies in RNA homotypic nanoclusters (observed in Drosophila germ granules) have connected nanoclustering with liquid-solid phase transitions [START_REF] Niepielko | Stochastic Seeding Coupled with mRNA Self-Recruitment Generates Heterogeneous Drosophila Germ Granules[END_REF]135,217). Although it is not clear whether RNA-RNA interactions are sequence dependent or independent (see section 5. Compositional selectivity of condensates), if a molecular code is based on Watson-Crick base pairing, molecule interactions could be more stable than the weak and promiscuous interactions governing the fluidity of higher scales of subcompartmentalization in liquid-like and viscoelastic macroscopic droplets.

Multiphase condensates robustly control RNA:regulator stoichiometry

The stoichiometry of interactions within condensates is not necessarily fixed and may fluctuate in a way that cannot be tolerable in the cytosol (11,109,177). Functionally, stoichiometric control within phaseseparated clusters was shown to tune protein activity in signaling processes (177). In this study, we found that P-body macro-condensates tolerate large fluctuations in their composition across oocyte differentiation (manuscript Fig. 4). Whereas the ratio between regulatory proteins and repressed mRNAs significantly fluctuated, concentrations in the cytosol remained constant (manuscript Figs. 4A,B). Thus, our results revealed an emerging function of multiphase condensates; the stoichiometric control of cytosolic RNA:regulators ratios. This mechanism may prevent the flooding of repressed mRNAs in the cytosol where the number of repressor molecules is limited (manuscript Figs. 4D-F). A prediction is that condensate dissolution might unbalance translation control by increasing the repressed mRNA cytosolic concentrations up to 9 times while cytosolic repressors will remain almost unchanged (manuscript Fig. 6). Collectively, the stronger partition coefficient of repressed mRNAs as compared to repressors suggested a stoichiometric buffering of RNA:repressor ratios in the cytosol, for robustness in translation control across cellular activities. Evidence of this RNA stoichiometric control is seen among oocytes of independent individuals which hints at an evolutionary selected mechanism.

RNA clusters buffer the tightest state of repression

The direct role of condensation in translation control is not clear. 

Conclusion

In conclusion, my work has shown that mRNA phase transitions coordinate the stoichiometric information of the repressed transcriptome to cellular activity. Sensing and controlling repressed mRNA cytosolic concentrations emerges from the (1) self-sorting autonomy of concentration-dependent homotypic nanoclusters, coupled to the (2) co-assembly cooperativity of a multiphase condensate organization (manuscript Fig. 6H). In face of dynamic translation changes, self-sorting and buffering of tightly repressed mRNAs in multiphase condensates provide a selective and robust stoichiometry control of mRNA networks encoding regulatory and developmental functions, and mRNA:repressor ratios, which preserves a stoichiostasis in the cytosol where translation control is modulated and adapted to cellular activity.

In this study, we provide evidence that sequestration of repressed mRNAs is not limited to mesoscale condensation. Nanoclusters represent a new transcriptome organization scale that can sequester mRNAs to control their cytosolic stoichiometries, and whose impact on mRNA biochemistry in highly active systems might have been underestimated because of microscopy resolution limits. Micron-scale condensates provide RNA:protein stoichiometric control and can function as reservoirs for robust adaptation of gene expression programs during development.

This study raises new questions. For example, what is the molecular code that orchestrates mRNA phase transitions in vivo. Such code should promote interactions but also modulate the specificity of self-sorting.

In the context of the intracellular condensation, how this code extends the compositional control from multiple phases to coexisting types of condensates remains to be addressed. In other words, how fixed concentrations are sensed by RNA-RNA self-clustering, and how repressed mRNAs are sorted to their corresponding condensed phases? Furthermore, my work suggests a tighter compaction for repressed mRNAs within micron-scale condensates as an emerging property of their internal environment. Whether mRNA entanglement participates to mRNA sequestration within the P-body reservoir remains to be addressed. At the smaller scale, investigating the material properties and dynamics of mRNA nanoclustering below diffraction limits could greatly improve our understanding of mRNA regulation in vivo. My work puts forward the notion that RNA clustering and condensation is a default state that is tuned and adapted to cellular needs.
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 S1 Figure S1. Single molecule fluorescence in situ hybridization (smFISH) quantifications of mRNA clustering within staged oocytes.
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 1 Fig. 1. Multiscale compartmentalization of biological functions. Compartmentalization presents a framework to integrate biological information across scales. Functions scale up from single molecules to entire organisms (left to right). Co-concentration of molecules in clusters or condensates that are a membrane-less organelles can integrate molecular scale mechanisms to cellular scale outcomes. Images adapted from Cardona et al. (submitted).

Fig. 3 .

 3 Fig. 3. Schematic representation of biomolecular condensates in eukaryotic cells. Nuclear condensates include nucleolus, Cajal bodies, PML bodies, speckles, paraspeckles, among

Fig. 6 .

 6 Fig. 6. Models of concentration-dependent phase separations. (A) Biomolecules remain soluble at low concentrations but condense past a saturation concentration (Csat). (B) A hallmark of single-component (homotypic) liquid-liquid phase separation (LLPS) is a fixed Csat. The dilute (Cdil) and dense (Cden) phase concentrations remain constant while the volume of the dense phase increases. (C) In multicomponent (heterotypic) LLPS, the concentration of every component participates in the phase diagram behavior. Cdil and Cden are not constant. (D) In homotypic models Cdil plateaus providing a buffering mechanism. In heterotypic systems buffering is limited. (E) Partition coefficient (Cden/Cdil) discriminates homotypic from heterotypic driven LLPS. Images (A, D) are adapted from Cardona et al. (submitted, manuscript Fig. 5A), and images (B, C, E) from Riback et al. 2020.
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 7 Fig. 7. Phase separation-aided percolation transition.
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 843 Fig. 8. Internal organization of condensates. (A-D) Subcompartmentalization in condensates and clusters. (A) Nucleolar coexisting liquid subcompartments coordinate ribosome biogenesis. Fibrillar center (FC): rRNA transcription. Dense fibrillar component (DFC): rRNA processing. Granular component (GC): ribosome assembly. Coarsening leads to nucleoli above 20 µm in diameter (right panel). Adapted from Feric et al. 2016.

Fig. 9 .

 9 Fig. 9. Compositional selectivity of condensates. Condensates concentrate selective networks of components. Examples include: (A) neuronal granules, and (B) stress granules vs. P-bodies. (C) Coexisting condensate phases, "multiphase", might arise from competing

  -encoded recruitment: secondary structure-dependent RNA-RNA and RNA-protein interactions Langdon, Gladfelter and colleagues showed how the specificity in the mRNA composition of two structurally distinct Whi3 condensates could depend on mRNAs secondary structure. First, mRNA folding may influence Whi3 binding sites and thus the droplet composition of Whi3 polyQ-dependent phase separation. Second, RNA intramolecular secondary structures not only influence protein binding ability, but also dictate the possibilities of RNA-RNA intermolecular interactions through Watson and Crick base pairing. Strikingly, intramolecular secondary structures are as much about exposing single strand RNA motifs involved in intermolecular interactions, as masking motifs that could otherwise non-specifically

7. 2 . 1 .

 21 b Do condensates provide a solvent environment that promotes the remodeling of RNA-RNA interactions?In the same line, Nott et al. showed that electrostatic patterning related to an arrangement into clustered blocks of net positive and negative charge residues drives and stabilizes IDR-driven Ddx4 condensation in vitro. Electrostatic interactions were highly responsive to environmental changes and post-translational modifications, and generated droplets whose internal chemical environment preferentially concentrated single stranded DNA (ssDNA). New biochemical properties might emerge in these droplets to act as a better alternative solvent for ssDNA as compared to the aqueous dilute phase in which double stranded DNA (dsDNA) solubilizes better (155). For instance, the internal chemical environment within Ddx4 condensates behaves more like an organic solvent where dsDNA is passively melted and ssDNA/ssRNA structure is stabilized (156). Such nucleic acids remodeling could promote conformational changes and RNA-RNA interactions otherwise not favorable in a more aqueous solvent (128, 157).

