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The growth of filamentous fungi has many implications in our societies. Filamentous fungi produce many essential drugs such as antibiotics and have an important place in the industry, especially the food industry. On the other hand, some fungi have invasive properties, sometimes endangering agriculture. Moreover, fungal infections cause morbidity of several million deaths each year worldwide. These infections are often associated with the polarized growth properties of the hyphae of filamentous fungi, and the biomechanical properties of their cell wall, which is a prime target for antifungal agents.

The project of my thesis is to understand the fundamental mechanisms regulating the dynamics of the cell wall during the rapid growth of fungi. The cell wall is a rigid and thin layer of a few tens of nanometers composed of polysaccharides (e.g. glucans, chitin, mannans). Surrounding the plasma membrane, the cell wall ensures the mechanical integrity of the cell and defines its morphogenesis. Although early studies using electron microscopy described it as a static structure, it is in fact dynamic, changing its thickness and composition during shape changes, reproduction, and fungal infections. The mechanical properties of the wall are defined and regulated spatially and temporally by membrane enzymes that catalyze the polymerization of sugars and are controlled by the biochemistry of polarity, transport, and secretion. To date, however, the lack of methods to visualize the dynamics of wall assembly and remodeling has greatly limited our understanding of the molecular and cellular mechanisms controlling its integrity and plasticity.

To address this shortcoming, I adapted for my thesis project a super-resolution technique that uses video confocal microscopy to track the dynamics of cell wall thickness during the growth of living fungal cells. This approach consists in measuring the distance between two fluorochromes of different colors, one attached to the plasma membrane on the cytoplasmic side of the wall, and the other associated with specific lectins that bind to the external side of the wall. This distance corresponds to the local thickness of the wall. Using a computer image analysis script, I can automate my measurement and correct for chromatic aberrations, and extract quantitative information on large samples. To develop this method, I use the fungal model Aspergillus nidulans, a genetic model used to understand the disease of aspergillosis.

In this thesis, I quantitatively characterized wall thickness and stiffness gradients, as well as turgor pressure values during the development cycle of the fungus. I studied how wall dynamics correlate Abstract with the accumulation of secretory vesicles at hyphal tips, by video-microscopy and using mutants affecting polarity, cytoskeleton or membrane traffic. In addition, I used a mathematical model with feedback linking vesicular traffic and wall mechanics, capable of simulating stationary growth states as well as rapid adaptations in response to perturbations.

In parallel, I extended my method to six other filamentous fungi and characterized their mechanical properties. This part of my thesis allowed us to broaden our understanding of the mechanisms of wall assembly and growth control of fungal hyphae, and to begin establishing universal laws governing filamentous growth.

These data provide unprecedented details on how cell wall dynamics depend on the secretion of surface material to stabilize fungal filament tip growth as well as to promote its morphogenetic plasticity.
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Dynamique de la paroi cellulaire pendant la croissance de champignons filamenteux

Résumé

La croissance des champignons filamenteux a de nombreuses implications dans nos sociétés. Elle est à la base de nombreux médicaments et a une place importante dans l'industrie, notamment l'industrie alimentaire. D'un autre côté, certains champignons ont des propriétés invasives, mettant en péril l'agriculture. En outre, les infections fongiques causent une morbidité de plusieurs millions de décès chaque année à l'échelle mondiale. Ces infections sont très souvent associées aux propriétés de croissance polarisée des hyphes des champignons filamenteux et aux propriétés biomécaniques de leur paroi cellulaire, qui constitue une cible de choix pour les antifongiques.

Le projet de ma thèse est de comprendre les mécanismes fondamentaux régulant la dynamique de la paroi cellulaire pendant la croissance rapide des champignons. La paroi est une couche rigide et fine de quelques centaines de nanomètres composée de polysaccharides. Entourant la membrane plasmique, la paroi assure l'intégrité mécanique de la cellule et définit sa morphogénèse. Si les premières études utilisant la microscopie électronique l'ont décrite comme une structure statique, elle est en réalité dynamique, changeant son épaisseur et sa composition lors de changements de forme, de la reproduction ou encore pendant les infections fongiques. Les propriétés mécaniques de la paroi sont définies et régulées spatialement et temporellement par des enzymes membranaires qui catalysent la polymérisation des sucres et qui sont contrôlées par la biochimie de la polarité, du transport et de la sécrétion. À ce jour, néanmoins, l'absence de méthode permettant de visualiser la dynamique d'assemblage et de remodelage de la paroi a grandement limité notre compréhension des mécanismes moléculaires et cellulaires contrôlant son intégrité et sa plasticité.

Pour pallier ce manque, j'ai adapté pour mon projet de thèse une technique de super-résolution qui permet de suivre la dynamique de l'épaisseur de la paroi cellulaire pendant la croissance de cellules fongiques vivantes par vidéo-microscopie confocale. Cette approche consiste à mesurer la distance entre deux fluorochromes de couleurs différentes, l'un attaché à la membrane plasmique sur la face cytoplasmique de la paroi et l'autre associé à des lectines spécifiques qui se lient à la face externe de la paroi. Cette distance correspond à l'épaisseur locale de la paroi. En utilisant un script

Résumé substantiel en français

Les champignons peuplent tous les biotopes, sont présents sur tous les milieux terrestres et aquatiques et possèdent des propriétés de croissance et de morphogénèse étonnantes. Apparus il y a plus de 450 millions d'années, ils ont façonné le monde tel que nous le connaissons. Ils ont rendu les terres fertiles au cours de l'évolution, et aujourd'hui plus de 90% des plantes vivent en symbiose avec des champignons. Cependant, les champignons constituent un problème de taille pour la santé humaine et pour l'agriculture. Chaque année, un tiers des cultures mondiales est perdu à cause d'infection fongique. De plus, les maladies fongiques, telle la candidose ou l'aspergillose, font environ 1.7 million de morts dans le monde chaque année. Ces infections deviennent de plus en plus préoccupantes à cause de l'augmentation de personnes immunodéprimées (Cette propagation est liée au vieillissement des populations et à l'émergence de maladies comme la . Les cellules des champignons filamenteux grandissent sous forme d'hyphes et sont entourées d'une paroi faite de sucre, qui comme pour les plantes, leur procure des propriétés mécaniques exceptionnelles. Ces propriétés de croissance et de paroi sont le plus souvent sous-jacentes au caractère virulent des pathogènes et constituent la cible principale des antifongiques. Cette thèse vise à étudier la croissance des champignons filamenteux, et en particulier les liens entre les propriétés biomécaniques de la paroi cellulaire, les modes de croissances des hyphes, et la biologie interne de la cellule. Pour cela, nous développons de nouvelles méthodes de microscopie permettant de mesurer pour la première fois les propriétés physiques et biologiques de la paroi dans des cellules vivantes. Cette méthode, appliquée à de nombreuses espèces incluant plusieurs pathogènes humains, promet d'identifier les mécanismes procurant les capacités de croissance rapide des hyphes au cours de l'évolution et dans des situations d'infections fongiques.

Le projet de ma thèse est de comprendre les mécanismes fondamentaux régulant la dynamique de la paroi cellulaire pendant la croissance rapide des champignons. La paroi est une couche rigide et fine de quelques centaines de nanomètres composée de polysaccharides (ex : glucans, chitine, mannans). Entourant la membrane plasmique, la paroi assure l'intégrité mécanique de la cellule et définit sa morphogénèse. Les premières études utilisant la microscopie électronique l'ont décrite comme une structure statique. Mais on sait désormais qu'elle est en réalité dynamique, changeant son épaisseur et sa composition lors de changements de formes, pendant des phases de reproduction Résumé substantiel en français ou encore pendant les infections fongiques. Les propriétés mécaniques de la paroi sont définies et régulées spatialement et temporellement par des enzymes membranaires qui catalysent la polymérisation des sucres, et qui sont contrôlées par la biochimie de la polarité, du transport et de la sécrétion. À ce jour, néanmoins, l'absence de méthode permettant de visualiser la dynamique d'assemblage et de remodelage de la paroi a grandement limité notre compréhension des mécanismes moléculaires et cellulaires contrôlant son intégrité et sa plasticité.

Pour pallier ce manque, j'ai développé pour mon projet de thèse, une technique de superrésolution qui permet de suivre la dynamique de l'épaisseur de la paroi cellulaire pendant la croissance de cellules fongiques vivantes par vidéo-microscopie confocale. Cette approche consiste à mesurer la distance entre deux fluorochromes de couleurs différentes, l'un attaché à la membrane plasmique sur la face cytoplasmique de la paroi, et l'autre associé à des lectines spécifiques qui se lient à la face externe de la paroi. Cette distance correspond à l'épaisseur locale de la paroi. En utilisant un script informatique d'analyse d'images, je peux automatiser ma mesure et corriger les aberrations chromatiques et extraire des informations quantitatives sur des échantillons larges. Pour développer cette méthode, j'utilise le modèle fongique Aspergillus nidulans, un modèle génétique et également utilisé pour comprendre la maladie d'aspergillose. Je collabore avec l'équipe de Miguel Peñalva (U. Madrid, Espagne) qui m'aide à construire de nouveaux mutants ou des souches portant différents marqueurs fluorescents intégrés dans le génome. Une des forces de ce projet réside donc dans son aspect multidisciplinaire, rassemblant différents outils issus de la physique, de l'informatique et de la génétique, afin d'élucider une question biologique fondamentale pour la santé humaine.

Dans ma thèse, j'ai validé la méthode de mesure d'épaisseur de paroi dans les champignons filamenteux à l'aide de mesures par microscopie électronique. J'ai quantifié les propriétés mécaniques de filaments pour les lier aux vitesses de croissance, en utilisant les variations naturelles dues aux cycles de vie de champignons. En effet, la croissance des champignons fongiques commence par la germination d'une spore, comparable à la germination d'une graine de plante. Une spore étant relativement sphérique, la première phase de croissance est anisotrope, suivie d'une rupture de symétrie et de l'apparition d'un tube, appelé « germling tube ». Dans cette phase de croissance, l'hyphe grandit relativement lentement, et accélère progressivement jusqu'à atteindre une vitesse stable. Ainsi, j'ai mesuré les propriétés mécaniques, la pression de turgescence, le module élastique de la paroi et l'épaisseur de la paroi, dans des populations d'hyphes lentes et rapides. Les résultats montrent que les propriétés mécaniques ne peuvent pas expliquer les différences de vitesses, qui sont probablement dues aux propriétés biochimiques, c'est-à-dire aux protéines de polarité et de modulation de la paroi qui s'accumulent à la pointe de l'hyphe et permettent une croissance rapide. J'ai ensuite fait une analyse dynamique de la croissance. Les champignons filamenteux grandissent par croissance polaire, en ajoutant de la matière dans une zone délimitée, la pointe, ce qui leur donne cette apparence tubulaire. Pour ce faire, les protéines synthétisant différents sucres sont transportées à travers la voie de sécrétion jusqu'à la pointe. La chitine et les β-glucanes sont synthétisés par des synthases associées à la membrane plasmique et insérés dans la paroi cellulaire au cours de la synthèse, tandis que les mannoprotéines sont synthétisées dans le réticulum endoplasmique et modifiées dans le Golgi avant d'être transportées vers la surface cellulaire. Ce transport implique le cytosquelette. Les vésicules sécrétoires sont dans un premier temps transporté par les moteurs tels que les kinésines et les dynéines sur les microtubules, puis par les moteurs myosins de type V sur les microfilaments d'actines. Ces vésicules s'accumulent près de la pointe de l'hyphe, dans une structure appelée le spitzenkörper. Le spitzenkörper sert de réservoir à vésicules sécrétoires, dirige l'hyphe et permet la croissance rapide des champignons. C'est donc un composant clé de la croissance fongique. Pour l'étudier, j'ai filmé des hyphes exprimant un marqueur fluorescent de vésicules sécrétoires, et mis au point un programme d'analyse d'images pour quantifier l'accumulation de vésicules. Afin d'étudier la relation entre cette accumulation de vésicules et la croissance, j'ai mesuré la croissance, dans différentes conditions. Ces mesures ont montré d'importantes fluctuations de chaque paramètre, en particulier des variations d'épaisseurs à la pointe et de quantité de vésicules. Afin d'étudier les relations entre croissance, épaisseur et accumulation de vésicule, j'ai modulé la croissance à l'aide de drogues, de mutants et de stress, affectant différentes étapes de la croissance fongique. En arrêtant la croissance de diverses manières, j'ai pu observer un épaississement de la paroi, ainsi qu'une délocalisation des vésicules exocytoses et leur disparition progressive. En filmant des évènements de branchement, c'est-à-dire de création de nouveaux sites de croissance, j'ai observé qu'une accumulation de vésicules d'exocytose est requise pour initier la création d'une excroissance, ce qui donnera lieu à une nouvel hyphe. De plus, lors de ces évènements l'épaisseur de la paroi reste stable, suggérant un équilibre entre la synthèse de paroi et la déformation mécanique. Pour interpréter ces résultats, j'ai construit, Résumé substantiel en français avec l'aide du Dr. Arezski Boudaoud (LadHyX, Institut Polytechnique de Paris), un modèle mathématique de croissance hyphale capable de recréer les variations observées. Combiné aux résultats expérimentaux, ce modèle suggère l'existence d'une rétroaction mécanique entre l'élongation et l'accumulation de vésicules, ce qui explique la croissance stable des hyphes à différents taux d'élongation.

Ces données sont, à ma connaissance, les premières quantifications d'épaisseur de paroi dans des champignons filamenteux en croissance. La paroi cellulaire est cruciale pour la croissance et les infections fongiques. Par conséquent, une meilleure compréhension de sa régulation ouvre des perceptives de recherches, notamment sur l'action des traitements antifongiques et sur les processus d'infections. Cette méthode de mesure d'épaisseur de paroi est relativement facile à mettre en place, et peut être adaptée pour de nombreux champignons filamenteux. Cette recherche est aussi la première à lier directement quantité de vésicules d'exocytose, épaisseur de paroi et déformation, et ainsi à traquer la croissance fongique aussi précisément.

En parallèle, avec l'aide d'une ingénieure puis d'un étudiant dans l'équipe, j'ai étendu ma méthode à sept autres champignons, une levure, et six champignons filamenteux : Schizosaccharomyces pombe, Candida albicans, Botrytis cinerea, Neurospora crassa, Penicillium janczewskii, Mucor circinelloides, and Aspergillus nidulans. Ces espèces ont été sélectionnées par leur position dans l'arbre phylogénétique des champignons et sont séparées par plusieurs centaines de millions d'années d'évolutions de façon à pouvoir comparer des espèces avec une histoire évolutive différente. Ces cellules ont globalement la même forme et la même façon de grandir. Néanmoins, plusieurs questions se posent : ont-elles toutes les mêmes règles de régulation ou ont-elles développé des stratégies individuelles ? Ces espèces présentent des rayons différents, allant de 1 à 10 µm et des vitesses de croissance encore plus étendues, allant de 1,5 à 400 µm/h. Afin de découvrir la raison d'une si grande différence de vitesse inter-espèces et ce qui peut limiter ou définir la vitesse de croissance d'une espèce, j'ai caractérisé les propriétés mécaniques de ces champignons. Pour ce faire, j'ai étendu les méthodes développées dans le volet précédent de ma thèse. Pour les espèces qui ne sont pas des modèles génétiques établis, il n'y a pas de souche exprimant un marqueur fluorescent à la membrane plasmique. Pour ces souches sauvages, j'ai utilisé des colorants chimiques tel le colorant lipophile FM4-64.

En mesurant l'épaisseur et le module élastique de la paroi, la pression de turgescence, le rayon et la vitesse d'élongation, j'ai observé une grande diversité des propriétés mécaniques entre espèces. J'ai observé que les espèces les plus rapides avaient une paroi plus fine à la pointe. De plus, la vitesse de croissance apparait négativement corrélée à la pression de turgescence, une découverte contre-intuitive. Ces résultats suggèrent que les cellules à croissance rapide ont évolué vers des stratégies basées sur un cytoplasme moins pressurisé et des parois fines pour assurer l'intégrité de la paroi, en particulier à la pointe.

Ce volet de ma thèse a élargi notre compréhension des mécanismes d'assemblage de la paroi et de contrôle de la croissance des hyphes fongiques et d'implémenter et valider ma méthode dans différentes espèces fongiques, notamment dans des espèces sauvages.

Ainsi, cette thèse apporte une meilleure compréhension des détails de la croissance fongique et des régulations qui la rendent possible. La mise en place d'une méthode de mesure d'épaisseur de paroi cellulaire dans des champignons filamenteux en croissance permet un suivi de la dynamique de la paroi et ouvre de nombreuses possibilités d'études. J'ai également combiné cette méthode au suivi temporel des vésicules d'exocytose qui sécrètent le matériel de la paroi cellulaire. Cela a permis pour la première fois de cartographier la dynamique spatio-temporelle de la paroi cellulaire et d'observer l'équilibre entre les taux de sécrétion et d'expansion de la paroi. Finalement, la caractérisation mécanique de sept champignons conduit à une meilleure compréhension de la croissance fongique et des règles qui la régissent.

Does cell mechanics dictate elongation speed?

It has become clear that while biochemistry is essential for biological processes, mechanical forces play a role in cell behavior. In the case of fungal polar growth, one can ask about the influence of cell mechanics on cell elongation, such as turgor pressure, cell wall (CW) thickness and stiffness, and the resulting surface tension. This has been a hot topic, with ongoing controversy. For example, the role of turgor is still questioned, as the relationship between turgor pressure and speed is unclear. To investigate this aspect, I adapted a method to measure cell wall thickness, stiffness, and turgor pressure in the filamentous fungus model Aspergillus nidulans. As newly formed hyphae are slower than mature hyphae, I compared the cell mechanics in fast and slow populations and found that mechanical parameters alone cannot explain the difference in speed.

How are cell wall mechanics and secretion linked and regulated?

Fungal polar growth is a dangerous process. Growing cells must deform their CW, while adding new surface material, ensuring that the integrity of the surface is never interrupted at any point. This requires dynamic regulation of CW synthesis and remodeling. However, almost no data is available on the dynamic of fungal CW. Hence, I adapted a super-resolution method to track CW thickness in fast-growing hyphae. By tracking vesicle accumulation at the filament apex, I performed a complete tracking of CW material addition, from transport to incorporation. This showed that CW tip thickness, vesicle concentration, and growth speed undergo important fluctuations. In order to investigate the relationship between these three parameters, I affected growth at different levels using drugs and mutants. Using a mathematical model, I was able to explain the observed findings. Results suggest the existence of mechanical feedback between elongation and vesicle accumulation, mediating stable steady growth in hyphae.

How are these processes scaled to the large range of hyphal shapes and growth speeds found in the fungal kingdom?

Filamentous fungi display a fascinating range of diversity. They have colonized many biotopes if not all, they can live underwater, in soil, or outside. They can be symbionts, saprotrophs, or pathogens. Thus, while their overall shape is similar, one can ask if different species all have the same regulation rules, or if they have developed individual strategies. I focused on this aspect by measuring cell mechanics in seven different fungal species. The species were selected according to their position in the phylogenetic tree of fungi, being separated by several hundred million years of evolution, and their pathological character in humans or plants. Our results suggest a great diversity of mechanical properties and wall dynamics between species. The fastest growing species appear to have a thinner wall at their tips, and growth rate was negatively correlated with turgor pressure, a counterintuitive finding. These results suggest that fast-growing cells have evolved strategies based on a less pressurized cytoplasm and thin walls to ensure wall integrity.

The aim of my work was to better understand fungal growth. By developing tools to acquire unprecedented spatial and temporal details on CW regulation and secretion, the role and importance of mechanics and biochemistry were investigated. In this chapter, I present the basic principle of cell growth and cell shape determination, with an emphasis on polar growth and walled cells. I first introduce the different factors of morphogenesis and highlight the complexity of such events. I then focus on fungal growth and make an introduction to the fungal kingdom. I show its relevance and briefly introduce their diversity of lifestyles. Finally, I present three filamentous fungal biological models.

Table of contents

Polar growth

Most cells are walled cells, including bacteria, plants, and fungi. Their particularity is to be enclaved in a rigid sugar-made cell wall, which acts as a shell. Unlike mammal cells that are delimited by a soft plasma membrane, walled cells are hard to deform and often grow irreversibly.