Fig. 10 . 7 . 2 . 2 .

 10722 Fig. 10. Condensates as vectoral organizers of biochemistry. (A) Differential subcompartmentalization of biological molecules within condensates can lead to biomolecular processes arranged in vectoral fashion. An enzymatic reaction pathway is shown as an example. Adapted from Lyon et al. 2020. (B) Vectoral subcompartmentalization of ribosome biogenesis in nucleoli: Fibrillar center (FC): rRNA transcription. Dense fibrillar component (DFC): rRNA processing. Granular component (GC): ribosome assembly. Adapted from Lafontaine et al. 2020. (C) Vectoral coordination of RNA silencing pathways in germ granules. Germ granules demix into sub-granules/compartments including P granules, Mutator foci, Z granules, and SIMR-1 foci, to organize RNAi pathways in germ cells. Adapted from Phillips et al. 2022.

( i )

 i Generation and transduction of forces. Examples of condensates shaping cellular architectures via mechanical forces include; bringing genomic loci into proximity by coalescence of condensates with associated chromatin regions and mechanically excluding non-associated chromatin regions from discrete location (Fig.11A) (171), exerting mechanical work to deform the membrane and cytosol to enable actin independent endocytosis (Fig.11B)[START_REF] Bergeron-Sandoval | Proteins with prion-like domains can form viscoelastic condensates that enable membrane remodeling and endocytosis[END_REF], and maintaining functional cell-cell tight junctions in tissue by sensing tension forces (Fig.11C) (172, 173). As another example, phase separation at focal adhesions triggered by mechanical cues promotes focal adhesion maturation to ultimately facilitate cellular mechanotransduction (Fig.11D) (174).

Fig. 11 .

 11 Fig. 11. Condensates generate and transduce of forces. (A) ''Chromatin filter'' model. Condensates coalescence mediated by surface tension can bring distal genomic loci together (blue arrows). "Mechano-active growth" model. Condensate growth in euchromatin (soft regions) mechanically pushes away genomic regions (red arrows). Adapted from Shin et al. 2018. (B) Membrane remodeling by endocytic condensates. To maximize contact with the cytosol, membrane-bound condensates. Mechanical forces (black arrows) expand membrane-bound condensates to maximize contact with the cytosol and promote membrane invagination. Invagination is constrained by the mechanical resistance of the cytosol (gray curved lines). Adapted from Bergeron-Sandoval et al. 2021.

Fig. 12 . 8 .

 128 Fig. 12. Scales of mRNA compaction. (A) smFISH imaging allows mapping of apparent mRNA compaction. Differentially labeled smFISH probes placed around the middle (mid), 5'-, and 3'regions of mRNAs (left). Localization of fluorescent signals estimates mRNA spatial organization (right). Adapted from Adivarahan et al. 2018.
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 13 Fig. 13. Anatomical features and life cycle of C. elegans. (A) Wild-type C. elegans has two sexual forms, self-fertilizing hermaphrodites and males. Tissues and anatomical differences are shown. (B) Hermaphrodite C. elegans tissues.

Fig. 14 .

 14 Fig. 14. C. elegans germline. (A) Germline specification during embryogenesis. The germline is highlighted in yellow through the different embryonic cell stages until hatching. (B) Germline progression from larval to adult stages. Adult worms have fully developed gonads and differentiate oocytes. Images adapted from Wormbook, Hubbard et al. 2005 and Guven-Ozkan et al. 2008.

Fig. 15 .

 15 Fig. 15. mRNP phase transitions during C. elegans oogenesis.

  '). In contrast, translated pccb-1 and tbb-2 mRNAs were concentrated less than 10-fold (Figures1B, 1B'). The corresponding RNA clusters sequestered a dynamic range of 20 to 90% of mRNAs (Figures1B, 1B''), demonstrating that condensation depletes the cytosol of large but selective mRNA fractions. Even poor enrichment (< 25%) was sufficient to condense thousands of mRNA copies per cell (Figures 1B, 1B'''),

1 .

 1 Figure 1. Quantitative modeling of the selective mRNA condensation and compaction within oocyte P-bodies. (A) C. elegans oogenesis schematic. The PUF-5 translation repressor and CAR-1 cofactor condense repressed mRNAs in P-bodies of quiescent oocytes (2, 3). (B-B''') Differential condensation of candidate mRNAs in GFP:CAR-1 P-bodies. (B) Single molecule Fluorescence in situ hybridization (smFISH) confocal imaging from pink insets in (A). (B') mRNA selective partition. (B'') Condensed fractions. (B''') Condensed copy numbers. (C-F) Purification and sequencing of oocyte P-bodies. (C) Schematics of condensates Fluorescence Activated Particle Sorting and RNA-Seq (FAPSeq). (D) FAPSeq separation of condensates according to diffraction and fluorescence. (E) mRNA copy numbers within/outside condensates from the smFISH calibrated FAPSeq (see Figure S2). (F) Distribution of mRNA condensation across transcripts. Median, 65%, range 10-90%. (G-J) mRNA compaction estimates from the smFISH calibrated FAPSeq (see methods). (G) Condensation of half of mRNAs within 5% of the cellular volume. (H) Local concentration increases upon mRNA condensation. (I) Compaction of P-body mRNAs and nuclear dsDNA. (J) Model of entangled mRNA compaction within P-bodies. Gyration radius (Rg) of compacted repressed mRNAs estimated elsewhere (15). Experimental measures fit model 3 where mRNA concentration within P-bodies (c) exceeds predicted overlap concentration (c*), suggesting mRNA entanglement.

Figure 2 .

 2 Figure 2. Translationally repressed mRNAs condense into oocyte P-bodies. (A-D) Differential enrichment of RNA classes within P-bodies. RNA-Seq of purified oocyte P-bodies and dissected oocytes were compared. (A) P-body depletion of translation machinery RNAs (rRNA, tRNA), and snRNAs and ncRNAs, as compared to mRNAs. (B) P-body depletion of small and large ribosomal subunit rRNAs. (C) P-body enrichment of mRNAs encoding proteins that are not or poorly expressed. mRNAs were binned according to the abundance of their protein product. (D) P-body enrichment of PUF-5 and OMA-1/LIN-41 translation repressor mRNA targets as compared to targets of repressors that work earlier or later in development. Schematics of repressor expression patterns at the top.

Figure 3 .

 3 Figure 3. Homotypic mRNA nanoclusters co-assemble into multiphase multiscale condensates. (A) Condensate coarsening schematic. (B) Spatiotemporal organization of oogenesis. Imaging insets in pink. (C-C') Confocal imaging of P-body coarsening across oogenesis. (C) Comparison of GFP:CAR-1 P-body coarsening in active versus quiescent oogenesis. Estimated time before ovulation in brackets. (C') Size distribution and cumulative volume of P-bodies across quiescent oogenesis time points. (D-D') mRNA cluster size distribution in staged diakinesis oocytes. (D) smFISH confocal images of single mRNAs (purple arrow), nanoclusters (orange arrow), and macro-condensates (blue arrow). (D') Power law distribution of mRNA clusters and supersize outliers. (E-E'') Macro-condensate super-assemblies of homotypic nanoclusters. (E) Simultaneous labeling of spn-4 and glp-1 mRNAs in oocytes revealed single molecules (light green and red arrows), homotypic nanoclusters (either spn-4 or glp-1 only, green or red arrows), and heterotypic macro-condensates. (E') glp-1:spn-4 fluorescent intensity ratio within clusters as a function of cluster sizes. Note the discontinuity between homotypic nanoclusters and heterotypic macro-condensates. (E'') Poor mixing of spn-4 and glp-1 mRNA across a macro-condensate confocal section (dotted line in (E)). FU, fluorescence units.

Figure 4 .