One fascinating aspect is the amount of forces implicated in walled cell growth. In a fungal cell, the internal turgor pressure is typically a few mega Pascals (equivalent to a dozen of atmospheres), more than inside a car tire. The cell wall being approximatively as soft as rubber, the process of growth appears to be very delicate. If physicists have invaded biological laboratories for a few decades, numerous questions remain unanswered concerning the role of physical forces in biological processes. For example, morphology, the generation of shape, is influenced both by biochemical processes and by the results of physical forces applied and exerted by the cell. However, the specific details of the role and interactions between each actor are still unclear.

Cell shape can often be linked to its function. For example, epithelial cells grow to form bricksshaped cells, reflecting their protective roles as a barrier. Neurons can elongate a few meters to fulfill their role of transmitting the information. When cells do not acquire the correct shape, they often lose functions. For example, the concave shape of red blood cells gives them enormous flexibility and the ability to pass through extremely small arteries. Hemoglobin defects influence the shape of red blood cells, generating sickle-like shapes. This results in stiffer cells, unable to deform, which can occlude arteries (Pauling and Itano 1949). Hence, as the shape is crucial, the correct regulation of morphogenesis is of primary importance.

One specific way to grow is by polar extension. This result in typical tubular-shaped cells, with a tip more or less blunt. This directional growth pattern is found in almost all phyla and has appeared independently several times during evolution. Polar growth can serve many functions. In plants, pollen tubes emerge from the male gametophyte of seed plants when it germinates. Pollen tubes can elongate dozen of centimeters to reach the ovules (X. Zhou et al. 2021). In non-motile species, cell elongation is the way to invade new spaces and reach nutrients. Plant root hairs spread in the soil to absorb water and mineral nutrients. Similarly, filamentous fungi grow long tubular Chapter 1 -Tip growth microscopic cells (filaments) to colonize space and reach food. Fungi can also be pathogens. Fungal infections often depend on tip growth to breach and invade host tissues (Brand 2012).

Thus, polar growth (or tip growth) allows studying expansion by a simplified axis of growth. Furthermore, some polar growing cells are walled cells, such as bacteria fungi, or plants. Walled cells grow irreversibly, making tracking of deformation easier. One such kind of species is filamentous fungi, eukaryotic cells that elongate in a tubular fashion, creating networks of filaments.

Fungi: Both wonderful and terrible creatures 1.2.1 Fungal kingdom

Fungi have the status of a kingdom, like plants and animal kingdoms (Fig 1.1). There is an estimate of 1.5 million fungal species, with 5% being already discovered. Fungi are thought to have appeared ~570 million years ago, and colonized land 500 million years ago, while the oldest fossils are 460 million years old (Brundrett 2002). INTRODUCTION 31 filaments called mycelium. Fungal cells are surrounded by a cell wall, typically made of chitin and glucan, different from the cellulose-rich plant cell wall. Fungi typically have haploid nuclei, unlike most other eukaryotes. Filaments can be separated into several compartments, and these compartments can possess several nuclei. Fungi can reproduce either sexually or asexually and can form spores that can be dispersed and serve as the start of a new mycelium elsewhere.

In order to search for nutrients, fungi have adopted different strategies. They can be parasites, symbionts, or saprotrophs (Fig 1 .2). Parasites invade host cells to feed from their resources. There are many parasitic fungi and a lot of them are highly species-specific associations, with fungal species unable to be cultivated in laboratories without their natural host. Fungi can invade plants, animals (including humans), or even other fungi. Biotrophic fungi keep their host alive, feeding from its reserves, while necrotrophic fungi feed from the host until its death. Fungal disease is the most important cause of crop loss, creating billions of dollars of damage each year. It has even led to events of starvation, such as during the potato infection in Ireland in 1840. While humans are normally well equipped to fight fungal infection, human fungal pathogens can become a major health issue, especially in immunocompromised populations, such as HIV patients.

Fungi can also form symbiotic interactions with plants. These interactions shape nature as we know it, as more than 85% of vascular plants are thought to form symbioses in their roots with soil fungi (Brundrett and Tedersoo 2018). These associations, called mycorrhizae, generally create an exchange where the fungi provide mineral nutrients in exchange for a carbon source from the plant.

A third source of nutrients is dead organisms. Saprotrophs are fungi that feed on dead organic matter, playing a crucial role in recycling in the circle of life. Fungi are well equipped for this task, as they produce a wide range of enzymes that can decompose almost all natural organic compounds. On the other hand, saprotrophs are a health threat as they can be spoilage agents.

Stored food can host fungal species secreting mycotoxins, secondary metabolites that can be carcinogens. For example, Aspergillus fumigatus produce gliotoxin, an antifungal that eliminate competitors (Scharf, Brakhage, and Mukherjee 2016). 

Fungal groups

Fungi can be split into five groups, based on how they reproduce: Chytridiomycota (chytrids), Zygomycota (bread molds), Ascomycota (yeasts and sac fungi), Basidiomycota (club fungi), and the recently described Glomeromycota. Chytridiomycota fungus is considered the most primitive fungi, they appeared ~500 million years ago. One unique particularity is that their spores are motile, equipped with a flagellum. Zygomycota fungus represents 1% of all fungal species, and they are the common food mold that appears on spoiled food.

Ascomycota class represents 75% of all fungal species and is probably the most studied class. They form an ascus, a sac-like structure containing ascospores (sexual spores). Ascomycota phylum is diverse, including yeast used in bread and beer preparation, gourmet delicacies such as truffles and morels, and human pathogens such as Aspergillus fumigatus or Candida albicans. Ascomycota hyphae are divided by cross walls (septa) at regular intervals, open in the middle, allowing streams of cytoplasm, and passage of nuclei and other organelles. They can reproduce sexually or asexually, but a large number of Ascomycota are known only in their asexual form (Fig 1 .3). Asexual spores are typically formed in conidia, from where they will disperse to invade new spaces. As spores are non-motile, they are typically spread by the wind. Basidiomycota includes almost everything designed by the cooking term "mushroom". They have primary importance on ecosystems, degrading wood, and plants. Most Basidiomycota build underground mycelium and fruiting bodies emerging from soils under the right condition, after the rain for example. Basidiomycota, with Ascomycota, form the subkingdom Dikarya, also called higher fungi. They have a complex dolipore septum, which contrary to Ascomycotes prevents nuclei passage from one compartment to another. Most basidiomycetes have a monokaryon (one nuclear type per compartment) and a dikaryotic phase. Starting from a basidiospore containing a single haploid nucleus, a filamentous colony grows, with each compartment (separated by a septum) containing one nucleus (Fig 1 .3). The monokaryon can produce asexual spores and stay in this phase. It can also fuse with another monokaryon and start the dikaryotic phase where each compartment contains one nucleus of each colony. Under the right environmental condition, it will produce a mushroom (or another kind of fruit body) liberating basidiospore that will start new colonies.

Glomeromycota is a newly established phylum, with only a few hundred species known. They appear to have a symbiotic relationship with the roots of trees for ages, as 400 million years old fossils show Arbuscular mycorrhiza fungus associated with plants. Deuteromycota is an artificial class of fungi, as it regroups fungi that do not display a sexual phase.

A more accurate nomination is mitosporic fungi. Certain species that were originally categorized as imperfect fungi are now categorized as ascomycetes, such as Aspergillus fumigatus, a specie with only an asexual reproduction known.

Just as bats may have been considered birds, or dolphins as fish, some fungus-like species have been mistakenly studied as mushrooms because of their similarity. For example, Oomycetes are fungus-like organisms that play important roles in ecosystems. They can be plant pathogens, and cause important damage such as sudden oak death or the potato blight. While not being true fungi, they exhibit similar features such as apical growth, hyphal formation, and penetration of the host.

The fungal kingdom shows an impressive diversity, with species found in all biotopes, and a large variety of lifestyles. They are both essential to the natural balance of the ecosystem and a threat to public health and the food industry. Hence, a better understanding of fungal growth is crucial.

Filamentous fungi models

Classical fungal models are yeast, mainly Saccharomyces cerevisiae (the budding yeast) and Schizosaccharomyces pombe (the fission yeast). Yeasts are "simple" eukaryotes, making them perfect to study cellular processes. They are used to study every aspect of molecular biology and genetics. For filamentous fungi, I do here a brief introduction of three main models, three ascomycetes whose genomes have been sequenced and that have been used in numerous studies, covering most biological aspects.

Aspergillus nidulans

Aspergillus nidulans is a genetic fungal model used to study genetic mechanisms, development, cell cycle controls, and secondary metabolites. Important breakthroughs were made in A. nidulans, including the discovery of gamma-tubulin (Oakley and Oakley 1989), and more recent studies on polar growth and secretion (Peñalva et al. 2012;L. Zhou et al. 2018b). It is a perfect candidate to study polar growth, as its biochemistry has been intensely studied, and it is suitable to live and fluorescent microscopy. A. nidulans hyphae are around 1.5 µm wide, and grow at 0.5-1µm/min, on solid or liquid media. It is typically haploid but can be induced to grow as a heterokaryon or a vegetative diploid.
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Aspergillus species include common house mold as well as a human pathogen. Aspergillus niger is a food spoilage agent used in the biotechnological industry, and Aspergillus oryzae is used for the preparation of fermented food, such as soy sauce. Meanwhile, Aspergillus fumigatus and Aspergillus flavus are human pathogens causing aspergillosis, a life-threatening infection (Brandl and Andersen 2017).

Aspergillus nidulans is a good model as it is easy to transform, cross and manipulate, and previous studies offer a wide library of genes. Furthermore, studies can be applied to better understand aspergillosis or improve Aspergilli performance for the industry.

Neurospora crassa

Neurospora crassa is used as a model for almost a century (Davis and Perkins 2002) and has been used to study metabolic pathways, circadian rhythms, gene silencing, cell-cell fusion, and morphogenesis (Aramayo and Selker 2013). It has been used for the one-gene-one-enzyme hypothesis by Beadle andTatum in 1941 (Beadle andTatum 1941). Recently, numerous studies on the polar machinery were made on this ascomycete. Its wide hyphae of dozens of micrometer in diameter and its fast growth of ~7 µm/min are easy to visualize. Larger than most studied fungi, it is one of the only specie where a micro-pipette can be used to change its internal content or measure its osmotic pressure. Its size also facilitates fluorescent microscopy, providing better insights of protein interaction and localization (Verdín et al. 2019).

N. crassa impressive growth speed raises questions about how growth rate is defined and what may limit it.

Candida albicans

Candida albicans is a commensal fungus, often found in mucous membranes and on the skin.

While being mostly benign, it is an opportunistic fungus, that causes candidiasis. For example, oral thrush is common in newborns and is typically treated with anti-fungal drugs. Vulvovaginal candidiasis is also a common infection that will affect three-quarters of women in their lifetime (Sudbery 2011). Candida's species infection is of prime concern for immunosuppressed patients.

In worst cases C. albicans can infect the bloodstream, a disease called candidaemia, allowing the infection to spread dangerously. Candida's species infections are responsible for 200'000 deaths per year (Brown et al. 2012). This virulence is attributed to the fact that C. albicans is a dimorphic yeast, capable of growing as a single yeast cell, or hyphal form, or in filamentous pseudo-hyphae Chapter 1 -Tip growth (Fig 1.4). Indeed, if the yeast form is typically found in commensal situations, infections are often linked with hyphal differentiation. Hyphae can produce large forces, allowing them to pierce epithelial and endothelial tissues. Experiments show that C. albicans hyphae can pierce material of stiffness of 200kPa (Puerner et al. 2020). Hyphal differentiation is also used to escape macrophage capturing. After being engulfed by macrophages, C. albicans differentiate in hyphae, elongating until they escape (Bain et al. 2021). Lastly, C. albicans virulence is raised by its ability to form biofilms, densely packed cells adhered to a surface. The formation of biofilms reduces fungal sensitivity to antifungal drugs, and increases adherence, hyphal differentiation, and dispersion, hence being a major health issue (Gulati and Nobile 2016).

Thus, Candida albicans and other Candida's species are a common fungal model and a target for anti-fungal drug development. Since most studies have used these three genres, they are often used as examples in the following chapters. Other filamentous models include the genus Botrytis, Cryptococcus, Sordaria, Coprinus.

With the transposition of genetic tools developed in historical models to other species and the rapid expansion of genome sequencing, the choice of a model filamentous fungus is expanding. Hence, new research is done on more "obscure" species, widening our fungal knowledge.

INTRODUCTION 39

Chapter 2 -Fungal polarity

In this chapter, I introduce fungal biochemical processes linked to growth. After a brief presentation of the hyphal growth requirements and the architecture of a hypha, I introduce its cytoskeleton and highlight its importance for elongation. I detail the different stages of polar growth, including the creation and maturation of surface materials and synthetic enzymes, their transport to the apex, their accumulation in the Spitzenkörper, and their fusion to the tip membrane, as well as endocytosis. Then I present how filaments determine their growth direction. Finally, I discuss particular cases of hyphal growth, the start of growth from a dormant spore (germination), the creation of a new site of growth in an elongation hypha (branching), and the compartmentalization of hyphae (septation). 

Polar growth principle

Filamentous fungi are eukaryotic cells that do not migrate but invade and explore by elongating cells called hyphae. Starting from a spore, growth will start first isotropically and then anisotropically, leading to the typical tubular shape, the filament (Fig 2.1). Hyphae can branch, creating a network of filaments called a mycelium, which was proven very powerful to colonize space at a fast pace. Hyphae can be viewed as a single cell, segmented or not in different compartments delimited by septum. Filamentous fungi grow irreversibly, by expanding a rigid sugar-made cell wall (CW) around the plasma membrane. Filamentous fungi are highly polarized and are some of the fastest growing cells: up to tens of microns per minute. To expand, new material is added at the tip of the hyphae. The exact nature and requirement for hyphal growth are still discussed, but it is widely accepted that it requires:

-A high internal turgor pressure, osmotically generated, that will put the CW under the tension needed to deform the CW and incorporate new tip material.

-A gradient of polarity proteins, including a higher concentration of CW modulating enzymes at the apex.

Hence, hyphae possess fine-tuned machinery to promote polar growth, regulating both their biochemistry and their mechanics. Like all eukaryotic cells, hyphal cells are composed of a nucleus, endoplasmic reticulum, ribosomes, and a Golgi, inside the cytoplasm, surrounded by a plasma membrane (Fig 2.1). Unlike animal cells, the fungal cell's plasma membrane is enclaved in a rigid sugar-made structure, the CW. Hyphae can be either separated into compartments (Basidiomycetes and Ascomycetes), which can be more or less porous, or be aseptate (Zygomycetes). Aseptate fungi will share numerous nuclei in the same compartment, while septate fungi can either have one or several nuclei per compartment depending on the species. Fungi also have vacuoles, membrane-bound organelle filled with water with many functions, including sorting unwanted bodies and osmotic regulation (Klionsky, Herman, and Emr 1990). In the following text, the geometrical naming of hyphal parts will be defined as: Behind, the tube, or side, is often modeled as a cylinder.

Cytoskeleton

The fungal cytoskeleton plays a crucial role in the establishment and maintenance of cell polarity, septation, exocytosis, endocytosis, and organelle transport. It is thought to bear the stress, by shifting the equilibrium between turgor and CW tension, allowing CW insertion in the softer tip part, and spatially and temporally controlling vesicle transport and fusion. It is typically considered INTRODUCTION 43 to be composed of microtubules, filamentous actin (F-actin), and motors, while some may argue that septin could be considered part of the cytoskeleton (Berepiki, Lichius, and Read 2011).

Microtubules

Microtubules (MTs) are polar polymers composed of α and β-tubulin, forming hollow tubes of 25nm in diameter that can reach lengths up to 50µm (Fig 2 .3B, 2.4A). MTs are highly dynamic, stochastically alternating between elongation and shortening at the plus end, while the minus end tends to be more stable. Minus ends are often anchored to gamma-tubulin-containing microtubulesorganizing centers (MTOCs), a large multi-subunit protein complex found in eukaryotic cells that localize MTs minus ends. Plus ends typically extend toward the cell periphery. In yeast, MTOCs are embedded in the nuclear envelope and are called spindle pole bodies (SPBs), functionally equivalent to the centrosomes in higher eukaryotes, but without centrioles. As centrosomes, SPBs divide during mitosis, creating a mother and a daughter SPB. In A. nidulans, live imaging proved that MTs also originate from septa (Fig 2 .5A) (Konzack et al. 2005). Hence, MTs have crucial implications for the transport of vesicles, cell end marker, and large structures such as nuclei or chromosomes. Those mechanisms rely on MT-motors: kinesin, which travels to the plus end, and dynein, which travel to the minus end. Motors are typically made of two heavy chains, the "heads", which dimerize and act as two legs "walking" on the filaments. The heads contain the enzymatic activity and a binding-site leading to an unidirectional movement along the filaments, fueled by ATP hydrolyzes. Among other roles, dyneins maintain nucleus dynamics and distribution, and kinesins have a key role in exocytosis and fast hyphal extension.

MTs play an essential role in tip growth and are required for rapid expansion. In A. nidulans, the depolymerization of MTs by the drug benomyl leads to an almost complete stopping of growth (Horio and Oakley 2005b;Taheri-Talesh et al. 2008a). Depending on cases, it can also leads to a loss of direction, with hyphae spiraling, highlighting the role of MTs in the growth direction.

Finally, depolymerization of MT can also result in tip bulging, a common reaction to stresses.

Reduction of growth speed also occurs in mutants of MT-motor kinesin. The deletion of kinA in A. nidulans or kin-1 in N. crassa lead to growth defect (Takeshita et al. 2015;Seiler et al. 1997). In association with myosin, they provide tracks for targeted delivery of exocytosis vesicles.

Myosins are actin-related motors, which typically move towards the barbed end. One example is the myosin V (Myo-V) that accumulates at the tip and is needed for the proper accumulation of vesicles at the apex. It transports cargo for long distances thanks to its high processivity (Kincaid and King 2006).

Actin is essential for proper polar growth, as its depolymerization by latruculin A disassembles polarity machineries and halts tip growth (Araujo-Palomares, Riquelme, and Castro-Longoria 2009, 2). (Fischer, Zekert, and Takeshita 2008) and (L. Zhou et al. 2018b).

Hence, MT serves as long-distance tracks for secretory vesicles, while actin covers short distances (Fig 2.5). Disruption of this long-range transport often results in the reduction of elongation rate, Chapter 2 -Fungal polarity while the perturbation of the short-range modifies the stacking of vesicles and the fusion site, leading to morphogenesis changes and growth defects.

Septins

Septins are GTP-binding proteins, found in all eukaryotes except plants, which can be considered part of the cytoskeleton. They are suspected to play a role in vesicle exocytosis, morphogenesis, septation, and polarity establishment and maintenance (Fig 2 .6) (Lichius, Berepiki, and Read 2011). Septins can self-assemble into higher-order structures, including rods, paired filaments, and sheets. In A. nidulans, they have been shown to be crucial for spore germination and hyphal branching.
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Growth machineries

In order to grow, filamentous fungi incorporate new material at the front of hyphae, resulting in a polar extension. New membranes, CW materials, CW synthases, and modifying enzymes are delivered to the tip by exocytosis. Hence, transportation via the secretory pathway is of great importance for hyphal growth.

Secretory pathway

The secretory pathway encompasses the maturation and transport of proteins from the ER, through the Golgi, to the plasma membrane. The Golgi apparatus serves as a central hub. In ascomycetes, the Golgi is made of isolated membrane-bound structures, instead of the stacking structure in animals. Fungal Golgi used to be called "Golgi equivalent", and are in fact Golgi "cisternae". In the Golgi maturation model, vesicle bud off the ER at specific domains called ER exit sites. From there, they will progressively maturate, changing their lipid and protein content, and their coating, and become enriched in cargo, to eventually break up into carrier vesicles destined for the PM or endosomes. of time. The SPK is not an organelle in the strict sense but is often viewed as such, as it moves as a structured complex unit within the apical dome. It is believed to act as a transfer station, from long-range MT traffic to short-range actin-mediated transport.

The SPK was first discovered in Coprinus species, and later in multiple fungi using dark phase microscopy. 9 different patterns of SPK have been described (Rosamaria Lopez-Franco and Bracker 1996). The SPK determines hyphal growth and morphology (Meritxell Riquelme et al. 1998;Rosamaria Lopez-Franco and Bracker 1996) and is thought to act as a vesicle supply center, from where vesicles will diffuse or be transported to the plasma membrane (S. Bartnicki-Garcia, Hergert, and Gierz 1989). Direct evidence of the relationship between the SPK and CW remodeling comes from the presence of CW enzymes, such as glucan and chitin synthase, in the SPK of N.

crassa (Meritxell Riquelme et al. 2007;Verdín, Bartnicki-Garcia, and Riquelme 2009). Many studies of the SPK have been pioneered in the fungal model N. crassa, as its large diameter eases microscopy. Electron microscopy studies of N. crassa showed that the SPK is organized in two strata of vesicles of different sizes: macro-vesicles of 70-100nm, surrounding a core of microvesicle ranging from 25 to 40nm in diameter (Meritxell Riquelme et al. 2014;Grove and Bracker 1970). Live fluorescence microscopy revealed that the inner core contains chitin synthase, while the outer part of the SPK contains the glucan-synthase GS-1 (Fig 2.8,2.9) (Verdín, Bartnicki-Garcia, and Riquelme 2009). The same organization of macro and micro vesicles was found in the hyphae of A. nidulans, which are four times narrower in diameter (Steven D. Harris et al. 2005a).

This which suggests a similar role between the two strata, even if no study unambiguously demonstrated it (Miguel P 2015).

Few studies highlight the relationship between the size of the SPK and the growth speed. The first sticking evidence is the important size of the SPK of the fastest fungal species, compare to the smaller or even the absence of slower species. In filamentous species, growth speed is dependent on the life stage, with a slow "germling tube" after the spore germination that will progressively accelerate to reach a maximum speed (considering adequate growth conditions). In the cotton pathogen Ashbya gossypii, Köhli et al. showed that the shape and size of the distribution of exocyst component and polarity protein depend on growth speed. Slow hyphae present little to no SPK, while fast hyphae show an important accumulation of vesicles close to the tip (Köhli et al. 2008b).

In the dimorphic commensal yeast C. albicans, recent work from Puerner et al. highlighted the relationship between the SPK size and growth speed. Using synthetic physical interaction, they stabilized the SPK, leading to an increase in the diameter and the growth speed (Puerner et al. 2021).

Even if an alternative process is hard to imagine, the literal proof of a direct link between secretory vesicles and the local elongation is still missing, due to a lack of method combining precision and temporal accuracy. To address this problem (and others), the last decade has seen the rise of the application of super-resolution microscopy, which pushes the spatio-temporal limits of live imaging. Among other techniques, photoactivated localization microscopy (PALM) can bypass the diffraction limit by the collection of numerous images of a few active isolated fluorophores through a series of photo-activation, excitation, and bleaching (Schermelleh et al. 2019). This method 

Vesicle docking and fusion

From the SPK, vesicles are transported on actin filament or diffuse to the plasma membrane. The exocyst is a well-conserved octameric protein complex that directs the tethering and the docking of exocytic vesicles to the plasma membrane. In the budding yeast it is composed of Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84, and it appears to be similar to filamentous fungi. 

Endocytosis

In parallel to the exocytic pathway, recycling of membrane and polarity protein occurs microns away from the apex, at the endocytic collar (Fig 2 .11 A-B) (Delgado-Álvarez et al. 2010;Araujo-Bazán, Peñalva, and Espeso 2008). There, actin patches promote the budding of vesicles, the early endosomes (EEs). To be created, endocytosis vesicles must first oppose internal turgor pressure and create an invagination (Dmitrieff and Nédélec 2015a). To do so, actin, motors, membrane proteins, and other proteins act in concert to generate forces to bud the plasma membrane and create an endosome (Fig 2.11 C). Endocytosis is believed to maintain cell polarity, and compensate for the excess membrane due to exocytosis. The proof of fungal endocytosis comes from the use of 

Feedbacks for polarity

Hyphal morphology requires two processes: polarity establishment and polarity maintenance. For this purpose, the budding yeast S. cerevisiae uses a set of cortical landmark proteins, the Buds protein, that appears to be poorly conserved or absent in filamentous fungi (Michelle Momany 2002). The fission yeast S. pombe uses the Tea proteins, a set of marker proteins delivered by microtubules, crucial for directionality and elongation.

In A. nidulans, the cell end marker TeaA is transported by growing microtubules and anchored to the plasma membrane by interacting with TeaR (Fig 2 .12). This interaction triggers the recruitment of polarity protein, including the formin SepA, which will polymerize actin cables, hence promoting local vesicles fusion and local extension. Indeed, mutants of the cell end marker ΔteaA and ΔteaR show defects in directionality, with cells struggling to maintain their polarity axis. The marking at the plasma membrane by polarity landmark proteins triggers a cascade of small GTPases, such as Ras-like factors and Cdc42, promoting polar growth (Takeshita et al. 2013). The tip growth apparatus can be considered as the SPK, the polarisome, and the exocyst. The polarisome is a protein complex that plays a role in determining cell polarity by directing the localized assembly of actin filaments at polarization sites. It localizes at the hyphal apex. The polarisome and the SPK have similar and complementary roles. In the budding yeast, the polarisome is composed of Bni1p, Spa2p, Pea2p, and Bud6p. These components act downstream of Cdc42, and are conserved in filamentous fungi (Steven D Harris and Momany 2004). The polarisome localizes at the tip plasma membrane, and co-localizes more or less with the SPK depending on the species. In C. albicans, the SPK and polarisome seem to be distinct structures, while in N. crassa, A. nidulans, U. maydis and M. oryzae they seem to co-localize partially (Fig 

"Particular cases": Germination, branching, and septation

One unique feature of filamentous fungi is their ability to maintain multiple axes of growth simultaneously.

Germination

Similar to seeds for trees, fungal growth starts from spores. Sexual spores are produced in fruiting bodies. After being released, they can travel long distances by being dispersed by the wind and remain dormant for a long period. In the adequate condition (temperature, pH, nutrients, light...) the spore will exit dormancy and start to grow (Sephton-Clark and Voelz 2018). The growth is first isotropic, until a point where a polarity axis stabilizes, leading to the particular tubular shape of filaments (Fig 2.14). What exactly determines the growth direction is still partially unknown.

Spores are highly resistant as they are protected by an extra layer of cell wall, the outer spore wall (Border and Trinci 1970a, 197;Klobutcher, Ragkousi, and Setlow 2006;Bonazzi et al. 2014a).

This makes the germination process more difficult, as growth machinery needs to overpass a significant mechanical barrier. The switch from apolar to polar growth is mediated by Cdc42 and Chapter 2 -Fungal polarity the polarisome, which determine and stabilize the site of growth. Studies in the fission yeast have shown that during the isotropic growth, the polarity cap wanders around the cell. This is followed by the rupture of the outer spore wall and the stabilization of the polarity cap, allowing polar growth (Fig 2.14) (Bonazzi et al. 2014a). Experiments and modeling suggest a positive feedback between the rate of deformation of the CW and the stabilization of the Cdc42 cap. 

Branching

A different case of polarity emergence is branching. Branching allows fungi to grow from multiple axes, greatly accelerating their surface expansion. Branching can happen either at the growing tip, by splitting the growing machinery (apical branching), or laterally by the creation of a new polarity axis (lateral branching). Apical branching is thought to happen mostly in fast-growing hyphae when an excess of vesicles flowing to the tip destabilizes the SPK and split it in two or more (S. D. Harris INTRODUCTION 57 location of the future site of branching. Sub-apical compartments stay in a state of interphase and restart their cell cycle when branching occurs. Unlike apical branching, where hyphae will typically slow down, lateral branching has no incidence on the speed and shape of the front tip (Meritxell Riquelme and Bartnicki-Garcia 2004). Lateral branching requires the creation of a de novo polarisome and SPK, similar to germination. This process seems tightly linked to septation. In some species, branching sites seems to be biased toward the hyphal tip, or even adjacent to the septum (S. D. Harris 2008;Fiddy and Trinci 1976). This could be explained by fluid mechanics, as materials will tend to accumulate around near an obstacle. As protein can pass through the septum pore, polarity marker could aggregate preferentially in corners, near septa, triggering branch formation. However, it is not a universal law as not all filamentous fungi present this bias.

Lateral branching is excluded from the apical compartment, in a process called apical dominance.

This prevents the splitting of the main SPK, hence preventing apical branching. This mechanism is still poorly understood but involves reactive oxygen species and calcium gradient (Steven D.

Harris 2019).

In A. nidulans, the study of hyper-branching mutants suggests a role of membrane synthesis and vacuolar protein sorting in branching, and the study of hypo-branching mutants highlighted the importance of nuclear division (Lin and Momany 2004;Steven D. Harris et al. 2009). Furthermore, the deletion of SepA, the sole formin in A. nidulans, shows that branching is largely abolished in the absence of actin microfilaments (S.D. Harris et al. 1997).

Branching can also be triggered mechanically when a hypha contacts an obstacle and split its tip, a process similar to apical branching. Depending on the angle between the obstacle and the growth direction, a hypha can either change direction or do a "hit and split", where a hypha split its tip in two, going left and right of the obstacle. This process is more or less frequent depending on the species (Held et al. 2019;Gonzalez et al. 2020).

Septation

The septum is a cross-wall that separates hyphae into distinct compartments. Most "primitive" filamentous fungi do not have septa, like fungi from the Zygomycetes class. Basidiomycetes and Ascomycetes hyphae have septa, that are found at fairly regular intervals (Fig 2.15) (Deacon 2013).

For example, A. nidulans compartments length is precisely controlled (Fiddy and Trinci 1976;Wolkow, Harris, and Hamer, n.d.). These septa are more or less porous depending on the species.

Chapter 2 -Fungal polarity A special organelle, the Woronin bodies, can plug the septum in case of damage and lyse in one compartment, allowing the rest of the mycelium to sustain (Tegelaar and Wösten 2017).

Septum formation requires the assembly of a contractile actin ring, during a process similar to cytokinesis in animal cells. The septum is created by the coordinate action of the GTPase Rho4, the anillin-like protein Bud4, formin, septin, and myosin (Gero Steinberg et al. 2017). Once the future septation site has been chosen, chitin and other polysaccharide synthases build the septum.

The cross-wall is created in a closing disk manner, from the membrane, in an incomplete manner as a pore allows cytoplasm material, protein, RNA, and even organelles to transfer from compartments. Pores sizes range from 50 to 200nm and connect compartments. This allows cytoplasmic streaming, created by a turgor pressure gradient, intake of material for the environment, and movement of organelles and vesicles inside hypha.

Septa act as a safety mechanism, to create compartments allowing separate development while connecting the entire mycelium. 

Chapter 3 -Fungal cell mechanics

In this chapter, I introduce the main focus of my thesis work, the fungal cell wall, and its link to morphogenesis and growth. First, I describe the chemical composition of the cell wall and its diversity across fungal species, and the CW-related enzymes, such as synthases and lyases. I introduce the different anti-fungal drugs mode of action. Then, I present the cell wall integrity pathway, a protein cascade preventing cell lysis. Thereafter, I introduce the mechanical studies of the cell wall, and the different approaches used to investigate its properties and its modulation during growth. Finally, I list examples highlighting the dynamic aspect of hyphal growth and cell wall remodeling that provide insight into how fungal cells respond and adapt to their environment. The CW is a rigid sugar-made structure that surrounds the plasma membrane of fungal, bacterial, and plant cells, but not animal cells. It defines the limit of the cell and its morphogenesis and acts as a chemical and physical barrier. Filamentous fungi grow in an irreversible manner by expanding their wall around the plasma membrane, at the tip of hyphae. The cell wall also has a primary role in infection and is the main target of anti-fungal agents. The CW regulation is crucial, as any rupture leads to cell death. It is, for this reason, the prime target of anti-fungal drugs. Fungal growth is a complex and challenging phenomenon, as growing hyphae must continuously increase their surface while maintaining their CW integrity at every time point.

Table of content

The fungal CW is highly dynamic, adapting to temporal and environmental cues. However, details about how it is remodeled are still poorly understood.

CW composition and synthesis

The CW is made of polysaccharides, monosaccharides units bound by glycosidic linkages. It is typically composed of chitin, β-glucan (β-1,3-glucan with β-1,6branches), αglucans (mainly α-1,3-glucan), galactomannan, galactosaminogalactan, and glycoproteins (Table 3.1) (Hunsley and Burnett, n.d.;Latge, Beauvais, and Chamilos 2017;Chakraborty et al. 2021a). Chitin and β-glucan polymers, the main components of the CW, are synthetized by plasma membrane-associated synthase (CHS and FKS family respectively) and secreted into the CW as they are made, while mannoproteins are synthesized in the endoplasmic reticulum, modified in the Golgi, transported and added at the cell apex (Bowman and Free 2006). In addition to material incorporation, the CW is remodeled by CW protein (hydrolases and transglycosidases), cleaving cell wall protein and creating new glycosidic bonds, leading to softening and stiffening of the cell wall (Free 2013b).

Those polymers form a mesh of different layers that cross-link to each other to generate a cell wall matrix, which increases locally the CW stiffness. A classical way to define the CW is to separate it into two layers, the alkali-soluble part, and the alkali-insoluble. The alkali-insoluble fraction, the inner layer, is composed of chitin, β-glucans, and galactomannan. It is often viewed as the loadbearing, structural component of the CW, and its architecture is relatively conserved. The alkalisoluble fraction, the outer part, is species-dependent (Fig 3 .1) (Table 3.1) (Gow, Latge, and Munro 2017). It is typically composed of proteins and other polysaccharides. The creation of CW architecture can be simplified into two steps. First, transmembrane synthases extrude linear polysaccharides in the CW space (Latgé and Beauvais 2014). CW sugar synthases are transported in an inactive form via the secretory pathway for the main part, while some CW polysaccharides and CW proteins are produced in the Golgi and inserted directly into the CW (Gero Steinberg et al. 2017). The second step is the consolidation of the CW structure by branching polysaccharides chains and cross-linking (Fig 3 .2). This is essential for the resistance of the CW, hence the normal hyphal growth. This step is typically done by GPI-anchored protein, but little is known about the details of this process. Here are the main components of fungal cell walls:

Chitin

Chitin is a major structural component of the fungal cell wall and is thought to set CW mechanical stiffness. It typically accounts for a few % of the CW dry mass in yeast and can represent up to 15% in filamentous fungi (Free 2013b). Chitin is composed of linear chains of β-1,4-linked homopolymers of N-acetylglucosamine (GlcNAc) (Fig 3 .2).

Trans-membrane enzymes synthesizing chitin (chitin synthase) utilize UDP-N-acetylglucosamine as a substrate to form linear chitin molecules. N-acetylglucosamine is added at the nonreducing end of the polymer, and the resulting fiber is extruded into the CW space. Chitin polymers can assemble into microfibrils, which present important tensile strength. This supports the idea that the chitin layer sets the CW stiffness (Ruiz-Herrera et al. 2006).

Chitin synthases are found in all characterized fungi, and most have several. For example, A. fumigatus has eight, and N. crassa has seven (Borkovich et al. 2004). The number of chitin synthase seems to correlate with the chitin content of different species. Different chitin synthases were shown to be involved differentially in various processes, including septum formation, tip growth, and development (Horiuchi 2009). In A nidulans, six chitin synthases have been characterized: chsA, chsB, chsC, chsD, csmA and csmB (chitin synthase with a myosin motor-like domain).

In A. nidulans, chsB was shown to have an essential role in morphogenesis and hyphal growth via its function in chitin synthesis (Yanai et al. 1994;Borgia et al. 1996). The chitin synthase csmA, containing a myosin motor-like domain was also shown to play a role in hyphal polarity and CWI (Takeshita, Ohta, and Horiuchi 2005). The deletion of either csmA or csmB results in morphological defects, such as tip bulges and intrahyphal hyphae. Single mutation strains are hypersensitive to hypo-osmotic shocks, and the double mutation is lethal (Takeshita et al. 2006).

Mutation of the major chitin synthase results in growth defect, CW weakening, and an increase in hyphal lysis (Free 2013b). Furthermore, mutation of different chitin synthases suggests that different chitin synthases act at different localization and during different cell life events (Roncero, Sánchez-Díaz, and Valdivieso 2016).

As for other polysaccharides, the CW chitin content can depend on the life cycle. For example, in the fission yeast chitin is only found in spores, but not detected in the vegetative cells. In C.

Chapter 3 -Fungal cell mechanics albicans, there is three times more chitin in hyphae than in yeast (Chattaway, Holmes, and Barlow 1968). 

β Glucan

Beta-glucans are polysaccharide fibers constituted of D-glucose monomers linked by beta linkage (Fig 3 .2). β-1,3-glucan is the most abundant CW polysaccharide. It is at the base of most fungal CW architecture. The β-1,3-glucan chains form a coiled spring-like structure, conferring elasticity to the CW. As it is specific to fungi, it is also the prime target of immune-defense recognition, and anti-fungal drugs. β-1,3-glucan are chains of D-glucose monomers linked by beta linkage between the carbon 1 of a monomer and the carbon 3 of the following. Those chains can also branch, for example by linking the OH group of carbon 6 of a monomer to a new D-glucose monomer. This branching process complexifies the CW architecture and may change its overall resistance and flexibility. β glucan can also cross-link to different sugars, such as chitin or α-glucans, or CW proteins, rigidifying the CW. β-1,3-glucan are synthetized by glucan synthase complex (GSC), composed of a catalytic subunit, FKS, and a regulatory subunit, RHO. N. crassa, A. nidulans (Thompson et al. 1999;J. Wang et al. 2018).

FKS uses UDP-glucose as a substrate and extrudes linear β-1,3-glucan chains through the membrane into the cell wall. The RHO GTPase RHO1 regulates the activation of FKS, hence the production of β-1,3-glucans, as part of the Cell Wall Integrity (CWI) pathway. This allows to temporally and spatially fine-tune new addition of sugar (Free 2013b). Mutations affecting FKS lead to growth stops, abnormal morphologies and cell death (Free 2013b).

Alpha-1,3 glucan

α -1,3 glucans are found in numerous fungi, particularly on conidia, and are made by α -1,3 glucan synthase (AGS) which uses UDP-glucose as a substrate. α-1,3-glucan synthase appears to be nonessential for aspergillus species, but essential for the fission yeast (Grün et al. 2005;Yoshimi et al. 2013).

They are thought to play a role in infection, by blocking host recognition by "hiding" β glucan (Fujikawa et al. 2012). Mutation of the AGS gene induces defect in conidiation and lowers the virulence (Beauvais et al. 2013). In A. fumigatus, the deletion of the three AGS gene, AGS1-3 result in a cell devoted of α -1,3 glucan, with a compensatory increase of β-1,3-glucan and chitin. (Henry, Latgé, and Beauvais 2012).

Mannans

Mannans are essential components of the fungal cell. They are polysaccharides consisting of mannose units. Fungal mannans are mainly composed of short O-linked and N-linked mannans decorating glycoproteins and long mannan chains, which are an essential component of the fungal cell wall. The mannan structural organization differs between fungi. In yeast such as Saccharomyces cerevisiae and Candida albicans, mannans decorate the CW surface but are not covalently bound to the core CW structure. In A. fumigatus, long mannans are covalently bound to the glucan-chitin core, hence contributing to the CW architecture (Henry et al. 2016).
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In A. fumigatus, galactomannan is composed of a linear mannan with a repeating unit composed of four α1,6 and α1,2 linked mannose with side chains of galactofuran. Another mannan, galactosaminogalactan , has been shown to be important for adhesion to substrate and virulence in A. fumigatus (Gow, Latge, and Munro 2017). Unlike chitin and glucans, which are synthetized at the plasma membrane, mannans are synthetized in the endoplasmic reticulum and Golgi. They are then brought to the apex via the secretory pathway.

Melanin

Melanins are synthesized macromolecules that offer biotic and mechanical protection. They are hydrophobic pigments found on some fungal cell walls. Melanin appears to have a role in the virulence of human pathogens, by increasing the wall stiffness of black fungi or protecting spores of Aspergillus and Cryptococcus species (Gow, Latge, and Munro 2017).

ECM

In some conditions, fungi can have extra layers of polyssacharides, the extracellular matrix. It was shown to be of great importance for biofilm formation, tolerance to antifungals, and virulence. The ECM of A. fumigatus composition includes α-1,3-glucan, galactomannan, melanin, hydrophobin (Beauvais et al. 2007). Candida species ECM is made of glucans, chitin, nucleic acids, and other polymers (Bonhomme and d'Enfert 2013).