 4 Figure 4. Condensation controls cytosolic mRNA:repressor stoichiometries. (A) Confocal images of stoichiometric changes between the spn-4 repressed mRNA and CAR-1 repression cofactor across oogenesis. (B) Condensate buffering of spn-4:CAR-1 stoichiometry. Note disperse phase constant concentrations (C) Robustness and noise of spn-4 mRNA copy number in the dispersed and condensed phases, respectively. Staged diakinesis oocytes of WT animals were compared. (D) Confocal images of spn-4 and glp-1 mRNAs induced dissolution (puf-5(RNAi)) in diakinesis oocytes. (E) Differential condensation of repressors (CAR-1) and repressed mRNAs (spn-4, glp-1) in diakinesis oocytes. (F) Disruption of mRNA:repressor stoichiometry upon condensate dissolution (puf-5(RNAi)).

Figure 5 .

 5 Figure 5. Concentration-dependent mRNA clustering buffers repressed mRNA accumulations. (A-B) Models of concentration-dependent phase separations. (A) Biomolecules remain soluble at low concentrations but condense past a saturation concentration. (B) Self-assembly through homotypic interactions leads to fixed saturation concentrations, while co-assembly through heterotypic interactions results in non-fixed saturation concentrations. (C-E) spn-4 mRNA clustering response to spn4 concentration variations within quiescent oocytes. (C) RNAi manipulated spn-4 concentrations and smFISH single mRNA quantification (light blue arrow), nanoclusters (dark blue arrow), and GFP:CAR-1 labeled macro-condensates (green arrow). (D) Plateauing of single soluble spn-4 mRNAs at saturation concentration in the dispersed phase induces spn-4 nanoclustering. Macro-condensate copy numbers scaled with total abundance. (E) Bimodal response of spn-4 partition coefficient to total concentration variations.

Figure 6 .

 6 Figure 6. Low translation dissolves mRNAs whose clustering is exponential to the degree of repression. (A-B) Models of mRNA translation and condensation control. The translation output depends on either the number of translated mRNAs (A) and/or the translation efficiency per mRNA (B). Ribosome free mRNAs (non-translated) condense. (C-G) spn-4 mRNA dissolution upon translation activation. (C-D) Confocal imaging of SPN-4:GFP protein accumulation across active and quiescent oogenesis (estimated time before ovulation in brackets). (C'-D') SPN-4 accumulation rates computed from SPN-4:GFP intensity variations across oogenesis. (E-F) smFISH confocal imaging of spn-4 mRNA cluster dissolution. (E'-F') spn-4 mRNA cluster size distribution. (E''-F'') Number of spn-4 copies, soluble as single transcripts. (G) spn-4 clustering is exponential to the degree of translation repression. (H) Schematic model of the multiscale multiphase control of mRNA stoichiometry depending on mRNA translational activity and sequence identity. See discussion for details.

  . Such low concentrations were obtained either by depleting most RNAs by RNAi (Figure S1I), or by restricting the analysis at the onset of transcriptional activation in the distal tip regions of the gonad when transcripts have not yet reach high concentrations (up to 30 to 50 µm from the distal gonad tip cell). Both methods yielded almost identical distributions of intensities for single mRNAs. A right-skewed Gaussian was fit to obtain a function that describes the distribution of single mRNA molecule amplitudes: 𝐴 ̂(𝑥) = ℎ * 𝜙(𝑥)Φ(𝛼𝑥)

.

  Dispersed phase cytosolic concentration (𝐶 𝑑𝑖𝑠(𝑠𝑚𝐹𝐼𝑆𝐻) ): concentration of mRNAs that are present as single transcript (non-clustered) in the dispersed phase. The dispersed mRNA copy number was divided by the cytosol volume (𝑣𝑜𝑙 𝑐𝑦𝑡𝑜𝑠𝑜𝑙 ) , defined as the oocyte volume to which the volume of macro-condensates and the nucleus was subtracted; 𝐶 𝑑𝑖𝑠(𝑠𝑚𝐹𝐼𝑆𝐻) = 𝑁 𝑑𝑖𝑠(𝑠𝑚𝐹𝐼𝑆𝐻) 𝑣𝑜𝑙 𝑐𝑦𝑡𝑜𝑠𝑜𝑙 . Condensed phase concentration (𝐶 𝑐𝑜𝑛𝑑(𝑠𝑚𝐹𝐼𝑆𝐻) ): condensed mRNA concentrations were measured in macro-condensates larger than 19 µm 3 as; 𝑚𝑅𝑁𝐴𝑠 𝑖𝑛 𝑚𝑎𝑐𝑟𝑜-𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑒 𝑣𝑜𝑙 𝑚𝑎𝑐𝑟𝑜-𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑒 , because volume measurements are more accurate in larger objects. 𝐶 𝑐𝑜𝑛𝑑(𝑠𝑚𝐹𝐼𝑆𝐻) is the average condensed mRNA concentration. Partition coefficient (𝑃𝐶 𝑠𝑚𝐹𝐼𝑆𝐻 ): the partition coefficient was computed as the ratio between the condensed phase concentration and the dispersed phase cytosolic concentration; 𝑃𝐶 𝑠𝑚𝐹𝐼𝑆𝐻 = 𝐶 𝑐𝑜𝑛𝑑(𝑠𝑚𝐹𝐼𝑆𝐻) 𝐶 𝑑𝑖𝑠(𝑠𝑚𝐹𝐼𝑆𝐻) . Condensate cumulative volume (∑ 𝑣𝑜𝑙 𝑐𝑜𝑛𝑑 ): The condensate cumulative volume could not be directly measured because the smallest condensates are bellow microscopy resolution. Instead we computed the condensate cumulative volumes as follow: ∑ 𝑣𝑜𝑙 𝑐𝑜𝑛𝑑 = 𝑁 𝑐𝑜𝑛𝑑(𝑠𝑚𝐹𝐼𝑆𝐻)𝐶 𝑐𝑜𝑛𝑑 (𝑠𝑚𝐹𝐼𝑆𝐻)

  the recommendations of the supplier, and notably included DNase-I treatment and revers crosslink of fixed fractions. After extraction, RNA integrity was confirmed using Agilent RNA Pico Chips (Agilent 2100 BioAnalyser), and RNA concentration was quantified on a Qubit 4.0. For cDNA libraries preparation, 10 ng of total RNA were used. Briefly, paired-end RNA-Seq libraries with barcodes were generated using SMARTer Stranded Total RNA-Seq Kit v2 -Pico (Takara). The quality and average size of the libraries were confirmed with Agilent High Sensitivity DNA Chips (Agilent 2100 BioAnalyser), and the concentrations were measured with dsDNA HS Assay Kit (Invitrogen) using a Qubit 4.0. For RNA-Seq, libraries were pooled in equimolar concentrations of 4 nM and paired-end sequencing (Illumina TruSeq HT assay) was performed at UCAGenomix -Functional Genomics platform (Université Cote d'Azur, Nice, France).RNA-seq analysis RNA-seq libraries were built from 3 biological replicates of the sorted P-bodies, whole animal pre-sorted extracts, and dissected oocytes. After a 75 base pair long paired-end sequencing of pooled samples, demultiplexing (bcl2fastq application) was performed. Sequencing reads were checked for quality by FastQC (FastQC: A Quality Control Tool for High Throughput Sequence Data, https://qubeshub.org/resources/fastqc) and 4 bases of the 5'-end, and 1 base of the 3'-end were trimmed.Read mapping was then performed on a local Galaxy server(27). Briefly, reads were aligned to the C. elegans genome (WBcel235.96) using HISAT2 v2.1.0(28). For the alignment, the following stranded revers-forward design parameters were used: function governing the maximum number of ambiguous characters was allowed, maximum mismatch penalty = 6, minimum mismatch penalty = 2, maximum soft clipping penalty = 2, minimum soft clipping penalty = 1, ambiguous read penalty = 1, read gap open penalty = 5, read gap extend penalty = 3, reference gap open penalty = 5, reference gap extend penalty = 3, penalty for canonical splice sites = 0, penalty for non-canonical splice sites = 12, minimum intron length = 20, maximum intron length = 140000. To estimate relative RNA abundance for each transcript species, FPKM (Fragments Per Kilobase Million) and TPM (Transcripts Per Kilobase Million) were computed with StringTie (29) using default parameters.

a

  Panther enrichment test (release 20191216) was conducted at http://www.pantherdb.org/, using the GO Ontology database DOI: 10.5281/zenodo.3727280 Released 2020-03-23. Representative categories are shown in Figure 2E, and complete analysis can be found in Data S4.

log 2 𝐹𝐶

 2 𝑝 (regression i) and the condensed mRNA counts (𝑁 𝑐𝑜𝑛𝑑(𝑝) ) (regression ii.a) for ~11140 mRNA species (Data S3), as follows. The linear regression (i) of the mRNA enrichment in P-bodies yielded smFISH calibrated predictions (𝑝) for the 𝐹𝐶 𝑝 : log 2 𝐹𝐶 𝑝 ≈ log 2 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑑 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 , and therefore 𝐹𝐶 𝑝 ≈ 2 log 2 𝐹𝐶 𝑝 ≈ 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑑 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝐹𝐶 𝑝 ≈ 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑑 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 yielded estimates (𝑒) for the percentage of condensed molecules (% 𝑐𝑜𝑛𝑑 𝑒 ) and the percentage of dissolved molecules (% 𝑑𝑖𝑠 𝑒 ) as follows: The linear regression (ii.a) of P-body mRNA abundances predicted condensed mRNA counts (𝑁 𝑐𝑜𝑛𝑑(𝑝) ), which combined with 𝐹𝐶 𝑝 returned estimates for the dissolved counts as 𝑁 𝑑𝑖𝑠(𝑒) = 𝑁 𝑐𝑜𝑛𝑑(𝑝) 𝐹𝐶 𝑝 , and total counts as 𝑁 𝑡𝑜𝑡(𝑒) = 𝑁 𝑐𝑜𝑛𝑑(𝑝) * ( 𝐹𝐶 𝑝 +1 𝐹𝐶 𝑝

Figure S2 .

 S2 Figure S2. Scaling the transcriptome-wide FAPS purification and RNA sequencing method of condensates with single molecule imaging approaches, related to Figure 1. (A) The PCA analysis separates the transcriptomes of FAPS purified oocyte P-bodies, from the pre-sorted fraction (whole animal extracts) and the dissected oocytes. (B) Differential enrichment of RNAs in the FAPS purified oocyte P-bodies as compared to the pre-sorted whole animal extracts. The dot plot represents all RNAs from the RNA-Seq analysis. Note that somatic enriched transcripts labeled in pink are strongly depleted from oocyte P-bodies, validating the purification quality. (C) The distribution of RNA enrichment in oocyte P-bodies was computed from (B). (D) Differential enrichment of RNAs in the FAPS purified oocyte P-bodies as compared to the whole oocyte transcriptome. RNA relative expression levels in oocytes was computed in FPKM. (E) Correlation between the imaging (smFISH) and FAPS purificationsequencing methods for the mRNA enrichment in P-bodies. (F) Correlation between the imaging (smFISH) and FAPS purification-sequencing methods for the mRNA abundance in oocyte P-bodies. (G) Correlation between the imaging (smFISH) and FAPS purification-sequencing methods for the mRNA abundance in oocytes.

Figure S3 .

 S3 Figure S3. Transcriptome-wide quantification of mRNA enrichment and compaction within oocyte P-bodies, related to Figure 1.(A-E) Distribution of mRNA enrichment in P-bodies. (A) mRNA enrichment was computed by comparing the oocyte P-body transcriptome to the whole oocyte transcriptome. To avoid bias from the technical dispersion because of low sequencing read counts for poor abundance transcripts, only the top 50% of transcripts with higher expression levels were plotted (B) Comparison of the cumulative distribution of mRNA relative enrichment in P-bodies depending on mRNA expression levels in oocytes. mRNAs were binned according to their expression levels in oocytes (FPKM), demonstrating that mRNA enrichment in P-bodies increases with mRNA abundance. The large dispersion of the lowest mRNA abundance bins is technical, and reflects dispersion noise due to the low sequencing read counts. (C) Distribution of mRNA relative enrichment in P-bodies according to P-body transcriptomics. Bins of mRNAs relative enrichment in oocytes P-bodies (log 2 𝐹𝐶 𝑅𝑁𝐴-𝑆𝑒𝑞 ) and bins of mRNA expression (FPKM) in oocytes were computed from transcriptomic analysis in (A). (D) smFISH calibrated distribution of mRNA enrichment in P-bodies. mRNA enrichment was computed using the linear regression that correlates transcriptomic sequencing relative enrichment to the smFISH imaging absolute enrichment (see FigureS2E). smFISH integrative and cumulative methods to compute mRNA condensation gave similar results. (E) Distribution of the percentage of condensed mRNAs as computed from the integrated method in (D), including low abundance transcripts. (F) Computed subcellular compartment volumes (see methods). (G) Distribution of mRNA length in nucleotides as computed from gene annotations. Bins displayed between 0 to 5000 nucleotides. (H) Schematic representation of the computing of mRNA compaction within condensates. (I) Estimation of the cumulative volume that would be occupied by repressed P-body mRNAs, taking in account the gyration radius of repressed mRNAs as defined by Adivarahan et al. (15) and the number of P-body mRNAs of the current study.

  Figure S3. Transcriptome-wide quantification of mRNA enrichment and compaction within oocyte P-bodies, related to Figure 1.(A-E) Distribution of mRNA enrichment in P-bodies. (A) mRNA enrichment was computed by comparing the oocyte P-body transcriptome to the whole oocyte transcriptome. To avoid bias from the technical dispersion because of low sequencing read counts for poor abundance transcripts, only the top 50% of transcripts with higher expression levels were plotted (B) Comparison of the cumulative distribution of mRNA relative enrichment in P-bodies depending on mRNA expression levels in oocytes. mRNAs were binned according to their expression levels in oocytes (FPKM), demonstrating that mRNA enrichment in P-bodies increases with mRNA abundance. The large dispersion of the lowest mRNA abundance bins is technical, and reflects dispersion noise due to the low sequencing read counts. (C) Distribution of mRNA relative enrichment in P-bodies according to P-body transcriptomics. Bins of mRNAs relative enrichment in oocytes P-bodies (log 2 𝐹𝐶 𝑅𝑁𝐴-𝑆𝑒𝑞 ) and bins of mRNA expression (FPKM) in oocytes were computed from transcriptomic analysis in (A). (D) smFISH calibrated distribution of mRNA enrichment in P-bodies. mRNA enrichment was computed using the linear regression that correlates transcriptomic sequencing relative enrichment to the smFISH imaging absolute enrichment (see FigureS2E). smFISH integrative and cumulative methods to compute mRNA condensation gave similar results. (E) Distribution of the percentage of condensed mRNAs as computed from the integrated method in (D), including low abundance transcripts. (F) Computed subcellular compartment volumes (see methods). (G) Distribution of mRNA length in nucleotides as computed from gene annotations. Bins displayed between 0 to 5000 nucleotides. (H) Schematic representation of the computing of mRNA compaction within condensates. (I) Estimation of the cumulative volume that would be occupied by repressed P-body mRNAs, taking in account the gyration radius of repressed mRNAs as defined by Adivarahan et al. (15) and the number of P-body mRNAs of the current study.

Figure S5 .