Hydrophobin

Hydrophobins are proteins that self-assemble to form rodlets, forming a hydrophobic coating. It is present on the conidia of airborne fungi, and some aerial hyphae. They have been shown to have a role in morphogenesis, adhesion, and virulence (Ball, Kwan, and Sunde 2020).

Glycoproteins

INTRODUCTION 67

Apart from polysaccharides, the CW is composed of a multitude of proteins, some covalently linked into the cell wall matrix, the "integral cell wall proteins", and "nonintegral" proteins. Many of the integral proteins have a glycosylphosphatidylinositol (GPI) domain that anchors them to the CW matrix. CW protein serves many functions, including mechanosensing, chemical protection, signaling, nutrient and mineral intake, and host anchoring. There also exist CW proteins with no activity yet reported, called "structural proteins", though to have importance in the CW architecture. Of major importance are CW synthetizing and remodeling enzymes, that either loosen the CW to ease deformation and material insertion or stiffen the CW to ensure a better resistance.

Loosening the CW

β-1,3-glucan hydrolyzing enzymes can be separated into two categories, endo-β-1,3-glucanase which cleaves inside a chain, and exo-β-1,3-glucanase which releases glucose residues from the non-reducing end (Isabelle Mouyna, Hartl, and Latgé 2013). In A. fumigatus, 29 potential β-1,3glucanase were identified, highlighting the importance of CW remodeling. However, the exact softening activity of these enzymes and their importance is still puzzling. In the yeasts C. albicans, S. pombe, and S. cerevisiae, the deletion of endo-β-1,3-glucanase caused default in cell separation (Martín-Cuadrado et al. 2003;Esteban et al. 2005;Baladrón et al. 2002), whereas the deletion of orthologue gene did show morphological defects in A. fumigatus. In N. crassa, the putative endoβ-1,3-glucanases BGT-1 and BGT-2 were localized in the apex plasma membrane, just behind the apical pole (Martínez-Núñez and Riquelme 2015). This localization corresponds to their putative role of softening the newly inserted cell wall in order to facilitate tip deformation and thus growth.

Chitinases are hydrolytic enzymes that cleave the β-1,4 linkage of chitin. They can also be classified as endo or exo, depending on their cleavage site. Filamentous ascomycetes are predicted to have 10 to 30 chitinase genes (Ihrmark et al. 2010;Karlsson and Stenlid 2008). N. crassa have 12 putative chitinases, and if the 10 deletions studied revealed that none were essential, the deletion of chit-1 resulted in a reduced growth rate (Tzelepis et al. 2012). In A. nidulans, the orthologue ChiA was tagged with EGFP and visualized in live microscopy. It was localized in all sites of growth, including spore germination, at the apex of hyphae and in branches (Yamazaki et al. 2008).

As for glucanase, chitinase was shown to be required for cell separation in C. albicans and S. cerevisiae (Dünkler et al. 2005;Kuranda and Robbins 1991).
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Stiffening the CW

The stiffening of the CW is obtained by the "complexification" of the structure. This can be done by either adding, branching, or cross-linking existing fibers. Elongation enzymes "fuse" together polysaccharide chains. For example, the β-1,3-glucanosyltransferase Gelp1 cleaves a β-1,3-glucan molecule and links the newly created reducing end to the non-reducing end of another β-1,3-glucan molecule (Hartland et al. 1996;I. Mouyna et al. 2000). This lead to the elongation of the glucan chain. In A. fumigatus, the deletion of gel1 do not show morphological defects, but gel2 mutants show growth defect and CW modifications, and gel4 was proven to be essential (Isabelle Mouyna et al. 2005;Gastebois et al. 2010).

The cross-linking is suggested to be performed by the CRH/UTR family protein, originally studied in the budding yeast, where its transglycosidase function is to cross-link chitin to β-1,6-glucan (Cabib et al. 2007). The Crh enzymes were shown to cross-link chitin to β-1,3-glucan in C.

albicans, yet the same conclusion has not been obtained in filamentous fungi (Pardini et al. 2006). Hence, fungal CWs show a great diversity of composition. The CW chemically and physically protects the cell, like a shell. To do so, it can adapt to different kinds of stresses, whether it is a change in the environment such as a change in osmolarity caused by a sudden rainfall, physical stress by an engulfing macrophage, or a chemical attack by a bacterium or other fungus. Thus, to break through the fungal defense and fight the fungal infection, different drugs exist, focusing primarily on the fungal CW and its membrane.

Anti-fungal drugs

There are several widely used anti-fungal treatments. The main anti-fungal drug classes are polyenes, azoles, and echinocandins (Fig 3 .3) (Valiante et al. 2015).

Polyene is the oldest known anti-fungus, and Amphotericin B (AmB) is the most used compound.

Originally isolated from Streptomyces nodosus, it binds to sterol, preferentially ergosterol (Blum et al. 2013). This causes an increase in membrane permeability, inhibits aerobic and anaerobic respiration, and creates an accumulation of reactive oxygen species, leading to cell death.
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Resistance to polyene remains a rare event after long exposure but still occurs. For example, Candida species with low ergosterol content appear to be less sensitive (Eddouzi et al. 2013).

Azoles are synthetic components that show a wide spectrum of antifungal activities. The main azoles anti-fungal drugs are fluconazole, itraconazole, posaconazole, and voriconazole. Their actions lead to a decrease of ergosterol in the cytoplasmic membrane causing growth to stop (Brüggemann et al. 2009). Fksp subunit of the glucan synthase complex, providing new β-1,3 glucan to be inserted in the CW space. Echinocandins drugs, such as caspofungin, anidulafungin, and micafungin have been shown

to kill Candida species and to stop growth in Aspergillus species. However, resistance to these drugs has been monitored and is a threat to public health. Fungi treated with caspofungin can react by changing their CW composition, compensating for the lack of β-1,3 glucan. In A. fumigatus, cells treated with caspofungin present a thicker cell wall, and a higher level of chitin (Fig 3.4) (Ries et al. 2017). This is known as the "caspofungin paradoxical effect", as a higher concentration of the drugs triggers a resistance mechanism, stiffening the CW. This phenomenon is well characterized in Candida species (Rueda, Cuenca-Estrella, and Zaragoza 2014).

Other CW-specific anti-fungal drugs include chitin synthase inhibitors, such as nikkomycins, polyoxins, and plagiochin. These agents inhibit chitin synthase. To counteract the caspofungin paradoxical effect, a combination of echinocandins and chitin synthase inhibitors shows promising results (Cheung and Hui 2017). 

CWI pathway
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In order to maintain their integrity, fungal cells can modulate the synthesis of their cell wall, thus adapting rapidly to environmental changes and physical or chemical stresses.

The cell wall acts as a protection for fungal cells, thus it is of prime importance to regulate it, "repair" the possible damage, and adapt to environmental changes. One of the main CW regulation systems is the CW integrity (CWI) pathway, a signaling cascade essential for survival. First described in S. cerevisiae, the CWI pathway is conserved in yeast and fungi, and consists of the activation of sensors by environmental stress, triggering a signaling cascade leading to local CW synthesis (Levin 2005).

There are 5 (putative) trans-wall sensors in S. cerevisiae: Wsc 1 to 3, Mtl1, and Mid2, sharing a common architecture: a cytoplasmic tail, a transmembrane domain, and a serine-threonine rich region being embedded in the wall. WSC family also presents a cysteine-rich domain, thought to mediate sensor clustering. Studies on the budding yeast using AFM showed a spring-like behavior of the STR domain, suggesting that it acts as a mechano-sensor (Dupres et al. 2009;Heinisch et al. 2010). A recent study using live-microscopy of Wsc1-GFP in the fission yeast revealed the The sensors signal to GEFs, and activate CW-associated Rho GTPases, which trigger protein kinase C and the MAP kinase cascade. This leads to the activation of CW synthase, actin organizers, and exocyst components, that will together reinforce or remodel locally the CW (Levin 2011;Pérez et al. 2018). 

Cells' mechanical properties

In the last decades, emphasis has been put on the cell mechanical parameters to investigate morphology and expansion, as additional cues to biochemical processes. For this purpose, biophysical methods have been developed to quantitatively characterize mechanics in fungal and plant cells.

Forces implicated in walled-cell growth are orders of magnitude higher than mammal cell growth.

Laplace law set that the surface tension (σ) of a cylinder is related to the radius (R) and the pressure difference (ΔP) such as σ = ΔPR. In hyphae, the surface tension is around σ ≈ 1N/m, enough to rupture any membrane. Hence, a resistant cell wall is needed to counteract the turgor pressure. CW mechanical regulation is critical, as too thin or too soft a part of the CW would lead to stressinduced CW breakage, and eventually death.
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Cell wall thickness

CW thickness is crucial for tip growth as new CW material is simultaneously added and deformed.

In this regard, tip growth is a highly dangerous process, as failing to maintain a minimum CW thickness would lead to rupture of the CW, hence cell death. Bacteria, fungi, and plant have a CW, and their thickness range from a few nm for gram-negative bacteria, tens of nm for gram-positive bacteria, hundreds of nm for fungi, and up to 500nm for plant cells (Lancelle and Hepler 1992).

CW thickness can show important variations. Spatial variations were observed, with an extreme example being the brown algae, with a CW of 40 nm at the apex, thickening in the sub-apical part up to 600 nm (Hervé Rabillé and Charrier 2019). Variations during the cell cycle are also observed, with fungal conidia CW being twice as thick as vegetative hyphae (Border and Trinci 1970a;Ghamrawi et al. 2015). CW thickness also depends on growth conditions. For example, the CW Since the thickness of CW is typically a few hundred nanometers, which is below the diffraction limit, CW has been primarily studied using electron microscopy. This gave a very precise view of the CW, but bring some limitations. Transmission electron microscopy requires cells to be fixed, INTRODUCTION 75 typically using glutaraldehyde to cross-link proteins, followed by osmium tetroxide, a heavy metal that confers electron density to the sample. Samples are then dehydrated, embedded in resins, and cut into very thin slices before observation. This process can lead to artifacts, such as distorted cellular membranes or organelles, shape changes, or loss of material (Winey et al. 2014). Fixative chemicals can also trigger integrity pathways, changing the CW content or thickness before the fixation is completed. This can be partially solved with cryogenic microscopy, which freezes samples in a fraction of a second. During sample preparation, the slicing can also create difficulties to measure CW thickness precisely. These fixed studies have biased the view of the CW as a static structure, as it prevents any dynamic studies. We now know that the CW is a highly dynamic structure that rearranges itself and adapts to changing conditions, but we still lack methods to track it.

Few methods were developed to measure CW thickness live. CW thickness of the pollen tubes of Another method was developed to study the thinner CW of S. cerevisiae. His-tagged membrane sensors of increasing lengths were expressed and detected by a modified AFM tip (Fig 3 .7B) (Dupres, Dufrêne, and Heinisch 2010). This method allowed to track in living cells if the CW thickness exceeds the length of a calibrated trans-membrane protein. This method shows limitations, such as the fact that the CWT must be known in advance to calibrate the His-tagged membrane sensors length, and the fact that each measure shows a binary result, being the CW is thinner or thicker than a known distance.
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Cell wall elasticity

Another key component of the CW mechanical properties is its Young's modulus or bulk elastic modulus. It is defined as the ratio of the stress (force per unit area) to the strain (proportional deformation) and is expressed in Pascal, the same unit as pressure. The CW elastic modulus is modulated by the CW composition and the cross-link between its sugar fibers. Several methods exist to study the CW elasticity, including the use of atomic force microscopy, deformation of elastomeric microchambers, induced cell bending, tracking of cells during osmotic treatment, and penetration of substrate of different stiffness.

The atomic force microscopy (AFM) principle is to measure very precisely the deformation of a flexible cantilever when applying a force to a sample, using a laser beam reflecting on the surface of the cantilever. The tip is typically a thin and sharp pyramidal shape. This measurement gives force-displacement curves, from which mechanical properties of the sample are extracted (Fig 3.9).

In A. nidulans, Zhao et al. used AFM to measure the cell wall spring constant (k), by monitoring

Chapter 3 -Fungal cell mechanics the displacement of the CW (δ) when a force (F) is applied by a cantilever, using Hook's law F=k δ (Liming Zhao et al. 2005). Combining this result with finite element analysis, an elastic modulus of WT cells of 110MPa was measured. Interestingly, changing osmotic conditions by adding KCl in the medium lowered the cell wall elastic modulus, implying that growth medium osmotic conditions play a role in cell wall elasticity. The authors also showed a gradient of stiffness, with the CW being stiffer away from the tip. AFM measurements are convenient and relatively easy to do but must be done with caution, as the interpretation might be delicate. For example, small displacements (comparing the CWT) will be most sensitive to the CW elasticity, while for larger displacements, the "apparent stiffness" will depend on the CW elasticity, its thickness, and the internal turgor pressure (Milani, Braybrook, and Boudaoud 2013). 

Cell wall ultrastructure

AFM can also be used to scan a substrate, revealing its topography at very high resolution, down to fractions of nanometers. This technique allowed Ma et al. to show changes in CW ultrastructure between the hyphal tip and sub-apex of A. nidulans (Fig 3 .10) (Ma et al. 2005). This revealed that wall surface features were bigger, and of more variable size and shape compared to sub-apical regions. This is another evidence of CW maturation, as the CW structure changes from emergence where it is less organized, to an organized structure. 

Pressure (creation / adaptation)

Pressure is a key component of fungal growth. Turgor pressure is created osmotically, by a difference of osmolytes inside and outside the cell. This difference in osmolyte concentration creates a chemical potential, that drives water to enter the cell to balance the osmolyte concentration Chapter 3 -Fungal cell mechanics inside and outside. Since the volume is limited by the CW, the hydrostatic pressure increases as water enter the cell. An equilibrium is reached when water flow is balanced, i.e. when the hydrostatic pressure (driving water outside) matches the difference in chemical potential. Hence, at equilibrium, the CW is stretched due to the pressure. This CW stretching is obvious during a CW ablation assay, as the cell burst and deflate when pierced, like an inflated balloon. The turgor pressure is thought to be in the MPa range (~10 atmospheres), walled cells being more pressurized than car tires. Therefore, the resulting surface tension needs to be tightly regulated to avoid cell bursting.

The pressure was first proposed to be of prime importance in 1892 by Reinhardt and has been a component of most mathematical models of fungal growth despite the lack of clear experimental evidence of its role. The central role of pressure does not seem to be universal as some hyphal organisms do not regulate turgor. Some oomycetes can grow filaments in the absence of measurable pressure. However, there is clear evidence of the direct link between turgor pressure and elongation (Money and Harold 1993). High turgor pressure is required to grow and invade substrates, as penetrative hyphae impose important pressure on the host. One extreme example is the penetration peg of the rice pathogen Magnaporthe grisea. This fungus develops a specialized organ, the appressoria, which builds up to 8 MPa, allowing a thin hyphae, the penetration peg, to pierce the plant cellophane membrane (de Jong et al. 1997;Deising, Werner, and Wernitz 2000).

In general, every penetration process is thought to involve pressure, allowing hyphae to exert important forces to pierce host tissues (Fig 3.11). It is thought that this penetration force is coupled with the degradation of the host tissue by enzymatic secretion (Ravishankar et al. 2001;Brand 2012).

Another use of fungal turgor pressure is for the dispersal of spores by "turgor gun". As filamentous fungi are non-motile species, they need a way to disperse spores in new sites, where they will form new mycelia. Fungi from the Ascomycota phylum from specialized cells called an ascus, containing spores. These cells swell before bursting, liberating clouds of spores that will then be carried by the wind (Roper and Seminara 2019). The only known method to measure turgor pressure directly is the pressure probe. This consists of a micropipette filled with oil used to pierce a cell, and monitor the pressure directly (Fig 3.12). This method is limited to large enough cells, so it have been mostly used on plant cells and large fungal cells, such as N. crassa.

Another method to measure turgor pressure is to add extracellular osmolyte to the media and track the morphological changes of the cells. Depending on the osmolyte size and the rigidity of the cell wall, at a high enough concentration, this will result in either plasmolysis (detachment of the membrane), cytorrhisis (collapsing of the cell), or cavitation (formation of gas bubbles) (Bastmeyer, Deising, and Bechinger 2002a). A last method is to use a cold stage to measure the temperature needed to create ice crystals, a method called "melting point osmometry" (Fig 3.12). In Aspergillus oryzae, a direct relationship between turgor pressure and elongation rate was found (Gervais, Abadie, and Molin 1999b). The turgor pressure was modulated by changing medium osmolarity. The same phenomenon was found in N. crassa, in a study where turgor pressure was directly probed (Lew 2011a). In A. nidulans, turgor pressure was modulated by growing hyphae in a micro-pipette, and changing the external pressure around the hyphae tip (Fig 3.13) (González-Bermúdez et al. 2017). The elongation rate diminished when external pressure was increased, as predicted from previous results (Gervais, Abadie, and Molin 1999b). Interestingly, the elongation rate increased when the applied external pressure was lowered, highlighting the relationship between elongation and pressure, and suggesting that pressure could be a limiting factor to elongation. It is worth noting that a recent article proposes that faster filamentous fungus species have higher turgor pressure. By growing fungi on media supplemented with osmolites, faster hyphae were shown to be more sensitive to high osmotic conditions, as their elongation speed was drastically reduced in high osmotic conditions. The authors propose that this sensitivity can be directly linked to pressure, as highly-pressurized hyphae would suffer more from a decrease in pressure than low-pressurized fungi (Fukuda et al. 2021). In my opinion, the comparison of species using the osmotic growth condition is irrelevant because an unknown factor, the ability to adapt to INTRODUCTION 83 different osmotic conditions, prevents us from drawing a proper conclusion. One species could be highly-pressurized and able to adapt to osmotic conditions, while another could be low-pressurized and unable to adapt to osmotic conditions. Despite intense research, the exact influence of turgor pressure is still puzzling. On one hand, it seems positively correlated with elongation rate, as hyphae of the same species grow slower when their turgor is lower. In most tip growth models, pressure correlates with elongation speed. On the other hand, the turgor pressure does not seem to be positively correlated between species (Municio-Diaz et al. 2022). Faster hyphae tend to be larger, thus have higher surface tension. One way to maintain this tension in an acceptable range is to lower the pressure. In addition, high turgor pressure might be too energy intensive to maintain in large, fast-moving hyphae, as it would require intense osmolyte production to counteract the volume increase. A possibility is that turgor pressure is needed for CW deformation, hence elongation, but it does not dictate elongation speed. Instead, speed could be principally set by metabolic activity, loosening and synthesis at the apex, and exocytosis (Salomon Bartnicki-Garcia 2002).
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The HOG pathway

As turgor pressure is essential for fungal growth, it is tightly controlled. The High-Osmolarity Glycerol (HOG) pathway has been discovered in the budding yeast S. cerevisiae and regulates turgor pressure in filamentous fungi and yeast (Fig 3.14) (Saito andPosas 2012). In the budding yeast, the response can be triggered by the activation of two osmosensor branches, starting with either Sln1p or Sho1p. This ultimately leads to the activation of the mitogen-activated protein kinase (MAPK) Hog1, which regulates enzymes producing intracellular osmolytes, such as glycerol. The HOG pathway is highly conserved in fungi. Hog1p orthologues have been reported in multiple species, including S. pombe, Candida albicans, Magnaporthe grisea, Neurospora crassa, Cryphonectria parasitica, Colletotrichum lagenarium, and A. nidulans (Furukawa et al. 2005). In all these species, the Hog1p orthologues are essential for survival at high-osmolarity, except in A. nidulans. This difference is possibly explained by a better adaptation to a dry environment and rapid osmotic stress. 

Mechanical feedbacks

As discussed above, fungal tip growth is a dangerous process. The apical CW must be at the same time deformed and synthetized while maintaining its integrity at every time point. To ensure cell viability, different safety mechanisms exist. 

 Stress adaptation

Different kinds of physical stresses can reduce growth or even stop it. In this condition, polarity will typically delocalize from the apex, and re-form after some time, depending on the stress. For example, when facing physical obstacles, hyphae re-orient from the obstacle in a process called "thigmotropism".