 S5 Figure S5. In silico simulations and corrections of experimental measures for the quantification of spn-4 mRNA clustering, related to Figures 1, 3, 4, 5, and 6.(A) Synthetic images of single mRNA foci randomly placed at increasing concentrations within the oocyte volume. Lower panels are one-plane magnifications of the inset. Note that because of the lack of imaging resolution to separate the mRNAs that are randomly placed at high density, some mRNAs artificially appear to cluster in brighter foci toward higher concentrations despite the absence of clustering within the simulation input parameters, demonstrating that mRNA clusters can be overestimated, as further quantified in (B). (B) Comparison of spn-4 mRNA distribution across cluster sizes in simulated images (in silico) versus experimental results. Experimental distributions of cluster sizes were computed at low (spn-4(RNAi)) and high (WT animals) mRNA concentrations, either in active oocyte or arrested diakinesis oocytes that were staged in position -4 along the gonad proximo-distal axis. In silico distributions as simulated in (A) were computed for concentrations matching the experimental measures. See FigureS1for the quantification pipeline of smFISH experimental and simulated images, and Figure5Cfor the experimental imaging of spn-4 in RNAi conditions. Note that in the simulation, the nanoclusters detected at high concentrations were artefacts because single mRNAs were not well separated because of imaging resolution limits as shown in (A). (C) Comparison of spn-4 mRNA cluster size distributions at various mRNA concentrations between simulated images (left panel) and experimental results (right panel). spn-4 mRNA concentrations were experimentally varied using an RNAi approach, for imaging see Figure5C. Note the concentration threshold effect on mRNA clustering in the experimental data that is not detected in the simulation. (D) Experimental quantifications of spn-4 mRNA distribution across cluster sizes with a correction from the in silico simulation. Corrections subtracted the artificial clusters that were detected in the simulation at similar concentrations, and that were instead accounted as single soluble transcripts. (E) smFISH quantifications of single dispersed mRNAs and mRNA nanoclusters within simulated images versus experimental images. (F) Corrected experimental quantifications of single dispersed mRNAs and mRNA nanoclusters.

Figure S6 . 3 .

 S63 Figure S6. mRNA nanoclusters super-assemble into macro-condensates with poor mixing, related to Figure 3. Confocal image sections of repressed mRNA macro-condensates within arrested diakinesis oocytes. Repressed mRNAs (spn-4, glp-1 and mbk-2 mRNAs), and associated translation repression cofactor GFP:CAR-1 are shown. Right panel, fluorescence intensity distribution of two labeled mRNAs along the x-y transversal section of a condensate. Note the poor mixing within condensates between the 3 tested mRNA species. FU: fluorescence units.

Figure S7 .

 S7 Figure S7. Condensation quantifications for the repression cofactor GFP:CAR-1, and the spn-4 and glp-1 repressed mRNAs, related to Figures 4 and 5. (A-B') Quantifications of the translation repression cofactor GFP:CAR-1 condensation in arrested diakinesis oocytes from confocal z-stack acquisitions. (A) Confocal images of GFP:CAR-1 depletion (car-1(RNAi)) in arrested diakinesis oocytes. (A') Control for the GFP:CAR-1 fluorescence specificity and quantitative sensitivity. The detected fluorescence in the dispersed phase (outside of condensates) dropped to 0 upon CAR-1 depletion (car-1(RNAi)). (A'') Quantifications of the GFP:CAR-1 cumulative fluorescence intensity in the dispersed versus condensed phase. (B) Confocal images of GFP:CAR-1 condensates dissolution upon PUF-5 depletion (puf-5(RNAi)). (B') Control for the condensed versus soluble GFP:CAR-1 quantifications. The total GFP:CAR-1 measured concentration remained unchanged as GFP:CAR-1 was released to the cytoplasm upon the puf-5(RNAi) induced dissolution of condensates, confirming the absence of bias in the quantification of condensed versus soluble molecules.

  Whereas translation factories are uniqueexamples of clustered translation activity, most cytosolic condensates accumulate mRNAs whose translational status is associated with no translation. However, whether condensation itself represses mRNAs or occurs as a consequence of translation repression remains debatable. So far, the condensation/sequestration of repressed mRNAs has been analyzed discretely and linked to local translation. For example, translation activation following mRNA transport by neuronal granules, at condensates' translational-active edges, and recently by activating translation of stored mRNAs during development(60-62, 76, 119, 218). Yet, how condensation modulates translation control on a cellular-scale has not been explored.Using the tunable oogenesis rates of the C. elegans germline we uncovered that spatiotemporal translation patterns were maintained across cellular activities (manuscript Figs.6FC-D'). To adapt to prolonged oocyte arrest, mRNA condensation and dissolution adjust to translation rates (manuscript Figs.6E-F''). Together with the stoichiometric buffering of repressed mRNAs and RNA:repressor ratios, a new function is supported; condensation promotes translation control homeostasis in the cytosol.Because mRNA translation activation correlated with mRNA clusters dissolution (manuscript Figs. 6E-F''), and translated mRNAs tend to remain soluble even at high concentrations(19,[START_REF] Khong | The Stress Granule Transcriptome Reveals Principles of mRNA Accumulation in Stress Granules[END_REF] (manuscript Fig.2C), we hypothesized; (1) if condensates repress mRNAs, translation output would increase linearly as single molecules get released, but (2) if translation control mainly occurs in the cytosol, protein production increases exponentially as ribosome density per mRNA multiplies (manuscript Figs.6A, B). Experimental measurements supported the second model (manuscript Fig.6G), demonstrating that translation is controlled in the cytosol. Efficient and quick sequestration of repressed mRNAs occurs at their tightest state of repression, and robustly preserves translation control in the face of cellular activity changes.

  

  

  

  

  

Table S2 .

 S2 C. elegans strains. TableS3to S8. Probes sequences for spn-4, glp-1, puf-5, tbb-2, pccb-1, and complementary FLAPx.

	List of abbreviations
	C. elegans	-Caenorhabditis elegans
	RBPs	-RNA binding proteins
	RNP	-Ribonucleoprotein
	mRNA	-Messenger RNA
	mRNPs	-Messenger RNP
	snRNPs	-small nuclear RNPs
		xiii

2.1. mRNA translation factories versus bodies enriched in repressed mRNAs mRNA

  translation and repression are textbook examples of cellular processes controlled in the soluble dilute phase of the cytoplasm. Single mRNAs can be either translated in polysomes or repressed by RBP repressors. Recently, growing evidence suggests that repressed and translated mRNAs can be also found in condensates and clusters. In light of this, cytoplasmic mRNA condensates can be classified into two main classes depending on whether they accumulate repressed mRNAs (P-bodies, SGs, germ granules, neuronal transport granules) or translated mRNAs (translation factories)

Implications of the scaffold/client framework. By

  definition, the scaffolding components are the ones whose saturation concentration determines condensate assembly, thus client and scaffold can be experimentally distinguished within biological systems.

	). Recently within the framework of multivalency,
	it was proposed that interacting networks compete to partition into condensates (103). Scaffolding
	components are expected to have high valency and centrality within the network. By contrast, non-essential
	complexes dock on the network as clients and are expected to have low valency. Monovalent interacting
	components can limit networking (103).