A sufficiently high hyper-osmotic treatment will stop the growth of filamentous fungi, often creating a bulge at the growth site. After a few minutes, hyphae typically adapt their osmotic pressure and resume growth. Interestingly, they often restart growth with an angle with the original growth direction. This could be explained by a "memory loss" of polarity position due to the depolarization, and the stiffening of the apical CW ( and when successful, unable to maintain their polarity after the channel. The authors proposed that the excess of secretory vesicle of fast fungi caused their inability to maintain polarity, hence that there is a trade-off between plasticity and velocity. This result was reinforced by the fact that slowing down the fast hyphae of N. crassa by osmotic treatment increased its ability to deform and maintain polarity. It is possible that through evolution, different growth strategies were taken by different fungi, favoring either growth rate to colonize more space, or plasticity to be able to penetrate tight environments.
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The concept of fungal memory could seem absurd, but it has been shown that hyphae can remember their growth direction when facing an obstacle. By growing N. crassa in a microfluidic micropatterned environment and tracking the SPK, Held et al showed that when facing obstacles at acute angles, hyphae were able to "remember" their original direction (Held et al. 2019). To do that, the SPK moved from the apex to the side of the tip, close to the obstacle, acting as an internal gyroscope (Fig 3.19). In combination with microtubules action, this process enables hyphae to resume growth along their initial growth direction before hitting the obstacle. As colonization efficiency is highly dependent on growth direction, hyphae that "remember" their growing axis can be better distributed, and explore spaces more efficiently. In the precedent chapter, cytoskeleton, secretory pathway, and growth machinery have been shown

to be essential for growth. Here, I showed that the proper regulation of mechanical parameters is also crucial. As fungal cells produce important force, the two sides of the coin, biochemical and physical properties must be understood to understand fungal growth. We can suggest that there is no strict barrier between the two and that mechanical stress influences protein synthesis and activation, and vice versa. In the next chapter, I introduce mathematical models of tip growth, and the last section presents models where mechanics influence biological processes. As tip growth is widely spread, occurring in many organisms, modeling it has been a subject of focus for mathematicians (Fig 4.1). Two types of models can be distinguished. Geometrical models focus on replicating observed cell shapes, while biochemical models aim to unravel the interdependencies and the role of biochemical and mechanical processes in growth establishment and maintenance. 

Geometrical models

A first step was to reproduce hyphal shapes, which are relatively similar across fungal species at a different scale. Using sets of geometrical rules, early models successfully replicate cell shapes, but were lacking an experiment basis and consequently preventing extrapolation (A. P. J. Trinci and Saunders, n.d.;Hejnowicz, Heinemann, and Sievers 1977). Chapter 4 -Mathematical models of tip growth

Vesicle supply center upgrades

A first upgrade was to switch from 2D to 3D simulation (Gierz and Bartnicki-garcia 2001). The resulting shapes were found to depend on the asymmetry of local surface expansion, questioning how newly inserted materials are distributed between the longitudinal and the circumferential direction. Another upgrade was to change the way vesicles move from the VSC to the surface. The initially proposed ballistic motion is probably the simplest way to visualize it, but also highly improbable. The vesicle motion was replaced by a diffusive motion, a more realistic approach (Fig (Tindemans, Kern, and Mulder 2006a).

4.3C)
Overall, the VSC model succeeds to reproduce tubular shapes of different tip growing species, including plant cells as pollen tubes and root hair, fungal hyphae and hyphae of oomycetes, by simulating only vesicles diffusion and surface material incorporation, supposing that cell mechanics are negligible.

Biomechanical models

Studies using cell surface markers have shown that polar growing cell expands by adding material at the apex (Hejnowicz, Heinemann, et Sievers 1977;Dumais, Long, et Shaw 2004). This is the basis of most models. Biomechanical models take into account the cell's mechanical properties, including turgor pressure, wall thickness and stiffness, and advection.

While filamentous fungi have been the prime inspiration for geometrical models, biomechanical models are also inspired by tubular plant cells, such as root hairs, or pollen tubes. A major difference is that plant cell walls are mostly composed of cellulose, while fungi's CW includes chitin. However, it seems like the same formalism can be used to describe both systems if one also considers the difference in parameter values.

Growth models

Historically, two models were proposed to explain hyphal morphologies and growth (Fig 4 .3):

The "Unitary model of the wall growth" proposes that hyphal growth is the result of polarized delivery of both lytic and synthetic enzymes. Lytic enzymes would weaken the CW, increasing INTRODUCTION 95 locally its plasticity, which coupled with turgor pressure facilitate deformation, hence new CW material is insertion. Thus, extension is dependent on a delicate balance between CW synthesis and loosening, enabling tip deformation (S. Bartnicki-Garcia 1973).

Another hypothesis is the "Steady-state model", which proposes that the newly formed CW at the apex is plastic, enabling local deformation, and became gradually stiffer in the sub-apex. This stiffening would be caused by glycosyltransferases that crosslink β-1,3-glucans and chitin with other β-1,3-glucans at the base of the extension zone. (Wessels, Sietsma, and Sonnenberg, n.d.;Wessels 1988).

As experimental evidence exists for both models, a third one, the "integrated model" was proposed (Bartnicki-Garcı á 1999), which considers at the same time the action of synthetic, loosening and rigidifying enzymes. This model proposes that fibers are first incorporated in the CW, then hydrolyzed by glucanases and chitinases, creating new free termini to be used as a substrate for cross-linking enzymes. 

Growth as a viscous process

Cell wall dynamics can be described using a viscoplastic theory. A viscoplastic material deforms elastically (so reversibly) for stresses below a stress threshold, and deforms irreversibly for higher stress. This irreversible deformation is proportional to the material extendibility (inverse of the viscosity) and the applied stress in excess of the yield stress (Lockhart 1965;Dumais et al. 2006).

Experimental data favor the viscoplastic view of the CW, as a partial reduction of turgor pressure can lead to growth stop, suggesting that a threshold level of yield stress is necessary for elongation.

This theory proposes intertwined relationships between the wall turgor stress, the wall strain rate, the curvature, and the CW thickness (Fig 4.4). These variables define the cell mechanical properties and are influenced by both the cell chemistry (CW synthesis) and the water intake. The turgor pressure is thought to be the motor of expansion, as the osmotic gradient that the cell maintains with its environment leads to water intake. This intake causes a volume increase, that causes a reversible elastic stretching of the CW or/and an irreversible wall expansion, possibly coupled with CW synthesis (Dumais 2021). Another work uses tubular rubber balloons as a physical tool to study tip morphogenesis (Bernal, Rojas, and Dumais 2007). By modeling inflated elastic shells with softer properties at the tip, the polar region, the authors successfully recreated tip growth.

Chapter 4 -Mathematical models of tip growth 

Growth as an incremental process

Growth can also be modeled as an incremental process, where step by step the CW is elastically stretched by the turgor pressure. This stretching induces CW thinning that is compensated by CW synthesis, and the resulting state is taken as a starting point for the next step.

For example, Abenza et al. combined experiments and modeling to identify the main regulators of tip morphogenesis between polarity, exocytosis, or wall synthesis, in fission yeast (Juan F. Abenza et al. 2015). The model was calibrated using plasmolyzed cells to access the relaxed state of the CW. Using an incremental elastic model, they showed that wall deformation can be predicted by the cell mechanics (surface tension) and the localization of exocytic factors, but not by CW synthesis or polarity regulators.

The tip of pollen tubes was also reproduced, using a finite element incremental elastic model (Fayant et al. 2010). Best fitting shapes were obtained using a gradient of stiffness, with the tip being softer, and an isotropic CW. These models reproduce filament geometry thanks to a polar distribution of CW elasticity.

Feedback

These models include cell biology or cell mechanics, and some account for both. Other models use feedback between parameters to account for growth stability. For example, some models use the curvature as a cue to guide cell expansion. This is based on the fact that in polar growth, expansion is maximal at the tip, where the curvature is also maximal. Using models where the deposition of material is a function of the curvature, the geometry of different species was reproduced (Goriely, Károlyi, and Tabor 2005;Jaffar and Davidson 2013).

The feedback can also link material deposition and cell mechanics. For example, growing pollen tubes have the ability to grow either linearly, or oscillatory, alternating slow and fast growth (Fig 

𝑑ℎ 𝑡𝑖𝑝 𝑑𝑡 = 𝑆 -𝛾ℎ 𝑡𝑖𝑝
Where ℎ 𝑡𝑖𝑝 is the CW thickness at the tip, S a rate of wall synthesis, and 𝛾 the strain rate of the CW (Davì et al. 2018a). As thinning of the tip CW mechanically promotes elongation, a mechanical feeback is needed to prevent CW rupture. Pioneering a measurement of cell wall thickness in living cells, the authors investigated this relationship live, using mutants and drugs of CW synthesis.

Results support a model where CW thickness is positively regulated by synthesis and negatively by elongation. 

Manuscript under revision

Tip growth is a fundamental process allowing filamentous fungi to colonize space, reproduce and infect. Fungal growth is defined by the cell wall, a rigid sugar-made shell around the plasma membrane, mechanically and chemically protecting the cell. In order to grow, exocytic vesicles transporting synthesis enzymes and CW remodeling components are transported to the apex. New cell wall materials are synthetized or added at the tip, allowing for elongation. However, the dynamic of remodeling and regulation of the cell wall is unknown due to a lack of method.

In this work, we used the fungal model Aspergillus nidulans, to adapt a method of cell wall thickness measurement, previously developed by our team in fission yeast. This sub-resolution imaging approach allows mapping of the cell wall thickness spatio-temporal dynamics, using fluorescent markers labeling the inner and outer limits of the cell wall. The distance between the signals is then extruded by a semi-automated image analysis pipeline, correcting for chromatic shifts, resulting in a local measurement of cell wall thickness around living cells. Combined with photo-ablation assays and osmotic treatment, we quantified cell wall thickness patterns, cell wall elastic modulus, and cell turgor pressure, and showed that tip growth is accompanied by a gradient of elasticity, the tip being softer than the sides, and high turgor pressure. We next combined cell wall thickness measurements with fluorescent protein localization to link different polarity markers with the observed cell wall thickness special patterns.

To investigate the temporal regulation of tip growth, we tracked cell wall thickness, accumulation of exocytic vesicles at cell tips, and elongation rates in fast growing cells. To highlight feedbacks and relationships between parameters, we perturbed growth in different manners and tracked the resulting changes. This showed that a stop in growth happens with a decrease of exocytic vesicle accumulation and thickening of CW around the growth zone. We constructed a mathematical RESULTS 107 model of tip growth, capable to reproduce those fluctuations. This suggests that mechanical feedbacks between growth and vesicle accumulation, account for growth stability.

In conclusion, this work provides temporal data on fungal cell wall dynamics of unprecedented spatio-temporal precision. The observed relationships between cell wall dynamics, surface material addition, and surface elongation suggest that mechanical feedback is needed for stable growth.

RESULTS
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ABSTRACT

Hyphal tip growth allows filamentous fungi to colonize space, reproduce or infect. It features remarkable morphogenetic plasticity including unusually fast elongation rates, tip turning, branching or bulging. These shape changes are all driven from the expansion of a protective cell wall (CW) secreted from apical pools of exocytic vesicles. How CW secretion, remodeling and deformation are modulated in concert to support rapid tip growth and morphogenesis while ensuring surface integrity remains poorly understood. We implemented sub-resolution imaging to map the dynamics of CW thickness and secretory vesicles in Aspergillus nidulans. We found that tip growth is associated with balanced rates of CW secretion and expansion, which limit temporal fluctuations in CW thickness, elongation speed and vesicle amount, to less than 10-15%. Affecting this balance through modulations of growth or trafficking yield to near-immediate changes in CW thickness, mechanics and shape. We developed a model with mechanical feedback which accounts for steady states of hyphal growth as well as rapid adaptation of CW mechanics and vesicle recruitment to different perturbations. These data provide unprecedented details on how CW dynamics emerges from material secretion and expansion, to stabilize fungal tip growth as well as promote its morphogenetic plasticity.

INTRODUCTION

Filamentous fungi are generally non-motile but exploit fast polar tip growth for surface colonization, mating or host-infection (Deacon 2013). In typical vegetative life cycles, for instance, fungal spores germinate to outgrow polarized hyphae that expand rapidly at their tips and undergo branching, turning and sometimes fusion to generate the complex mycelium network (M. Momany 2002; G. Steinberg et al. 2017). Hyphal cell shape and growth are defined by the dynamic expansion of their cell wall (CW) which surrounds and protects the plasma membrane (Davi and Minc 2015;Harold 1990). In general, however, how the CW undergoes such rapid and diverse shape changes while ensuring surface mechanical integrity remain poorly understood.

Fungal CWs are composed of reticulated polysaccharides including chitin, α-and βglucan and mannose polymers, as well as remodeling enzymes like hydrolases and transferases (Free 2013a).

Post-Golgi RAB11 exocytic vesicles (EVs) are thought to secrete a subset of sugars and proteins into the CW and also carry transmembrane enzymes to the plasma membrane that catalyze the elongation of other sets of sugars (Bowman and Free 2006;G. Steinberg et al. 2017). Therefore, have suggested the existence of mechanical feedbacks, whereby enhanced strain rates in the CW may promote the recruitment or stability of polar secretory domains (Banavar et al. 2018;Bonazzi et al. 2014b;Armin Haupt, Ershov, and Minc 2018;Thomson et al. 2015). Despite the potential predictive power of these models, quantitative comparison with experimental data has been limited.

Accordingly, we still lack quantitative models and experiments that enable to understand how the dynamics of CW secretion, expansion and mechanics may be regulated during fungal growth and shape changes.

Here, we used Aspergillus nidulans, an established tractable model fungus which features rapid hyphal growth (Oakley and Oakley 1989;Peñalva et al. 2012), to understand in quantitative terms how CWs are built and remodeled from EV pools during tip growth. We developed a superresolution live imaging method to map CW thickness around growing hyphal cells, which we combine with dynamic imaging of RAB11-labelled EVs, and with biochemical and genetic 
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RESULTS

Monitoring cell wall thickness in live fungal hyphae

To understand how the cell wall (CW) is dynamically assembled and deformed during rapid fungal hyphal growth, we adapted a previous sub-resolution imaging method to monitor CW thickness in live yeast cells, to Aspergillus nidulans (Davi et al. 2019;Davì et al. 2018b). We labelled the plasma membrane that lines the inner face of the CW with a Pleckstrin Homology These values were in similar range when using other membrane dyes or proteins (Fig S1D).

Growing hyphae in rich MCA medium or between agar pads covered with a dialysis membrane and a coverslip, both led to higher thicknesses, of 83+/-21 nm and 90+/-14 nm respectively, and to wider cells, plausibly reflecting adaptation of the CW to environmental conditions (Fig S1E -F).

Importantly, these values were comparable to those obtained by electron microscopy using either 

A spatial gradient of cell wall stiffness is associated to hyphal polar growth

Many models for tip growth posit that cell tips shall feature softer and/or thinner CWs to account for polarized CW deformation. In mature hyphae, we found that CW thickness exhibited a relatively shallow gradient, with tips being on average only ~13% thinner than cell sides. In addition, we noted that a fraction of cells exhibited a reversed pattern, with a thicker CW at cell tips (Fig 2A). Furthermore, inspections of time lapse sequences suggested that this CW thickness polarity could even become inverted in a time-course as short as ~few min, indicative of rapid CW remodeling activity at cell tips (Movie S1). We conclude that CW thickness gradients may not be sufficient to polarize CW mechanics for tip growth in these cells.

To compute local values of CW elasticity around cells, we built on the analysis of thickness, h, to compute the CW Young's modulus, Y, which reflects bulk material properties and its surface modulus, σ, which is the product of thickness and Young's modulus, hY, and represents the apparent CW stiffness (Davi et al. 2019). We imaged cells to map CW thickness, and rapidly photo- 
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To describe the dynamics of EVs concentration, we first posited that it decayed by feeding the CW with a transfer constant α. Second, we assumed that it was alimented in proportion to the strain rate, positing the existence of a mechanical feedback with a feedback parameter ϕ (Banavar et al. 2018;Davì et al. 2018b;Armin Haupt, Ershov, and Minc 2018). Importantly, stability analyses of the model showed that such feedback was strictly required to generate stable steady state growth as observed in experiments (Fig S4C). This leads to the dynamic of the exocytic vesicle concentration EV:

𝑑𝐸𝑉 𝑑𝑡 = 𝜙𝐺 -𝛼𝐸𝑉 (Eq. 3)
While EVs bring CW synthases to the membrane and polysaccharides into the CW, to thicken it, they also secrete remodeling elements to promote CW extensibility. We thus added to the model an equation describing the dynamic of the surface concentration, hc, of these elements in the CW:

𝑑(ℎ 𝑐) 𝑑𝑡 = 𝛽𝐸𝑉 -𝐺ℎ𝑐 (Eq. 4)
in which β in an incorporation coefficient. Eq. 4 combined with Eq 1 and 2 yields to the evolution of strain rates: Eq (1), ( 3) and ( 5) define a system of ordinary differential equations of order 1 for RAB11 exocytic vesicles concentration level EV, the strain rate (growth), G, and tip CW thickness, h, with 5 adjustable positive parameters. Stability analysis of the model shows that it has only one stationary and stable point with non-zero values for G and EV, suggesting it may in principle capture the general process of hyphal tip growth. Importantly, we calibrated the model using measured tip thickness and strain rate and pressure drops needed to stop growth in WT mature hyphae. This allows to make semi-quantitative comparisons with measured values of strain rates, thickness, vesicle relative concentration, as well as relevant time-scales.

1 -Cell Wall Dynamics in a Filamentous Fungus This allowed to recapitulate growth arrest followed by growth restart, the progressive decrease of EV concentration upon turgor loss and its recovery upon growth restart, as well the dynamics of CW thickening followed by progressive thinning, though this effect was less pronounced in the model than in experiments (Fig 5E). These findings demonstrate how temporal delays between CW secretion and expansion at cell tips can transiently impact CW thickness and mechanics.

To more directly affect vesicle accumulation at cell tips, independently of turgor manipulations, we next used two independent assays to alter EV trafficking. We first depolymerized microtubules that serve as important tracks for EV polarized trafficking. We treated hyphal cells with low doses 

Steady-state hyphal growth

A fascinating feature of fungal growth is the large diversity of tip growth speeds, which may span 1-2 orders of magnitude within a given mycelium, and up to 3-4 orders of magnitude among different species (R. Lopez-Franco, Bartnicki-Garcia, and Bracker 1994). We sought to address how turgor, CW mechanics, secretion and expansion may be modulated to stabilize hyphal growth at different elongation speeds. For this, we exploited natural variations in tip growth speed between early germling tubes which grow typically 4-5X slower than mature hyphae (Horio and Oakley 2005a;Taheraly et al. 2020a). We also included in our analysis mature hyphae of a myoVΔ mutant which elongate at speeds intermediate between wild-type germlings and mature hyphae, but also ). These experimental results suggest that large variations in CW expansion rates and thus tip growth speeds may not be primarily dictated by modulations of turgor or CW mechanics.

1 -Cell Wall Dynamics in a Filamentous Fungus Accordingly, quantification of mean mCherry-RAB11 levels at cell tips, showed that differences in tip CW strain rates were mostly matched to differences in the apical concentration of EVs (Fig 6G). Importantly, by feeding these different mechanical and biochemical values into the model, we could identify steady-state stable solutions that recapitulated tip growth speeds, levels of secretory vesicles as well as values of tip CW thicknesses (Fig 6H ,I,J). Interestingly, in these steady states, the model parameter representing the mechanical coupling, Φ was found to be much higher for wild-type as compared to the two other conditions (Table S2). This suggest that an adaptation of mechano-sensing and/or mechano-transduction strength to tip growth speeds may be important to stabilize different rates of steady state growth. We conclude that modulations of tip growth speeds may mostly emerge from alterations in trafficking modules and feedbacks controlling secretory vesicles recruitment to cell tips. 1 -Cell Wall Dynamics in a Filamentous Fungus

DISCUSSION

A new method to visualize rapid CW dynamics in tip growing cells.

The structure, mechanics and dynamics of the CW is of paramount importance for the life-style of all fungal species and highly relevant to host-infections and anti-fungal agents (Arana et al. 2009;Cortés et al. 2019). Here, we adapted and validated a sub-resolution microscopy method initially developed for fission yeast (Davì et al. 2018b), to map CW thickness in space and time in a model filamentous fungus. This adaptation rested on optimizations of growth conditions to ensure that fungal cells elongated within the focal plane, and on the use of different labels suited to visualize the plasma membrane and CW surface in A. nidulans. As such, we anticipate that it could be easily implemented in numerous fungal species to understand how CW mechanics and dynamics are modulated during growth, infection, reproduction, or in response to anti-fungal chemicals that target the fungal CW. The advent of this live imaging method is multiple. First, it allows to map CW thickness along length-scales of 10-100s of µm in live cells, which is infeasible with standard transmission electron microscopy methods (Fig 1A -1E). Second, thickness measurements allow to access values of CW elastic moduli, from simple strain-stress assays (Fig 2B). This should be particularly valuable to address how the diversity of CW composition across fungi may impact bulk material properties. Finally, and most importantly, CW thickness dynamics provides a unique mean to monitor the balance or imbalance between CW synthesis and expansion (Fig 5). Therefore, we expect that this method could have a significant impact on our understanding of many fundamental aspects of fungal biology, physiology and pathogenicity.

Impact of secretory vesicles on the balance and imbalance between cell wall synthesis and deformation.

Tip growth is a wide spread process in fungi but also in many bacterial and plant cells, like pollen tubes and root hairs. In most cells, this process is widely accepted to be driven form the polarized recruitment of secretory vesicles that contribute to both CW assembly and remodeling.

Accordingly, seminal studies based on electron microscopy of fixed plant cells, quantified CW thickness, and vesicle volumes and numbers to demonstrate a near exact mass balance between vesicle amount, CW fabrication and deformation (Ketelaar, T. et al. 2008) fabrication and deformation, and mechanical feedbacks may be tailored to ensure that the CW will remain intact as tips emerge and change shape.

Mechanisms of mechanical feedback

These considerations raise the fundamental question of how stress, strains or deformation rates may be sensed in the CW, to adapt vesicle recruitment and stabilize tip growth. nidulans [START_REF] Brand | Hyphal Orientation of Candida Albicans Is Regulated by a Calcium-Dependent Mechanism[END_REF]Takeshita et al. 2017b;S. Wang et al. 2012). Finally, another possibility is that these feedbacks could be mediated at the level of upstream polarity regulators like Rho, Rac and Cdc42 (Virag et al. 2007). In that view, membrane addition by the fusion of EVs may result in a local dilution of these membrane-bound polarity effectors, yielding to potential homeostatic mechanisms that disperse polarity when growth occurs slower than vesicle addition (Dyer et al. 2013). Dissecting these feedbacks and their relevance to CW mechanobiology and growth is an exciting direction for fungal biology, to which dynamic methods to monitor CW properties, such as the one we developed here will be essential.

Membrane and CW labelling

Lectins were used at 10µg/mL for the WGA lectin, and 70µg/mL for the ConA lectin. For membrane labelling, 1µL of 5µg/mL of FM4-64 diluted in PBS was added close to the hyphae of interest in liquid media, and images were taken rapidly (less than ~2min) to circumvent dye endocytosis and labelling of internal compartments.

Microscopy

Time-lapse spinning disk confocal microscopy

For time-lapse imaging, a spore solution was deposited onto a small piece (about 2cm x2cm) of dialysis membrane (300kD, Spectra/Por 131450T), on agar medium, and grown overnight. The dialysis membrane prevents fungal hyphae from penetrating the agar. On the following day, the dialysis membrane was placed onto a fresh agar pad supplemented with fluorescent lectins. Cells were let during 1h for lectin to homogeneously label the CW, and covered with a coverslip, and the sample was placed under the microscope, previously heated at 28C° with an objective heater, for 1h before imaging. When grown between agar covered with the membrane and a coverlip, cell growth is confined in 2 dimensions, allowing us to perform long time-lapses while keeping the mid-plane focus needed to compute CW thickness over the length of the hyphae. For temperature sensitive alleles, we used the objective heater to raise the temperature to 37C°, which typically occurred within 30min. Drug addition, chemical treatment and laser photoablation were performed in liquid media, by growing cells at the bottom of specific dishes (IBIDI GmbH, Martinriesd, Germany).

Images were taken using an inverted spinning-disk confocal microscope equipped with a motorized stage, automatic focus (Ti-Eclipse, Nikon, Japan), a Yokogawa CSUX1FW spinning unit, and a EM-CCD camera (ImagEM-1K, Hamamatsu Photonics, Japan), with a 2.5X additional magnifying lens, or a Prime BSI camera (Photometrics). An 100X oil-immersion objective (CFI Plan Apo DM 100X/1.4 NA, Nikon) was used. Laser ablation of the CW was performed using an iLas2 module (Gattaca, France), in the "Mosquito" mode, allowing us to perform precise CW perforation at a diffraction-limited spot with a 355 nm laser and a 60X oil-immersion objective (CFI Apochromat 60X Oil lS, 1.4 NA, Nikon). Images were recorded using the 100X objective. The microscope was piloted with Metamorph (Molecular Devices).

RESULTS

Electron Microscopy

Electron microscopy was done on hyphae grown from spores over-night in rich liquid media (MCA), at the bottom of dishes. For chemical fixation, samples were fixed overnight in 2% glutaraldehyde at room temperature followed by a 1h fixation at 4C° in 2% osmium tetroxide in water. Cells were dehydrated using a series of ethanol solutions, and embedded in epoxy resin. For high pressure freezing (HPF), samples were cryo-immobilized by HPF (EM-Pact2, Leica microsystems). Freeze substitution was performed with an AFS2 (Leica Microsystems) in 1%

Osmium, 0,1% Uranyl acetate, 2% water in pure acetone following protocols described previously (Murray 2008). Samples were rinsed thrice with acetone and infiltrated with gradually increasing concentrations of an Epon resin mix (Agar scientific) and polymerized for 24h at 60°C. An ultramicrotome (UC6, Leica Microsystems) was used to cut 70nm thin sections, collected on formvar/carbon-coated copper grids. The contrast was enhanced by using aqueous 4% uranyl acetate and lead citrate.

Image analysis

CW thickness analyses

Based on previous work (Davi et al. 2019;Davì et al. 2018b), the CW thickness was extracted using a two-color mid-slice confocal image, segmented perpendicular to the cell surface. The distance between the two signals was extracted by measuring the distance between the two Gaussian peaks. The chromatic shift was periodically and precisely calibrated using multi-spectral beads scanned around the field of view, and the resulting measured distance compensated.

Differences in signal intensity and backgrounds were corrected using the convoluted intensity profile.

Turgor pressure measurement

Osmotic shocks at various sorbitol concentrations were performed on a dozen of cells imaged in rich MCA medium, and imaged again within ~1min of sorbitol addition. The medium osmolarity was measured using a vapor pressure osmometer (5600, Vapro® Vapor Pressure Osmometer). Cell diameters were measured manually using Image J.
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To estimate turgor pressure, we used a pipeline previously established in yeast cells (Atilgan et al. 2015b). We first computed 𝑐 0 ̅ the internal cell concentration in osmolytes, as:

𝑐 0 ̅ = 𝑐 0 ̃+ 𝑐 𝑚𝑐𝑎 = 0.92𝑀
With 𝑐 0 ̃ the sorbitol concentration at which the cell shrinks as much as with photoablation, and 𝑐 𝑚𝑐𝑎 the molarity of the MCA rich media that we measured to be 112 mOsm.

This allowed to calculate 𝑐 1 ̅ , the effective concentration of the cytoplasm in the normal state, from

𝑉 0 𝑉 1
the volume ratio before and after photoablation, and 𝛽 the inaccessible volume fraction, taken to be 0.22, with:

𝑐 1 ̅ = 𝑐 0 ̅ 𝑉 0 𝑉 1 -𝛽 1 -𝛽 = 0.92 * 0.701 -0.22 1 -0.22 = 0.517𝑀
This yields to an estimate of turgor, P, from the relationship:

𝑃 = (𝑐 1 ̅ -𝑐 𝑚𝑐𝑎 )𝑅𝑇 = 1.1 MPa
We note that taking a value for 𝛽 of 0, yielded to higher estimates of P=1.3 MPa.

CW Young's modulus

In order to extract the CW Young's modulus divided by pressure, the thickness of the CW was first measured, and the CW was rapidly pierced and the cell imaged again. We measured the cell radius before (R1) and after (R0) photo-ablation. We assumed that the CW is homogenous and isotropic (Fig S2C) leading to a force balance in the cylindrical part of the hyphal cell:

𝑌 𝑠𝑖𝑑𝑒 𝛥𝑃 = 𝑅 1 ℎ 𝑠𝑖𝑑𝑒 𝑅 1 * With 𝑅 1 * = 𝑅 1 -𝑅 0 𝑅 0
, the elastic strain of the CW.

For the hemispherical shape of tips, force balances leads to:

𝑌 𝑡𝑖𝑝 𝛥𝑃 = 𝑅 𝑡1 2 ℎ 𝑡𝑖𝑝 𝑅 𝑡 * RESULTS 137 With 𝑅 𝑡1 * = 𝑅 𝑡1 -𝑅 𝑡0 𝑅 𝑡0
𝑅 𝑡1 being the tip radius of curvature before ablation, and 𝑅 𝑡0 after.

Polarity domain size and concentration

The size of different polar domains was computed as the full width at mid height (FWMH) of the signal distribution along the curvature of the cell tip, using a home-made matlab script based on the FWMH function (https://www.mathworks.com/matlabcentral/fileexchange/10590-fwhm). To quantify the signal distribution we measured the intensity of the tagged protein around cell tips, using the arc length from the pole of the cell (s) as a coordinate (s=0 µm being the center of the tip).

The intensity of the mCherry-RAB11 at cell tips was measured by calculating the maximum intensity minus the background using a home-made Matlab script. To compensate for photobleaching, the signal was measured in time-lapse of cells fixed with glutaraldehyde, and used as a reference. In the particular case of branching, the EV signal was relatively low at the beginning of the process, so that measurements were done by measuring a small rectangular region intensity, minus the background, using ImageJ.

Statistical tests

Statistical tests were done using Prism 6 software (GraphPad Software, La Jolla, CA). Data were compared by using a two-tailed Mann-Whitney test. ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

Model for tip growth

As described in main text, the model for tip growth is a 1D analytical model which solves a set of coupled linear differential equations to identify parameter values. The model was solved using Mathematica. Details of all modelling procedure, results and parameters are available in the supplementary model file (Supp Model S3), which can be readily viewed using Wolfram Player (https://www.wolfram.com/player/). Values of the parameters of different sets of simulations are provided in Table S2.
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Fungal species live in almost all biotopes. They are eukaryotes that evolved along hundreds millions of years to adapt to particular living conditions and nutrient sources. Hence, the fungal kingdom shows a large variety of lifestyles, between symbiotic relationships with plants and infection of plants and animals. Filamentous fungi are non-motile cells that colonize spaces by elongating microscopic filaments. Fungal filaments show an impressive range of size and growth speed. A particular characteristic of fungal growth is the important forces at play, created by high internal turgor pressure, and balanced by a stiff cell wall enclaving and protecting the cell.

However, how different fungi regulate their cell wall, and how cell mechanics are scaled to the large range of hyphal shapes and growth speeds found in the fungal kingdom is still poorly understood.

In this work, we combine methods developed in the previous article, including cell wall thickness measurement, photo-ablation CW elastic strain assay, and pressure measurement, to investigate how filamentous fungal cell mechanics intersect with shape and growth properties. We use seven fungal species, one yeast, one dimorphic yeast, and five filamentous fungi ranging from 1 µm to 5µm in diameter, and elongation speeds between 2 and 400µm/h.

Our preliminary data reveal a wide range of mechanical parameter values. The species with the fastest growth appear to have a thinner wall at their tip. The growth rate is negatively correlated with turgor pressure, which is an unexpected result, as opposed to the classical mechanistic view of tip growth. These findings imply that in order to maintain the integrity of their walls, fastgrowing cells may have evolved strategies based on less turgid cytoplasm to ensure wall integrity and growth. 

INTRODUCTION

Survival is one fundamental constraint that shape the evolution of living organisms. The survival, life styles and function of many prokaryotic and eukaryotic organisms, including bacteria, fungi and plants, is based on the synthesis of a rigid cell wall (CW) that encases the plasma membrane and protects the cytoplasm. The CW allows these organisms to notably grow and develop in both humid and dry environments. Walled cells also feature a large internal cytoplasmic pressure named turgor, which is osmotically generated. Turgor inflates the CW, and permits growth against fundamental forces including gravity and resistive forces of multiple substrates such as soils or host tissues (Lew 2011b;Bastmeyer, Deising, and Bechinger 2002b).

Filamentous fungi are ancestral walled eukaryotes, which span ~600 Myears of evolution (Naranjo-Ortiz and Gabaldón 2020). They occupy most environments on earth, and represent an important class of pathogens for animals and plants. A wide spread strategy adopted by fungi to colonize space, mate or even infect their host is tip growth (G. Steinberg et al. 2017). Tip growth and hyphal shapes feature an impressive variability across species, with some fungi like Fusarium oxyparum, which exhibit thin tips of less than 1 µm in diameter (Ruiz-Roldán et al. 2010), up to very large cells found in Neurospora crassa or Sclerotinia sclerotiorum that may reach diameters as large as 10-20 µm (Fischer-Parton et al. 2000). Tip growth speeds also span large range of values, from relatively slow elongating yeast cells that grow at ~1µm/hr up to some of the fastest fungi that elongate as fast as 500 µm/hr (López-Franco, Bartnicki-Garcia, and Bracker 1994a;Taheraly et al. 2020b).

Tip growth implicates a highly polarized remodeling and synthesis of the CW at cell tips, which is regulated by the cytoskeleton and small MTPases like Cdc42 and Rac that ultimately restrict the secretion of remodeling enzymes to cell tips (G. Steinberg et al. 2017;Davi and Minc 2015). As such, variations in growth speeds and hyphal shapes may be inherent to rates of CW synthesis and turnover, and on the size of secretion zones respectively (Chevalier et al. 2022;Köhli et al. 2008a).

However, deformation of freshly assembled wall portions is thought to require tensional stresses from turgor, as reducing turgor in most fungal cells halts growth in a near-instantaneous manner (Money 1990b;Minc, Boudaoud, and Chang 2009b). Importantly, such tensional stresses entail large risks of CW failure, with CW strains at cell tips estimated to be around 20-30% and failure RESULTS 175 strains measured to be around ~40-50% in some species (Davi et al. 2019;Stenson et al. 2011).

Accordingly, tip bursting is a common phenotype of fungal hyphae treated with hypoosmotic medium or mutant cells with defective wall synthesis (S. Bartnicki-Garcia and Lippman, n.d.;Davì et al. 2018b). To date, which mechanical strategies fungal cells may have employed to cope with the risks associated with cell growth have not been tackled in a systematic manner. In part progress in this fundamental question has been limited by the low-throughput associated with typical methods like AFM or other force probes to measure wall mechanics and pressure, and that of electron microscopy to measure thickness.

Here, we adapted a sub-resolution method to image CW thickness (Davì et al. 2018b) in live cells of 7 fungal species selected among distant branches on the fungal evolutionary tree, based on their variations in shapes and growth speeds. We coupled thickness measurements to strain-stress assays that use CW laser ablation and the application of ranges of osmotic shocks (Davi et al. 2019;Atilgan et al. 2015b). This allowed us to measure with medium throughput basal values of turgor pressure and bulk elastic moduli. Our results reveal relatively dispersed values of bulk elastic moduli both at cell tip and sides, plausibly reflecting differences in wall compositions. In contrast, both wall thickness and turgor appeared to inversely scale with cell size and tip growth. These findings suggest a counterintuitive scaling whereby rapid growing large cells have less tensed walls. Such effect may limit risks of CW failure when walls are remodeled rapidly.
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RESULTS AND DISCUSSIONS

Measuring the mechanical properties of different fungal species

To analyze how wall mechanics and turgor may vary among fungal species that feature cells with different sizes and elongation speeds, we selected 7 representative species across the fungal kingdom, namely Neurospora crassa, Botrytis cinerea, Aspergillus nidulans, Penicilium janczewskii, Candida albicans, Schizosaccharomyces pombe and Mucor circinelloides (Fig 1A and

Table S1). Measurements for S. pombe and A. nidulans were taken from previous studies from our own employing the exact same strategy as described here (Davi et al. 2019;Chevalier et al. 2022).

6 of them are septate fungi that belong to different clades of ascomycetes, and one, Mucor circinelloides is a more ancient non-septate basidomycetes fungus. Among the species selected several are known opportunistic human pathogens (Mucor circinelloides and Candida albicans), and one is a plant pathogen (Botrytis cinerea). Species were selected based on morphological features, especially hyphal diameter and tip elongation speeds from previous reports, and also as relatively simple systems to grow in laboratory conditions (Fischer-Parton et al. 2000, 4;López-Franco, Bartnicki-Garcia, and Bracker 1994a) (Fig 1B). Importantly, hyphal cells were all grown at room temperature, using similar imaging set up conditions but media were adapted to the different species.

In order to measure CW thickness, h, around live hyphae, we labeled the outer face of CWs with WGA or ConA lectins bound to far-red emitting fluorophores (Table S2). Membranes were labeled with integral membrane proteins in tractable species (Fission yeast, Aspergillus nidulans, Candida albicans, Neurospora crassa) (Chevalier et al. 2022;Davì et al. 2018b;Vauchelles et al. 2010;Serrano et al. 2018), and FM-4 64 in other species (Fig S1 andTable S2) (Fischer-Parton et al. 2000). As this dye may be rapidly endocytosed, cells were placed in open liquid chambers, labeled with lectins, and a 1µL-droplets of FM-4 64 was added locally close to the field of view before immediate imaging. Cells were then pierced using a UV laser focused on the cell surface. This caused CWs to relax, from which we measured elastic strains. Both local thickness and elastic strains allowed to estimate local CW bulk elastic moduli divided by pressure, Y/P, on cell sides or at cell tips (Davi et al. 2019). Finally, CW elastic strain measured from laser ablation was compared with elastic strains at different concentrations of sorbitol added to the medium, and media 

Scaling mechanics with hyphal cell diameter

We first explored putative correlations between cell diameter, CW mechanical properties and turgor. A previous study using libraries of yeast diameter mutants notably reported variations in both bulk elastic moduli and thickness among different mutant cells, with a surface modulus (σ=hY) that increased with cell diameter. In the fungi considered here, values of thicknesses of Bartnicki-Garcia and Nickerson 1962). In contrast, bulk elastic moduli that reflect material properties of CWs and their polysaccharide composition and arrangements were more dispersed. We interpret these variations as a plausible result of large variations in CW composition among fungi (Fig 2D). The surface moduli computed as the product of h and Y, did not appear to increase with cell diameters and were also dispersed (Fig 2E). This suggests that larger lateral CWs are not necessarily stiffer among different fungal species.

Strikingly, turgor values also showed dose-dependence changes with cell diameters, but surprisingly, wider cells appeared to feature less turgid cytoplasm (Fig 2F).

To understand how these values may functionally affect the mechanical state of lateral CWs, we computed CW tension (PR), stress (PR/h), elastic strain (PR/hY), and a bending energy rescaled by that of pressure (PR 3 /Yh 3 ) (Fig S3). This showed that tension was generally lower in larger cells, but did not reveal any simple scaling relationships for CW stress. Bending energy values also increased largely with cell diameter, suggesting that larger CW in different species are easier to bend. Finally, with the exception of Candida albicans, the elastic strain of lateral CWs was mostly flat, at values around ~20%, raising the possibility that limitations in CW deformation may constrain cell diameter definition to ensure wall integrity. We conclude that large fungal cells feature less pressurized cytoplasm and thinner lateral CWs, which may contribute to limit elastic strains in lateral CWs. 
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Scaling CW mechanics with hyphal cell growth

Next, we focused on CW properties at cell tips, to understand how they may be modulated as a function of hyphal cell elongation speeds. As previously reported, larger cells systematically grew faster (López-Franco, Bartnicki-Garcia, and Bracker 1994a); presumably reflecting a higher CW remodeling activity at cell tips in larger cells (Taheraly et al. 2020b) (Fig 3A). Local values of thickness at cell tips were inversely correlated with growth speeds, suggesting that rapid growing cells feature thinner tip CWs (Fig 3B). Interestingly, the ratio of CW thickness between cell tips and cell sides increased with tip growth speeds, with rapid species like P. janczewskii, M. circinelloides and N. crassa that typically featured a thicker wall at cell tips than on cell sides, and slower ones like A. nidulas and fission yeast, with the opposite thickness polarity (Fig S4A). Both CW bulk and surface elastic moduli at cell tips, were also dispersed among different species as for lateral CWs (Fig 3C -3D). Yet, the ratio of bulk and surface moduli between tips and lateral CWs was systematically below 1, validating the general property of tip growing cells that feature softer walls at cell tips (Fig S4B -C) (Mishra, Minc, and Peter 2022). In addition, this ratio was generally smaller in faster growing cells, suggesting that the polarization of CW stiffness may become more pronounced as cells grow faster. Finally, one of the most unique feature was to find that faster growing cells have smaller turgor pressure values than slow growing ones (Fig 3E). For instance, fission yeast turgor is measured to be around 1.5MPa with cells elongating at ~2 µm/h and turgor in Neurospora is ~0.2MPa with cells growing at ~400 µm/h. Together, these findings suggest a counterintuitive scaling in which faster growing cells feature thinner walls at their tips and a less turgid cytoplasm.