3.8. Material properties of condensates Viscosity, surface tension, and coarsening

  

	(see section 7.2.2 and 7.2.1)
	Implications of the viscosity property. Viscosity directly impacts diffusion rates and thus the kinetics of
	biochemical reactions. Condensate involved in storage should have very high viscosity (110), whereas
	condensate involved in quick remodeling should have higher fluidity.
	Implications of the surface tension. A direct consequence of surface tension is that condensates can
	generate forces within cells. In addition, surface tension will impact coarsening kinetics and thus condensate
	sizes. At equilibrium a large droplet should have absorbed smaller ones, suggesting that condensate must
	actively regulate condensate size distribution.

  complexity or IDR domains in proteins can engage in weak, transient and promiscuous interactions and therefore are among the most studied structural features that would determine the intra-condensate environment in vitro and in vivo. Küffner et al. generated chimeric adenylate kinase fused with IDRs, resulting in phase separated micro-reactors with faster reaction kinetics. Micro-reactors driven by IDR condensation allowed local enzyme concentration and molecular diffusion as expected, but

  Translation rates were estimated from recording changes in SPN-4:GFP levels across

oogenesis time points (Figures 6C-6D'), while mRNA clustering was quantified from spn-4 smFISH imaging (Figures 6E-6F''). In both active and quiescent oogenesis, SPN-4:GFP protein only accumulated during late oogenesis (Figures 6C-6D'), recapitulating the pattern of spn-4 translation activation (17). During the slow translation activation of quiescent oogenesis, macro-condensates dissolved into smaller clusters (Figures 6E-6E''), and upon the robust translation activation of active oogenesis, nanoclusters dissolved into single molecules (Figures 6F-6F''). Therefore, contrary to repressed mRNAs, translated mRNAs remained soluble at very high concentrations (Figures 6F'', S5G

  𝑜𝑢𝑡𝑙𝑖𝑛𝑒 represents the mean fluorescence intensity of the z-projected oocyte (𝑜𝑢𝑡𝑙𝑖𝑛𝑒), 𝑝𝑥 𝑜𝑢𝑡𝑙𝑖𝑛𝑒 is the number of pixels in the 𝑜𝑢𝑡𝑙𝑖𝑛𝑒, 𝑣𝑥 𝑜𝑜𝑐𝑦𝑡𝑒 is the number of voxels in the oocyte given by 𝑁 𝑠𝑡𝑎𝑐𝑘𝑠 * 𝑝𝑥 𝑜𝑢𝑡𝑙𝑖𝑛𝑒 where 𝑁 𝑠𝑡𝑎𝑐𝑘𝑠 is the number of slices. 𝑉 𝑣𝑥 represents the voxel volume in µm3 . The estimated mean

	𝑟𝐶 𝑠𝑃𝑁4 =	𝐼 𝑜𝑢𝑡𝑙𝑖𝑛𝑒 * 𝑝𝑥 𝑜𝑢𝑡𝑙𝑖𝑛𝑒 -𝐵𝐺𝐷 * 𝑣𝑥 𝑜𝑜𝑐𝑦𝑡𝑒 𝑉 𝑣𝑥 * 𝑣𝑥 𝑜𝑜𝑐𝑦𝑡𝑒	=	∑ 𝐼 𝑜𝑜𝑐𝑦𝑡𝑒-𝐵𝐺𝐷 𝑉 𝑜𝑜𝑐𝑦𝑡𝑒
	background was calculated as 𝐵𝐺𝐷 =	𝐼 𝐵𝐺𝐷 * 𝑝𝑥 𝐵𝐺𝐷 𝑣𝑥 𝐵𝐺𝐷	=	𝐼 𝐵𝐺𝐷 𝑁 𝑠𝑡𝑎𝑐𝑘𝑠
	mRNA local concentration within P-bodies as follow:
		𝑡𝑟𝑎𝑛𝑠𝑐𝑟𝑖𝑝𝑡𝑜𝑚𝑒-𝑤𝑖𝑑𝑒 𝐶 𝑐𝑜𝑛𝑑 =	∑ 𝑁 𝑐𝑜𝑛𝑑(𝑝) ∑ 𝑣𝑜𝑙 𝑐𝑜𝑛𝑑

𝐼

Table S3 .

 S3 Sequence of probes against spn-4. Primary probes carried the FLAPx extension shown in blue.

	mRNA Probe 5' -probe -FLAPx -3' mRNA Probe 5' -probe -FLAPx -3'
	spn-4 glp-1	1 1	ATGGCGAAGCACTTCATTTGACTTCGAGCCCTCCTAAGTTTCGAGCTGGACTCAGTG TGACCGGTGGTGCCATTTCATGGTTAAACACCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4 glp-1	2 2	CATTGCTACGGTATGGTGCCATCATGAATCCTCCTAAGTTTCGAGCTGGACTCAGTG CCCAGACTTAGCACCATGACCTGACTCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4 glp-1	3 3	TTGAACAACTGATGCATTGGCTCAGCTCCCTCCTAAGTTTCGAGCTGGACTCAGTG AAGTTCATGATGGTAGCTGGCTTCAGCAACCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4 glp-1	4 4	GGGCTGTTATGTGGGGACCAATGAATCTCCCTCCTAAGTTTCGAGCTGGACTCAGTG GAGCAGCAGTCATGTCCATTGAATCGACTCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4 glp-1	5 5	TGCTCTCTTTCCTTTGTTAGCACTATTATTTCCCTCCTAAGTTTCGAGCTGGACTCAGTG CTCCTTTTGAAAGAAGAAGCTCTGCCATCTCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4 glp-1	6 6	TGCTGCATGGTGAGTTTTGTCTGTGCATGCCTCCTAAGTTTCGAGCTGGACTCAGTG ATCAATGCAGTCATACCATTCCGGTCCCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4 glp-1	7 7	CATCAGAATACTTGTTTCCGTCGTAGGCTCGCCTCCTAAGTTTCGAGCTGGACTCAGTG CATTCACATCGGCTCCAGCCTTCAAGCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4 glp-1	8 8	CTCGCTGTGCTTGGTGCATCGAGGTGCCTCCTAAGTTTCGAGCTGGACTCAGTG TTTTCCTCTGACATTGGCAGCAAGCCACCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4 glp-1	9 9	GTTGATAAGCTTTCTGCGGGTTGGTGTCGCCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		TTCTCACTTCTATAATTCTTCCTTGAACATGTCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		TTCGTGAAGCGCAGCACGAGCTTTCTCCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		ACCCTTTGGATCCACGATCATTTGTGACGCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		AGAAGCCGGCTCACGAGTTTTCGGTTTGACCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		AATTGGATCTTTGTTGGAAGGATTCGCACTGTCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		TGTTAGCAAGCGAGGTAGGTTAAACGGACTGGCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		ACGAATCATTTGACAAGGACAACGAGTGTCGCCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		AAATGGGCGTATCAGTTGAACTGATTACTGGCCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		TTGGTGGAGAAACAGACTTTCCGTGGAACGATCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		GGAACCTTCGTAGAGAGCAGCGAGAAGATAATCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		CTGATGATCTCAATCCAGAAGATGTCACAGATCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		GAAGTGTCGAGAAGAGCAGTAATCTGGTCACGCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		ATGATGTGGGAATATAGAGTTCAACTCCACATCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		AACGGTAATCCATCATGTGCTCTGTGAGCCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		TTCCACACTCAGGACTCTTCCATATGCCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		GACAGCTCGTGATTCGAAGAATCAGAACACTTCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		TTTGCAGAAGTATTCACCAGCTGAAGAAAGCTCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		AGCTTCGGGAAAACATGTTGTGTTCTCCTTTTCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		CATAAATTATGAGGGGCTCGAAGATCGACACACCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		GCTTTGGTGGTGGCAAAACTTCATTTTGTGGACCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		AGGATTCGATGGAATCGAGTGTGACAAACCCCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		AGAACATTGCCGCCAAATCTTGTTCACGAAACCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		AGGGAATATTGCTGACATATATCCTGTTATCTCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		ACAGGAATGCAAAAATAACTGGCGAACACAGCCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		AAGATGCTCAGAAAATACAATACGTGGGCACACCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		GAGATGGCAAAATAGGGAAGATGCTGAAACGCCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		TCCTACAAAATAACACCGGGGGGGTCGATCCTCCTAAGTTTCGAGCTGGACTCAGTG
	spn-4		TTGGTCTGCACAAGACTACGCGTGTTGAAAATCCTCCTAAGTTTCGAGCTGGACTCAGTG
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Repressed spn-4 mRNA saturates autonomously, but partitions cooperatively

In a concentration-dependent phase transition biomolecules remain soluble at low concentration, but condense past saturation (Figure 5A). In a simple homotypic phase transition model, as molecules in excess of the saturation concentration self-assemble into condensates, the dispersed phase concentrations plateau, providing a buffering mechanism (7) (Figure 5B). However, when molecules co-assemble with binding partners, the saturation concentration becomes partner-dependent and buffering is limited (6) (Figure 5B).