To understand if these properties may arise from constrains in tip CW tension, stress, or elastic strains, we computed these parameters at cell tips (Fig S5). We found that, as with the lateral CW portions, the CW tip tension was negatively correlated with the radius, while CW stress did not show any clear tendency (Fig S5A -B). The CW elastic strain was constant around ~25% for most species and even lower in larger cells. Finally, the rescaled bending energy of tip CWs exhibited a large diversity of values, with no clear correlation (Fig S5C -D). Also, previous modeling approaches have suggested that tip growth speed may depend on a product between an effectve CW remodeling rate, a, and the elastic strain multiplied by the radius (PR 2 /hY) (Davì et al. 2018b).

We therefore computed a as a function of tip growth speeds and found that faster growing cells do RESULTS 181 indeed remodel their CW much faster than slower ones, and that this parameter is the most dominant effector of tip growth speeds (Fig 3F). Together these results suggest that faster growing cells do not necessarily rely on a softer tip CW and a more turgid cytoplasm, but rather build on changes in CW remodeling rates to adjust growth speeds. In conclusion, we have here implemented sub-resolution imaging and stress-strain measurements in a set of representative fungal species. These analyses allow to compute local thickness, bulk CW 2 -Mechanical Strategies Supporting Rapid Tip Growth in Filamentous Fungi material properties, as well as turgor, and should be applicable to any type of fungus, allowing to assay cell mechanics in situations representative of infection phases, or response to antifungal agents, for instance. We found that CW bulk material properties vary across fungi, and are not necessarily scaled with cell size or growth speeds, which we interpret as a result of changes in CW compositions and cross-links across fungi. In contrast, CW thickness and turgor were typically smaller in larger and more rapid growing hyphae. This tended to limit elastic strains both on lateral and apical CWs. Hence, we propose that one major constrain for cell mechanics in filamentous fungi is associated with limitations in CW elastic deformations, and therefore CW integrity. As shown in most fungi, hypo-osmotic treatments that effectively increase turgor most often cause large tip-bursting and lysis phenotypes (S. Bartnicki-Garcia and Lippman, n.d.). Faster cells therefore may reduce turgor and thin walls to balance the stress in the apical wall and optimize surface integrity. Other important plausible consequences of lowering turgor, may also be at the level of membrane recycling. As shown in yeast, turgor opposes actin-based forces to set the rate of vesicle internalization (Basu, Munteanu, and Chang 2014;Dmitrieff and Nédélec 2015b). As very rapid tip-growing cells may employ faster recycling rates, we speculate that reducing turgor could also be a mechanical strategy to boost endocytosis in these cells. Future work coupling precise single cell level mechanical measurements as in here, with detailed assessment of conserved biochemical processes in multiple fungi, may help addressing how biomechanical and biochemical designs may have co-evolved to support morphogenetic diversity and survival.

MATERIAL AND METHODS

Fungal growth conditions and medium.

Culture media were adapted to each species (see Table S1). Cells were grown on either Vogel's medium (1.5% sucrose), MAE ( 2% malt and 2% glucose, 0.1% peptone), MCA (1% glucose and 5 mM ammonium tartrate), spider (1% nutrient broth and 1% mannitol), DO (2% glucose), or YE5S (3% glucose).

Cultures were less than a day old, grown in liquid from spore solutions, using 8-well dishes (IBIDI GmbH, Martinriesd, Germany). Candida albicans was grown on liquid YPD (2% glucose). Cells in exponential growth were then harvested, rinsed, and placed in spider medium to induce filamentation. Experiments were done only on the hyphal form.

Membrane and CW labeling

The CW was labeled using either 10µg/mL of WGA (Sigma, L9640) or 70µg/mL of ConA (ThermoFisher, C21421), depending on the species (see Table 1). For the WT strains, the plasma membrane was labeled using FM4-64 (ThermoFisher, T13320). To circumvent rapid endocytosis of the marker, droplets of ~1µL of 1µg/mL of FM4-64 were added close to the chosen hyphae, yielding a bright membrane signal for a short term, and the images were taken within a minute.

Sorbitol treatments

Sorbitol shocks were done either in Ibidi well or in PDMS chamber in which hypahl cells were maintained in the plane by being sandwiched in between dialysis membranes and coverglasses to constraint hyphae (Charvin, Cross, and Siggia 2008;A. Haupt, Ershov, and Minc 2018b). Cells were grown overnight from spore cultures in 1x4 cm PDMS chamber or in ibidi wells. Next, cells were imaged, rinsed with a medium supplemented with sorbitol, and imaged again less than a minute after. For Mucor circinelloides and Penicillium janczewskii a single layer of dialysis membrane was positioned between cells and the roof of the PDMS, in order to constrain hyphae to stay relatively flat, allowing for better measurement and preventing movements of hyphae after osmotic shocks.

For N. crassa, cells were grown on agar media for one day at 30°C in the dark, and a day at 4°C.

An agar square with front line hyphae was then cut, and placed in an ibidi chamber with some liquid media (López-Franco, Bartnicki-Garcia, and Bracker 1994a). After the hyphae reached the RESULTS 185 border of the agar zone, images were taken, medium supplemented with sorbitol was added, and the same hyphae were imaged.

Microscopy

Imaging was done at room temperature, using an inverted spinning-disk confocal microscope equipped with a motorized stage, automatic focus (Ti-Eclipse, Nikon, Japan), a Yokogawa CSUX1FW spinning unit, and a 100X oil-immersion objective (CFI Plan Apo DM 100X/1.4 NA, Nikon). We used either an EM-CCD camera (ImagEM-1K, Hamamatsu Photonics, Japan) with a 2.5X additional magnifying lens or a Prime BSI camera (Photometrics).

Laser ablation of the CW was done using a diffraction-limited spot with a 355 nm laser, with an iLas2 module (Gattaca, France) in the "Mosquito" mode, and performed on a 60X oil-immersion objective (CFI Apochromat 60X Oil lS, 1.4 NA, Nikon). Images were acquired with the 100X oilimmersion objective. The microscope was operated with the Metamorph software (Molecular Devices).

Tracking of cell shape during osmotic shocks was done using a Leica DMI6000 B microscope equipped with an A-Plan 40x/0.65 PH2 objective and an ORCA-Flash4.0LT Hamamatsu camera.

Image analysis

CW thickness analyses CW thickness measurements were done according to previous work (Chevalier et al. 2022;Davì et al. 2018b), using two-color mid-slice confocal images. Using an automated script, the positions of Fungi were grown in liquid in 8-well dishes (IBIDI GmbH, Martinriesd, Germany), except for N. crassa. N. crassa, cells were grown on agar media for one day at 30°C in the dark, and a day at

4°C. An agar square with front line hyphae was then cut, and placed on a cover slide with lectin 2 -Mechanical Strategies Supporting Rapid Tip Growth in Filamentous Fungi diluted in growth media on it. After ~30 min, the lectin signal was homogeneous and the images were taken.

Turgor pressure measurement

Turgor pressure was measured as in (Chevalier et al. 2022;Atilgan et al. 2015b), by comparing the shrinkage of cells rinsed with sorbitol supplemented media of different concentrations (0-4M) with the shrinkage obtained by photo-ablation. Shapes were compared before and less than a minute after the osmotic shock to limit osmotic adaptation. Cell diameters were measured manually using Image J. The internal osmolyte concentration 𝑐 0 ̅ was measured as:

𝑐 0 ̅ = 𝑐 0 ̃+ 𝑐 𝑚𝑒𝑑𝑖𝑢𝑚
With 𝑐 0 ̃ the sorbitol concentration at which the cell shrinks as much as with photoablation, and 𝑐 𝑚𝑒𝑑𝑖𝑢𝑚 the molarity of the media used, measured using a vapor pressure osmometer (5600, Vapro® Vapor Pressure Osmometer).

From this, we calculated the effective concentration of the cytoplasm in the normal state 𝑐 1 ̅ :

𝑐 1 ̅ = 𝑐 0 ̅ 𝑉 0 𝑉 1 -𝛽 1 -𝛽
Where V0/V1 is the ratio between the volume before and after ablation, and 𝛽 the inaccessible volume fraction, taken to be 0.22 (Atilgan et al. 2015b).

This yields to an estimate of turgor, P, from the relationship:

𝑃 = (𝑐 1 ̅ -𝑐 𝑚𝑒𝑑𝑖𝑎 )𝑅𝑇

CW Young's modulus

The Young's modulus (Y) divided by pressure (P) was obtain by combining CW thickness measurement and photo-ablation assays. Assuming that the CW is homogenous and isotropic, the force balance in the cylindrical part yields:

𝑌 𝑠𝑖𝑑𝑒 𝑃 = 𝑅 1 ℎ 𝑠𝑖𝑑𝑒 𝑅 1 * RESULTS 187
Where (R1) and (R0) are cell radii before and after photo-ablation respectively, and 𝑅 1 * = 𝑅 1 -𝑅 0 𝑅 0 , the elastic strain of the lateral CW.

For the hemispherical shape of tips, force balance leads to:

𝑌 𝑡𝑖𝑝 𝑃 = 𝑅 𝑡1 2 ℎ 𝑡𝑖𝑝 𝑅 𝑡 * With 𝑅 𝑡1 * = 𝑅 𝑡1 -𝑅 𝑡0 𝑅 𝑡0
the elastic strain at cell tips, 𝑅 𝑡1 being the tip radius of curvature before ablation, and 𝑅 𝑡0 after. Importantly, these analystical formula were show previously to be valid for relatively long tubes through numerical simulations (Davi et al. 2019).

-Mechanical Strategies Supporting Rapid Tip

Growth in Filamentous Fungi In my Ph.D., I have investigated cell polarity and morphogenesis in the context of filamentous fungal growth. I characterized hyphal mechanical parameters, and linked them with the flow of secretory vesicles, in order to better understand the process of tip growth.

Supplemental figures and legends

The cell wall thickness dynamics

In the first part of my results, I present data obtained in the model fungus A. nidulans where I track cell wall thickness, exocytic vesicle concentration, and elongation. Interestingly, I found fluctuations amplitude in cell wall thickness and exocytic vesicle concentration to be around 15% and around 10% for elongation speeds. This exemplifies the dynamic aspect of the CW, being synthetized and deformed constantly during growth. Because of a lack of tracking methods, the CW has been considered a static structure. Most tip growth models consider it stable, the deformation-induced thinning being fully and instantaneously compensated by synthesis.

However, previous findings in fission yeast and pollen tubes suggest that fluctuations in CW thickness could be a shared feature among tip growing cells (Davì et al. 2018a;McKenna et al. 2009). Extending the method for monitoring cell wall thickness in different tip growing cells could uncover mechanisms of mechanical growth, such as relating these fluctuations to pulsed growth, or relating the range of thickness fluctuations to CW properties such as its elasticity or failure strain, which are key parameters for tip shape and elongation. This would provide insights into whether fluctuations in cell wall thickness are mechanical noise or play an active role in tip growth.

In A. nidulans, I tracked cell wall thickness, exocytic vesicle concentration, and elongation in timelapses every minute. This allowed for the imaging of growing hyphae over more than 20 min with no damage from photo-toxicity, the time needed to elongate more than 5 times their diameter. It provided the tracking of fresh CW material and significant shape changes. Although this frame rate is relatively fast, hyphae growing at 1µm/min do so through a series of vesicle transport, exocytosis, and incorporation of surface material, probably every second or even faster. Using photoactivation localization microscopy (PALM), Zhou et al. showed for instance a correlation between chitin synthase clusters positions and local deformation, by imaging them every 2.5sec (L. Zhou et al. 2018b). They revealed a fast dynamic of cell wall synthase localization, changing patterns in tens of seconds. Thus, in the context of cell wall thickness measurement, a faster acquisition rate could help delineate events that are invisible at a slower rate, such as a correlation between tip cell wall thickness and vesicle fusion rate. Indeed, processes such as vesicle fusion, cell wall thickness insertion, and local expansion happen in seconds. Hence, an improvement of the CW thickness methods to a more rapid frame rate could unravel smaller cell wall synthesis or remodeling events.

The cell wall tight regulation ensure growth

Fungi have impressive adaptative abilities. One of them is to adapt their CW composition when the synthesis of a particular polysaccharide is blocked, by a drug or in a mutant for example (Ries et al. 2017;Henry, Latgé, and Beauvais 2012). It has been shown that in such cases, fungal CW compensates for the lack of a polysaccharide by the increase of others. It would be interesting to investigate the influence of each CW polysaccharide on its stiffness, using our photoablation method. If chitin is known to be the load-bearing component, cross-linking between sugar surely complexifies the overall contribution and importance of each CW component. One could also study the contribution of CW structural proteins and CW remodeling enzymes to the resulting cell wall stiffness. Therefore, a potential expansion of my methodologies may be to directly link CW composition to CW mechanical properties in a model filamentous fungus.

As presented above, cell wall thickness, exocytic vesicle concentration, and growth speed fluctuated but did not show any systematic cross-correlations pattern. One solution to highlight inter-dependencies was to stop growth in different manners, either by affecting vesicles transport by depolymerizing microtubules, using a thermosensitive mutant sarA with a defect in ER-exit, or by manipulating turgor pressure by adding sorbitol. Another assay was to use mutants with growth defects at different levels. For example, the myoVΔ mutant of A. nidulans used in the first part of the results exhibits serious morphological changes, with a diameter twice that of the wild-type, and a directional growth twice slower. In this mutant, pressure, CW bulk elasticity, and thickness were all higher, while there was little to no SPK, as the myosin V structuring the SPK is lacking.

Interestingly, the relative fluctuations of cell wall thickness and vesicle concentrations in growing cells were similar to the wild-type strains, suggesting that the CW synthesis and remodeling machinery is similar. Thus, it would be interesting to monitor the growth of mutant defective in CW regulation and track the relation between CW thickness and elongation in this case. In S.

Pombe, rgf1Δ mutants, in a RhoGEF implicated in the CWI pathway, show events of continuous thinning and acceleration ending with cell lysis (Davì et al. 2018b). In A. nidulans, mutants of the DISCUSSION 221 CWI pathway sensors wscA and wscB exhibit growth defects, with hyphae forming round protrusions (bulges) and defect in growth direction (Futagami et al. 2011b). In the fission yeast, mechanical stress has been shown to trigger the recruitment of mechanosensors to the site of contact (Neeli-Venkata et al. 2021a). It would be interesting to track cell wall thickness dynamics in such cases and monitor their relative fluctuations compare to the wild-type, to underline the possible role in thickness regulation of mechanosensors. In addition, the dynamic tracking of different CW mechanosensors like WscA or Mid2 tagged with fluorescent proteins in correlation with thickness dynamics, may be informative to test e.g. if thinner walls yield to the recruitment of more sensors for example.

Polarity proteins govern expansion

I also investigated the role of vesicle accumulation and cell wall thickness in the context of lateral branching. Branching is one of the key morphogenetic toolkits for fungal space colonization, allowing to exponentially increase the number of growing axis in a mycelium. I showed that branch initiation requires the accumulation and stabilization of exocytic vesicles. Interestingly, the CW thickness of a compartment was not a predictor of future branch sites. Also, no major variation of CW thickness was reported during the branch initiation, suggesting that CW synthesis compensates for deformation-induced thinning. The branching site may be defined by the lateral stiffness of the CW, a softer part being easier to deform, positively promoting secretory vesicle accumulation.

Non-invasive measurements, such as AFM scanning, would provide such information.

In order to track exocytic vesicle accumulation at the cell tip, I used a strain expressing RabE RAB11 -mCherry. RabE RAB11 is a GTPase that plays a role in Golgi transition and coats all exocytic vesicles. Hence, RabE fluorescent signal corresponds to the amount of exocytic vesicle and their localization and provides information about exocytosis dynamics of well as vesicle transport.

While this information is key, other polarity proteins could be tracked to investigate CW synthesis.

For example, the study of glucan synthases dynamic could be done by imaging the regulatory subunit, Rho, of the glucan synthase complex. Combined with the cell wall thickness measurement, this could be a way to directly visualize the CW insertion. Similarly, the imaging of polysaccharide synthases, such as ChsB, combined with the measurement of the CW thickness would potentially enable tracking of chitin synthesis. This could allow for a closer proxy for polysaccharide insertion and the resulting change in CW thickness with unprecedented spatio-temporal precision.

Relationships between cell mechanics and biochemistry

The relationship between the SPK, growth speed, and morphogenesis does not seem to be straightforward. According to the VSC model, an increase in vesicle delivery per unit of time increases the cell radius, and the speed of the VSC determines the overall cell speed. In Candida albicans, Puerner et al. increased the size of the SPK using synthetic physical interaction between two SPK components, myosin light chain 1 and the Rab GTPas Sec4 (Puerner et al. 2021). This resulted in wider and faster filaments, highlighting the relationship between the SPK, diameter, and growth speed, in accordance with the VSC model. In Aspergillus nidulans, the SPK is small soon after germination and increases with time to reach steady state. During this maturation, the intensity of the SPK scale with the growth speed (Taheraly et al. 2020c). However, after a threshold, the SPK no longer correlates with growth speed, probably because of saturation effects. Furthermore, I showed that in myoVΔ mutants, the absence of myosin V induces a lack of a proper SPK, with vesicles not accumulating spherically at the tip but in a rather dispersed manner. This mutant is twice wider than WT, and presents a two-fold reduction of growth speed, resulting in a similar surface extension as the wild-type. In contrast with the C. albicans SPK stabilization experiment, a widening of the hyphae does not induce an increase in growth speed. We can assume that the myoVΔ mutant produces as much new surface material as the wild type, just delivering it less precisely to the tip. In that case, why would the SPK stabilized strain go faster if the same amount of surface material is produced? A hypothesis is that this effect can only last so long, as the stabilization "forces" the incorporation of material faster than it can replenish. Thus, if a larger less focused SPK leads to cell widening, the former increases growth speed while the latter decreases it.

In the second part of my results, I characterized and compared cell mechanics in seven different fungal species spread by millions of years of evolution, to investigate if there are universal laws governing hyphal growth and mechanics. The first finding was a confirmation of the correlation between the radius and the growth speed. According to the VSC model, the radius should scale with the size of the SPK. The measurement of such apical secretion in different tip growing species could confirm modeling prediction (Campàs et al. 2012). As filamentous fungi show a great diversity of size, it would be interesting to scale the SPK with radius and growth speeds in different species. Furthermore, as the size and growth speed of hyphae of the same specie can be modified depending on growth conditions, one could compare inter and intra-species relationships, investigating the universality of the relationship between secretory vesicle accumulation and elongation.

Furthermore, cell wall thickness appears to negatively correlate with the growth rate. While larger cells feature higher CW tension, it seems that instead of building a thicker CW, large cells have lower turgor pressure, to limit surface tension. These thin CWs may in turn mechanically promote growth speed. In the cell wall integrity pathway mutants of S. Pombe, CW thinning has been shown

to promote growth speed, itself promoting thinning, leading to CW rupture (Davì et al. 2018a). If thin tip CWs are less resistant but easier to deform, faster species might have traded security over speed. It is also possible that fast fungal species can better safeguard their CW integrity, being able to react and remodel their CW rapidly when facing stresses. Hence, one could trigger CW remodeling response by different means (chemical by CW digestive drugs or mechanical by laser damage for example) and monitor the time needed to observe CW structural changes, or phenotypes such as tip bursting in multiple species. This would validate or reject the hypothesis that fast hyphae have a faster ability to regulate their CW ensuring they adapt to stresses that match their rapid growth. Along this line, projects in my team, developed by Celia Municio-Diaz, aim at comparing the mechanosensitivity of different Cell Wall sensors which are part of the CWI pathway , to test if and how they may have evolved particular properties adapted to rapid growth.