Each mRNA identity could autonomously self-assemble according to its own concentration, or mRNAs could condense cooperatively as a function of total repressed mRNA concentrations. To distinguish between these two models, we tested RNA cluster response to variations in spn-4 mRNA concentrations.

We analyzed arrested oocytes with various levels of spn-4 depending on spn-4 (RNAi) efficiency, and computed RNA clustering by smFISH as a function of spn-4 total cellular concentration (Figure 5C). Strikingly, spn-4 could accumulate as a soluble, single transcript in the dispersed phase until it plateaued at a saturation concentration and nanoclusters appeared in a threshold effect (Figures 5C,5D,S5). The doseresponse fits a homotypic phase rather than a heterotypic separation (Figures 5D and 5B comparison).

Additionally, we found that spn-4 clustered with itself rather than with other mRNAs in macro-condensate images, (Figures 3E-3F, S6). These two lines of evidence confirmed that spn-4 mRNA saturated independent of other mRNAs in a model where homotypic dominates over heterotypic interactions.

While scaffolding components are essential to cluster assembly, clients can be passively recruited to preexisting clusters. At very low spn-4 concentration, spn-4 nanoclusters dissolved, but macro-condensates that contained other mRNAs did not (Figure 5C). Though spn-4 scaffolds its self-assembly into nanoclusters in a concentration-dependent manner, it is not essential to heterotypic macro-condensate co-assemblies.

Instead it is recruited as a single molecule client toward lower concentrations. The biphasic partition coefficient of spn-4 across concentrations confirmed the existence of two regimes (Figure 5E), (1) recruitment through heterotypic interactions as a client at lower concentrations, and (2) self-assembly at higher concentrations. The partition coefficients toward very low concentrations were high (>100), but quickly dropped as spn-4 concentrations increased, suggesting that the recruitment as a client relied on specific but limited binding sites that became quickly occupied. Most strikingly, toward higher concentrations self-assemblies provided a buffering mechanism that was spn-4 dependent: above saturation concentration repressed spn-4 mRNAs in excess selectively segregated instead of flooded the cytosol. 
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Materials and Methods

Sample preparation and hybridization

Briefly, synchronized C. elegans adult gonads were dissected on coated coverslips, fixed for 5 min in 4% formaldehyde in Phosphate Buffer (77.4mM Na2HPO4; 4mM NaH2PO4) at RT, and freeze-cracked as previously described (3). After freeze-cracking, gonads were secondary fixed in 4% formaldehyde for 20 min at RT, washed in Phosphate Buffer, permeabilized in 70% ethanol overnight at 4°C, and washed again in Phosphate Buffer. Next, to unmask RNAs from bound proteins, and facilitate probes hybridization, samples were treated with proteinase K (QIAGEN, 4 µg/ml in 2xSSC) for 5 min at RT, followed by a secondary fixation in 4% formaldehyde for 15 min to restore crosslinks disrupted by the proteinase K, then washed twice in Phosphate Buffer and once in 15% formamide in 1xSSC. For hybridization, samples were preincubated in 15% formamide in 1xSSC for 15 min at RT, then hybridized for 16 h at 37°C with 2.5 μl of smFISH probes as prepared above and further diluted in 100 μl of Stellaris RNA FISH Hybridization Buffer (LCG Biosearch Technologies) containing 10% formamide. For mounting, samples were incubated twice in 25% formamide in 1xSSC for 30 min at 37°C, washed twice in Phosphate Buffer, mounted on slides using ProLong Antifade (Invitrogen), and cured for 60 h before imaging. smFISH imaging smFISH images of C. elegans oocytes were acquired on a Zeiss LSM 880 microscope with a Plan-Apochromat 63x/1.4 Oil DIC M27 objective. Images were processed with the AiryScan super-resolution (SR) module, using Zeiss ZEN software. A 561 nm laser (BP 570-620 + LP 645 + SBS SP 615) was used for mRNA detection, and a 488 nm laser (BP 420-480 + BP 495-550) for GFP:CAR-1 signal to assess mRNA localization into P-bodies that are GFP:CAR-1 labelled. For AiryScan acquisitions, images were taken with a z-spacing of 0.185 μm, 2.0 optical zoom, 0.66 μs pixel dwell, average of 4, master gain of 750, digital offset of 1, and 143 µm pinhole. For Fast AiryScan aquisitions, z-stacks were obtained with a stepsize of 0.250 μm, 1.8 optical zoom, 0.52 μs pixel dwell, average of 4, master gain of 750, digital offset of 1, and 384 µm pinhole. Multiphase 3D smFISH images were processed using the in-built Zeiss Airyscan Processing algorithm.

smFISH image quantitative analysis of mRNA clustering within staged diakinesis oocytes

Image quantifications of condensed and dissolved mRNAs were performed with MATLAB R2018b. Our image analysis approach is detailed bellow and in Figure S1.

Segmentation of oocyte boundaries and oocyte staging

To conduct mRNA clustering analysis in smFISH images of staged diakinesis oocytes, the first segmentation delineated oocyte boundaries within the dissected gonads (Figure S1A). A pre-processing where 𝐴 ̂ is the kernel density estimation (KDE) for the amplitude of individual mRNA molecules, ℎ represents the height of the distribution, and 𝜙(𝑥)Φ(𝛼𝑥) is the skewed Gaussian function with the shape parameter 𝛼:

The fitting was performed with the MATLAB function lsqcurvefit, thus yielding estimates of ℎ, 𝛼, 𝑐𝑒𝑛𝑡𝑟𝑜𝑖𝑑 and 𝑠𝑑 (standard deviation). After defining the relative 1X fluorescence intensity at which the skewed Gaussian distribution of single molecule peaked, we confirmed that we detected almost no foci with fluorescence at 2X intensities in our highly diluted conditions (Figure S1I). Thus, single mRNAs can be distinguished from clusters containing two mRNAs whose intensity is expected at 2X, validating that we can quantify mRNA clustering with single molecule sensitivity.

Quantification of the number of mRNAs copies within sub-diffractive mRNA foci Whereas in diluted conditions, all mRNA foci have an almost identical fluorescence intensity distribution which corresponds to the intensity of single mRNAs, at higher mRNA concentrations many brighter foci corresponding to mRNA clusters containing multiple mRNAs were detected (Figure S1I). The modeled KDE of single molecule amplitudes (Figure S1I) was then used to estimate the number of single mRNA foci detected in oocyte cytosols (Figure S1K). To this end, the distribution of fluorescent amplitudes of cytosolic mRNA foci was fit with a right-skewed Gaussian model. This fit was further decomposed in two Gaussian distributions. The peak of the first Gaussian was imposed to be centered at the single molecule fluorescence amplitude whose parameters were calibrated at lower concentration in Figure S1I as described above. The second Gaussian centered at higher fluorescence amplitudes, and described foci containing more than one mRNA molecule (Figure S1K). This second population of foci were considered as nanoclusters.

The right-skewed Gaussian function used to describe fluorescence intensity distribution was the following:

where 𝐴 ̂𝑓 denotes the KDE for the amplitude of cytosolic mRNA foci. The fitting yields estimates of the height (ℎ 𝑠 ) for the single molecule fraction with fixed parameters given by 𝜙(𝑥)Φ(𝛼𝑥), as well as estimates of ℎ 𝑛 , 𝛼 𝑛 , 𝑐𝑒𝑛𝑡𝑟𝑜𝑖𝑑 𝑛 and 𝑠𝑑 𝑛 , for the nanocluster fraction. The P-body mRNA condensed copy number (𝑁 𝑐𝑜𝑛𝑑(𝑝) ) and its minimum and maximum 95 % confidence interval (95% 𝐶𝐼) were computed for each transcript transcriptome-wide using the linear regression (ii.a) (Data S3), from which were further computed the cumulative condensed copy number for all oocyte mRNAs (∑ 𝑁 𝑐𝑜𝑛𝑑(𝑝) ) and its upper and lower limits. The corresponding cumulative volume of P-bodies (∑ 𝑣𝑜𝑙 𝑐𝑜𝑛𝑑 ) was computed as described in the smFISH method section.

We further calculated the mRNA compaction in condensates in nucleotide per µm 3 (mRNA 

Quantification of P-body coarsening across oogenesis

The proximo-distal axis in C. elegans gonads, along which oocytes are aligned in a single row, is a convenient spatiotemporal axis, to study condensate growth across time. For each oocyte the time before ovulation can be estimated knowing the oocyte position in the row and the ovulation rate (the frequency at which one oocyte move from one position to the next) (Figure 3C). To quantify P-body coarsening, we recorded the sizes of fluorescently labelled GFP:CAR-1 P-bodies depending on oocyte position along the gonad axis. To image the entire gonads, up to 4 z-stack acquisitions were stitched together, using the parameters described in Live imaging method section. Next, condensates were segmented within staged oocytes using the script detailed in the smFISH quantification methods (Figure S1). We computed the condensate volume distribution and the cumulative volume distribution for each time point before ovulation (oocyte position) (Figure 3C').

mRNA compositional bias across cluster sizes.

The repressed mRNAs spn-4 and glp-1 were simultaneously detected by two-color smFISH using Cy3 and Cy5 labeled probes. Images were acquired as described in smFISH imaging section with an additional channel for Cy5 (633 nm laser, BP 570-620 + LP 645). The ratio between glp-1 and spn4 mRNA cumulative fluorescence intensities was computed for each mRNA cluster and plotted as a function of the cluster size.

Confocal image quantitative analysis of relative protein concentrations

Quantification of relative protein concentrations along oocyte differentiation

The relative GFP:CAR-1 and PUF-5:GFP protein concentrations were calculated along oocyte differentiation using z-stack confocal images of live C. elegans gonads (see Live imaging section). Oocytes were manually delimited and staged according to their differentiation along the gonad proximo-distal axis, and GFP condensates were segmented (see Quantification of P-body coarsening across oogenesis). The relative concentration in oocytes (𝑟𝐶 𝑜𝑜𝑐𝑦𝑡𝑒 ), dissolved (𝑟𝐶 𝑑𝑖𝑠 ), condensed (𝑟𝐶 𝑐𝑜𝑛𝑑 ), and in each macrocondensate (𝑟𝐶 𝑀𝐶 ) was computed per volume unit as follows:

Where 𝐹𝑈 is the fluorescence intensity units and 𝑝ℎ𝑎𝑠𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 is the volume given in either voxels or m 3 . RNAi controls depleting the fluorescent protein of interest were used to confirm the specificity and sensitivity of our measures (Figures S7A-S7B').

Determination of SPN-4:GFP protein production rates.

SPN-4:GFP protein production rates, computed in Fluorescence units per µm 3 per min, were derived from SPN-4:GFP concentrations (in Fluorescence units per µm 3 ) across oogenesis time points (in min). Briefly, synchronized unmated L4 larvae females were either isolated or kept in culture with males, to compare protein production rates in quiescent (unfertilized) and active oogenesis (fertilized). Time points between N and N+1 oocytes in the gonad correspond to the time between 2 ovulation events, and are 0,33 and 10 h, in active and quiescent oogenesis, respectively. C. elegans gonads from adults that were 48 h post L4 larvae stage were imaged and the relative SPN-4:GFP concentration (𝑟𝐶 𝑆𝑃𝑁4 ) was calculated at each oogenesis time point along the gonad using Fiji. For image background subtraction, a representative region (~250 x 250 pixels) was defined in the distal gonad that does not express SPN-4:GFP. The 𝑟𝐶 𝑆𝑃𝑁4 per segmented and staged oocyte was computed from cumulative z-projections (sum of slices) of 3D z-stacks as follows: A rightskewed Gaussian in purple was fit to the experimental fluorescence intensity distribution in grey. The relative fluorescence intensities were calibrated so that the distribution picked at the normalized fluorescence of 1X in the diluted conditions, which correspond to the fluorescence of a single mRNA molecule. Note that upon dilution almost no foci were detected with a fluorescence intensity equal or superior to 2X. Such a narrow skewed Gaussian distribution with a fluorescence intensity distributed between 0 and 2 X, and centered around 1X, demonstrated our ability to detect mRNAs with single molecule sensitivity. Inset, confocal image of an average single mRNA imaged at high dilution. (J) Quantification of spn-4 mRNA copy number within the macro-condensates segmented in (F). The average fluorescent intensity of a single transcript computed in (I) was either integrated or cumulated up to reach the fluorescence intensity of the macro-condensates. Both methods gave similar results (see Figure S3D). (K) Quantification of spn-4 mRNA copy number in the dispersed phase (single) and in sub-diffractive nanocluster foci. The fluorescence intensity distribution of sub-diffractive mRNA foci in a staged diakinesis oocytes is shown in grey, a right-skewed Gaussian model fit is shown in blue. The distribution was further decomposed in a single molecule fit in purple as defined in (I) and a nanocluster fit in orange, so as to compute the number of single mRNA and the number of mRNA in nanocluster, respectively. See Methods and other associated supplemental figures for further explanations, including experimental controls and in silico simulations ensuring proper quantification and scaling of mRNA detected into condensates versus single soluble mRNAs in the dispersed phase (Figures S2E-S2G, S5, S7C-S7D). 

Protein abundance

Gene id (wormbase) mRNA Enrichment in P-bodies 1J), suggesting that P-body mRNAs reach the overlap concentration where mRNAs become entangled by occupying overlapping space. Entanglement allows to compact more information in a smaller space, so whether mRNA entanglement is a structural feature of reservoir condensates or reinforces sequestration remains to be addressed. Entanglement would have two advantages: (1) reducing the volume occupied by the stored molecules, (2) mechanically limiting the diffusion by solidifying the stored molecules ("freezing" may help for the long term preservation of stored molecules). Besides, the implications of mRNA entanglement across condensate material properties need to be investigated in the context of mRNA regulation during adaptation to environmental cues.

Condensates sequester sorted networks of repressed mRNAs

Phase separations were proposed to explain how intracellular membrane-less bodies come about (11,14).

Yet, the molecular grammar that orchestrates whether an RNA remains soluble or condensed is unknown.

Several studies have focused on identifying features or molecular signatures that can encode the sorting selectivity of condensates (see Compositional selectivity of condensates). Sequence-independent features like mRNA length biases [START_REF] Khong | The Stress Granule Transcriptome Reveals Principles of mRNA Accumulation in Stress Granules[END_REF][START_REF] Lee | Recruitment of mRNAs to P granules by condensation with intrinsically-disordered proteins[END_REF] do not explain the selectivity and diversity of the coexisting intracellular condensates (11,109) or the strong demixing between mRNA sub-types even under stress conditions (i.e.:

P-bodies and SGs) (19,103).

Instead, properties encoded in the RNA sequence including RNA secondary structure, multivalent RBP-RNA stereospecific interactions, and trans-RNA-RNA interactions can direct RNA sorting [START_REF] Niepielko | Stochastic Seeding Coupled with mRNA Self-Recruitment Generates Heterogeneous Drosophila Germ Granules[END_REF]103,105).

Such view is compatible with disorder regions, in both proteins and RNAs, modulating phase separations (103, 107, 149). Thus, it can be hypothesized that masking regions where random interaction can occur is as important as exposing sites where multivalent but selective interactions are favored. In vitro studies have The transcriptome of oocyte P-bodies, first sequenced in this work, revealed two main aspects of the compositional selectivity of condensed mRNAs in P-bodies. Condensation is (i) biologically regulated at the transcript identity-level (self-assembly between mRNA of same identity), and (ii) sequesters functional networks of repressed mRNAs (co-assembly between mRNA clusters that share the same regulatory