The role of turgor pressure

Despite decades of research, the role of turgor pressure is still controversial. One principal reason is that it is hard to measure it directly in living cells, especially in small cells. Indeed, if direct turgor pressure can be measured by pressure probes in the large hyphae of N. crassa, it is so far impossible in the tiny filaments of Candida albicans or Aspergillus nidulans. To decipher the role of turgor in fungal extension, I indirectly measure it using a combination of sorbitol shocks and photoablation. This showed that the fastest hyphae are less pressurized. This result is surprising, as most mechanical models propose a correlation between turgor and growth speed, as turgor promotes growth by deforming the CW. While this seems to be the case for variations within a specie (Money and Harold 1993;González-Bermúdez et al. 2017), my results suggest that this scaling is inverted between different species. A possibility is that for larger and faster cells, high turgor pressure maintenance is too energy-consuming. Indeed, as large volumes of water are absorbed during rapid growth, a significant synthesis of osmolytes is required to compensate for volume changes and pressure maintenance. This would suggest that growth speed is dictated by internal biochemistry which controls CW remodeling rates, and that cell mechanics would rather support growth instead of ruling it. Yet, one aspect that I did not investigate is the role of vacuoles that serve as internal resources of water and osmolyte. It is established that some filamentous fungi have very large vacuoles, but to date how vacuole size and content scales with tip growth is not known.

If the CW behaves as a viscoplastic material, a stress threshold must be overpassed to allow irreversible expansion. This stress is associated with turgor pressure. Hence, one can ask if this threshold is the same in different species, or if it is proportional to a specific parameter. In this case, a minimal pressure drop would be required for growth, and additional pressure would increase the rate of elongation. For this purpose, one could track the minimum drop of pressure needed to stop growth. By growing culture in liquid media and rinsing them with media supplemented in osmolyte, one can manipulate turgor pressure rapidly. This would prevent possible osmotic adaptation, unlike the monitoring of growth in different osmolarities. This analysis could reconcile the positive correlation between growth speed and pressure found among the same specie with the negative correlation that I discovered between different species.

Filamentous fungi have different lifestyles, including symbiotic, saprotrophic, or pathogenic. Thus, it is safe to suppose that they adapt different growth strategies depending on where they acquire resources. Some species may privilege fast growth over resistance and adaptability. For instance, Fukuda et al. grew different filamentous fungi in microchambers and monitored which species can pass through a narrow channel. They propose a trade-off between plasticity and velocity, with faster species unable to modulate their morphologies (Fukuda et al. 2021). This trade-off can be compared to reproductive strategies in animals, where some species will produce many offspring with the hope of a few survivors, while others will produce fewer offspring and focus their energy on protecting them. This diversity of strategy can be observed in mechanical parameters, with pathogenic species, such as C. albicans, highly pressurized allowing them to produce important forces to potentially invade host cells and tissues. Whereas saprotroph species, such as Neurospora crassa, favor the speed to colonize space faster.

DISCUSSION
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To conclude, in this work, I developed and adapted methods to quantitatively measure physical cell parameters, including cell wall thickness, stiffness, and turgor pressure, as well as methods to track vesicle and protein localizations and abundance. This provides the community with unprecedented spatial and temporal details on filamentous fungal cell wall regulation and secretion, allowing a better understanding of the core process of hyphal extension. I believe that my Ph.D. work provides key new insights on tip growth, as well as new tools to study walled cell growth, which may apply not only to fungi but also to many plant and bacterial cells.

ANNEXES 1-Systematic mapping of cell wall mechanics in the regulation of cell morphogenesis

Valeria Davì, Louis Chevalier, Haotian Guo, Hirokazu Tanimoto,2, Katia Barrett, Etienne

Couturier, Arezki Boudaoud, and Nicolas Minc

In the beginning of my thesis, I helped to finalize the following article. I did experiments, image analysis and figures. In this article, we investigate morphogenesis in S. Pombe. To do so, we developed method to quantitavely measure cell mechanics. We showed that growing tip are softer than non-growing tip and lateral sides.We found that the cell radius scales with the surface modulus, the product of cell wall thickness and elatic modulus. Our results suggest that cell shape is set by the constrain of elastic strains conservation. This work provide new knowledge about the implaction of mechanical force in cell determination.

Systematic mapping of cell wall mechanics in the regulation of cell morphogenesis Systematic mapping of cell wall mechanics in the regulation of cell morphogenesis Walled cells of plants, fungi, and bacteria come with a large range of shapes and sizes, which are ultimately dictated by the mechanics of their cell wall. This stiff and thin polymeric layer encases the plasma membrane and protects the cells mechanically by opposing large turgor pressure derived mechanical stresses. To date, however, we still lack a quantitative understanding for how local and/or global mechanical properties of the wall support cell morphogenesis. Here, we combine subresolution imaging and laser-mediated wall relaxation to quantitate subcellular values of wall thickness (h) and bulk elastic moduli (Y) in large populations of live mutant cells and in conditions affecting cell diameter in the rod-shaped model fission yeast. We find that lateral wall stiffness, defined by the surface modulus, σ = hY, robustly scales with cell diameter. This scaling is valid across tens of mutants spanning various functions-within the population of individual isogenic strains, along single misshaped cells, and even across the fission yeasts clade. Dynamic modulations of cell diameter by chemical and/or mechanical means suggest that the cell wall can rapidly adapt its surface mechanics, rendering stretched wall portions stiffer than unstretched ones. Size-dependent wall stiffening constrains diameter definition and limits size variations; it may also provide an efficient means to keep elastic strains in the wall below failure strains, potentially promoting cell survival. This quantitative set of data impacts our current understanding of the mechanics of cell walls and its contribution to morphogenesis.

cell shape | cell wall | cell surface mechanics | fission yeast T he cell wall (CW) is a ubiquitous structural layer defining the surface properties of most microbial and plant cells (1)(2)(3). It is composed of long cross-linked sugar strands and proteins, which form a polymeric matrix typically 10 nm to 1 μm thick. The mechanical properties of the CW are largely determined by its thickness and geometry and by the composition and arrangement of its polymeric network, which impinge on material anisotropy and bulk elasticity (4)(5)(6). Those properties are patterned from the biochemistry of wall synthesis and remodeling, which is spatially and temporally regulated during cell growth (5). At short time scales, the CW exhibits elasticlike properties and is put under tension by a large internal turgor pressure typical of walled cells (7)(8)(9). As such, the balance between turgor values and wall stiffness has long been predicted to influence the instantaneous shapes of walled cells [START_REF] Abenza | Wall mechanics and exocytosis define the shape of growth domains in fission yeast[END_REF][START_REF] Atilgan | Morphogenesis of the fission yeast cell through cell wall expansion[END_REF][START_REF] Boudaoud | Growth of walled cells: From shells to vesicles[END_REF]. Given the large range of shapes and sizes spanned by walled cells, addressing mechanical strategies and dose-dependent modulations of wall properties remains an outstanding problem in morphogenesis.

Measuring the mechanical properties of the CW has been a long-term endeavor in plant and microbial sciences. Methods to measure wall stiffness include atomic force microscopy [START_REF] Milani | Shrinking the hammer: Micromechanical approaches to morphogenesis[END_REF], active cell bending or compression (7,8,[START_REF] Stenson | Determining the mechanical properties of yeast cell walls[END_REF], and strain-stress assays through the modulation of turgor pressure [START_REF] Abenza | Wall mechanics and exocytosis define the shape of growth domains in fission yeast[END_REF][START_REF] Atilgan | Morphogenesis of the fission yeast cell through cell wall expansion[END_REF][START_REF] Bonazzi | Symmetry breaking in spore germination relies on an interplay between polar cap stability and spore wall mechanics[END_REF][START_REF] Davì | Mechanosensation dynamically coordinates polar growth and cell wall assembly to promote cell survival[END_REF][START_REF] Rojas | The outer membrane is an essential load-bearing element in gramnegative bacteria[END_REF]. These methods allow the determination of surface elasticity but do not account for putative global or local variations in wall thickness, thereby preventing the contributions to CW mechanics from bulk properties vs. thickness from being discerned. This has limited our appreciation of wall mechanical and biochemical regulation, as bulk elasticity likely reflects polymer composition and cross-linking, whereas thickness is expected to depend on a balance between synthesis and deformation rates (5,[START_REF] Davì | Mechanosensation dynamically coordinates polar growth and cell wall assembly to promote cell survival[END_REF]. In addition, those individual parameters have a differential impact on the stress, elastic strain, or bending modulus of the wall [START_REF] Boudaoud | Growth of walled cells: From shells to vesicles[END_REF]. Therefore, addressing how individual mechanical parameters locally and globally vary with cell shape and size is essential for a complete conceptual understanding of the contribution of wall mechanics to morphogenesis.

Here, we combined subresolution imaging of CW thickness and laser-mediated wall relaxation assays to systematically map bulk elasticity and thickness, with subcellular resolution and medium throughput. We use this approach to address how mechanical properties of the lateral CW of rod-shaped fission yeast cells vary with cell diameter. Using libraries of shape mutants, we find that the wall is systematically stiffer in wider cells and in wider subcellular regions of misshaped cells. We evidence a wall stiffening mechanism, associated with dynamic diameter increase, in which wall sections become gradually stiffer as they are deformed laterally. Size-dependent wall stiffening maintains elastic strains in the wall to low and near-constant values and constrains diameter definition, with crucial implications for cell viability and size regulation.

Significance

The cell wall is a thin polymeric layer encasing the membrane of bacterial, fungal, and vegetal cells, which supports viability and defines cell shape and the mode of growth and division. The material properties of the cell wall are thus key for understanding morphogenesis, but remain difficult to quantify. We introduce a systematic method to map subcellular values of cell wall thickness and bulk elasticity in large populations of yeast cells with unprecedented accuracy. By screening libraries of mutants with defects in cell shapes, we demonstrate that cell walls are stiffer in larger cells or larger cell portions. This size-dependent stiffening constrains cell size definition and promotes cell mechanical integrity.

Results

A Medium-Throughput Method to Map Subcellular Mechanical Properties of the CW. The fission yeast Schizosaccharomyces pombe is one of the most established models to understand the emergence of cell morphogenesis [START_REF] Chang | How and why cells grow as rods[END_REF](19)[START_REF] Graml | A genomic multiprocess survey of machineries that control and link cell shape, microtubule organization, and cell-cycle progression[END_REF][START_REF] Hayles | A genome-wide resource of cell cycle and cell shape genes of fission yeast[END_REF]. These are rod-shaped cells that grow by tip extension with a near-constant diameter of ∼4 μm. As for other walled cells, their shape is defined by their CW encasing the plasma membrane (5). Building on previous methodologies to map CW thickness and compute its surface stiffness [START_REF] Abenza | Wall mechanics and exocytosis define the shape of growth domains in fission yeast[END_REF][START_REF] Atilgan | Morphogenesis of the fission yeast cell through cell wall expansion[END_REF][START_REF] Bonazzi | Symmetry breaking in spore germination relies on an interplay between polar cap stability and spore wall mechanics[END_REF][START_REF] Davì | Mechanosensation dynamically coordinates polar growth and cell wall assembly to promote cell survival[END_REF], we sought to develop a systematic approach to map those key mechanical parameters in populations of cycling cells and mutants (Fig. 1A). We constructed strains expressing GFP-Psy1 to label the plasma membrane at the inner side of the wall, and added specific lectins tagged with a far-red fluorophore to mark the outer face of the wall. As previously reported, this labeling, combined with a dedicated image analysis pipeline, allows the mapping of CW thickness around a given cell, as well as the delineation of CW shape, with nanometric resolution ( 16) (Fig. 1B). After imaging a cell to compute wall thickness, we immediately deflated it by piercing the wall with an ultraviolet (UV) laser focused at a diffraction-limited point on the cell surface [START_REF] Atilgan | Morphogenesis of the fission yeast cell through cell wall expansion[END_REF][START_REF] Bonazzi | Symmetry breaking in spore germination relies on an interplay between polar cap stability and spore wall mechanics[END_REF][START_REF] Haupt | A positive feedback between growth and polarity provides directional persistency and flexibility to the process of tip growth[END_REF]. Cells deflated with a marked and homogenous reduction in the lateral radius, as well as with changes in curvature at cell tips. Cell shape analysis before and less than 1 min after ablation allowed computing the local value of the ratio of the surface modulus of the CW to turgor pressure, hY/P, where h is wall thickness, Y is bulk elastic modulus, and P is pressure [START_REF] Atilgan | Morphogenesis of the fission yeast cell through cell wall expansion[END_REF] (Fig. 1C). This computation was done by using simple analytical expressions for the simple geometries of cylindrical sides and hemispherical tips [START_REF] Atilgan | Morphogenesis of the fission yeast cell through cell wall expansion[END_REF], which were validated using numerical resolutions of the partial differential equations governing axisymmetric thin elastic shells, on a range of geometries covering experimental data [START_REF] Abenza | Wall mechanics and exocytosis define the shape of growth domains in fission yeast[END_REF] (see Materials and Methods and SI Appendix, Fig. S1 C-L, Table S1, and Supplemental Methods). In more complex geometries, such as at birth scars, extraction of local elastic moduli was solely achieved using the simulations (Fig. 1D). The combination of both methods thus served to independently compute wall bulk elastic moduli and thickness and to test their contribution to morphogenesis.

In wild-type (WT) cells, this approach yielded near-similar mean values of bulk elastic moduli of ∼50 MPa using previous estimates of turgor pressure of 1.5 MPa (7,[START_REF] Abenza | Wall mechanics and exocytosis define the shape of growth domains in fission yeast[END_REF][START_REF] Atilgan | Morphogenesis of the fission yeast cell through cell wall expansion[END_REF][START_REF] Davì | Mechanosensation dynamically coordinates polar growth and cell wall assembly to promote cell survival[END_REF]. Locally, the growing old end and the new end after new end take off (NETO) were the softer parts of the cell, likely accounting for growth and wall remodeling there. The birth scars, cell sides, and nongrowing new ends had a bulk elasticity typically ∼2 times higher than growing ends. Sorting cells by length revealed that the old end and cell sides kept near-constant bulk and surface elastic moduli throughout the cell cycle. In contrast, the new end underwent a marked 2-fold reduction in bulk and surface moduli at a length of around 10 to 12 μm, likely corresponding to growth resumption there after NETO (Fig. 1 D-F, and SI Appendix, Fig. S1 K andL).

We next asked if local cell shape features were correlated with specific CW mechanical parameters around the cell. Because normal haploid WT cells have a narrow range of diameters, we used starved cells, cells grown at 36 °C, and diploids-conditions known to affect cell diameters. This analysis showed that the local radius of curvature at the old end was only mildly correlated with either CW thickness or elastic and surface moduli divided by pressure. Similarly, new end radii exhibited weak positive correlation with their local counterpart values of bulk and surface moduli, but exhibited no correlation with thickness. In contrast, the radius along the cylinder exhibited the highest positive correlation with side surface moduli, indicating that this mechanical parameter could encode for diameter regulation (Fig. 1 G-J and SI Appendix, Fig. S2).

The Surface Modulus of the Lateral CW Scales with Cell Diameter.

Building on those observations, we asked whether mechanical properties of the CW would vary in populations of mutants with defective diameter regulation. For this, we examined 26 mutants knocked out for a single open reading frame (ORF), which have been reported to bear defects in cell diameter from previous visual screens of the fission yeast knockout (KO) library [START_REF] Graml | A genomic multiprocess survey of machineries that control and link cell shape, microtubule organization, and cell-cycle progression[END_REF][START_REF] Hayles | A genome-wide resource of cell cycle and cell shape genes of fission yeast[END_REF]. After careful validation and diameter quantification, we refocused our analysis on a specific set of 18 mutants that solely exhibited diameter misregulation, discarding more complex misshaped mutants with other bent or branched features, for instance [START_REF] Graml | A genomic multiprocess survey of machineries that control and link cell shape, microtubule organization, and cell-cycle progression[END_REF][START_REF] Hayles | A genome-wide resource of cell cycle and cell shape genes of fission yeast[END_REF]. Importantly, these 18 mutants covered several physiological processes, including polarity, chromosome segregation, metabolism, and wall synthesis (Fig. 2 A-E and SI Appendix, Fig. S3A and Table S2). Defects in diameter regulation in these strains could be segregated into 3 categories. One first category had a mean diameter significantly different (higher or lower) than WT. A second category had a similar mean value to WT diameters, but a much larger variability (computed as a SD), likely reflecting defects in diameter maintenance through successive divisions. A last category was composed of skittle-shaped mutants with defects in diameter along a single cell (Fig. 2 A-D). Finally, we added to this screen 8 mutants involved in CW regulation that do not have major defects in diameter but are expected to misregulate wall mechanics. To compute wall mechanical parameters, mutant strains were transformed to stably express GFP-Psy1, and grown and assayed as controls following a standardized procedure. For each strain, we typically analyzed ∼20 to 30 cells, discarding dividing cells. In addition, although we kept mutants that may have skittle-shaped cells, we first analyzed a subpopulation in those strains with near-intact rod shapes.

This analysis, over tens of mutants, revealed a relatively narrow distribution of side CW thickness of around 200 nm, with one particular mutant, kin1Δ, exhibiting a significantly higher thickness of more than 300 nm ( 23) (Fig. 2F). Correlation between diameter and thickness was positive but relatively low (r = 0.39, Fig. 2F). To compute bulk moduli, we first validated the use of analytical expressions by a direct comparison with simulations in a range of representative cells. Using those expressions, we computed elastic moduli divided by pressure, Y/P, and found that they also increased with cell diameter but displayed a much higher correlation (r = 0.73, Fig. 2G, and SI Appendix, Fig. S3 B-F and Table S1). Importantly, these variations in the values of Y/P mostly reflected changes in the bulk modulus of the wall, and not turgor pressure. This was evidenced by comparing the relaxed length obtained from wall piercing through laser ablation to that obtained with increasing amounts of sorbitol hyperosmotic treatment [START_REF] Atilgan | Morphogenesis of the fission yeast cell through cell wall expansion[END_REF]. This analysis, performed in mutants with the largest diameters, yielded a relative pressure compared with that of WT cells and revealed variations of less than a few percentage points (SI Appendix, Fig. S3 G and H). This suggests that mutants with varying diameters may have similar turgor values and that shape variations may be mostly associated with changes in CW mechanics.

The surface modulus exhibited the highest correlation coefficient with the cell radius (r = 0.82, Fig. 2H). Accordingly, mutants that departed from the main trend in thickness or bulk elastic modulus appeared to compensate the other parameter so that the surface modulus remained in the mean trend (Fig. 2 F-H). We also found a good correlation of thickness and bulk and surface moduli at the old end to that at cell sides, suggesting that mechanical properties of the lateral CW could be defined during the initial synthesis of the CW at cell tips and be modified in the same manner during growth. In contrast, the mechanical properties of the CW at the new end were much less correlated with that of the sides, plausibly as a consequence of prior septum synthesis there [START_REF] Atilgan | Morphogenesis of the fission yeast cell through cell wall expansion[END_REF] (SI Appendix, Fig. S4). Thus, this large-scale analysis suggests a dose-dependent link between cell diameter and CW surface modulus, which best represents the stiffness of this structure.

Size-Dependent Wall Stiffening in Isogenic Populations, at Subcellular Levels, and across the Fission Yeast Clade. We next reexamined a mutant strain, plc1Δ, deleted for a gene that encodes for a phospholipase C enzyme and exhibits rod-shaped cells with a high SD in diameter (Fig. 2 A-E) [START_REF] Andoh | Molecular cloning of the plc1+ gene of Schizosaccharomyces pombe, which encodes a putative phosphoinositide-specific phospholipase C[END_REF]. When analyzed at the level of a population of single mutant cells, we found a net positive correlation between CW surface modulus and cell diameter. Importantly, this correlation was mostly associated with an increase in bulk modulus of the wall of fatter cells (Fig. 3A and SI Appendix, Fig. S5 A andB). Thus, modulation of CW stiffness is associated with cell-to-cell variations in diameter in an isogenic population.

To understand if this correlation was also valid at a local level, we analyzed skittle-shaped cells. We selected 2 representative mutants with skittlelike defects but pertaining to distinct genotypic classes (myo1Δ and ubr1Δ), and used plc1Δ rod-like cells as controls. We computed local diameters along the cell's long axis and plotted them as a function of local surface moduli. While points in the rod-shaped plc1Δ cell clustered around a single value, local radii and surface moduli varied and were strongly correlated along the length of single myo1Δ and ubr1Δ cells, with larger portions of the CW being stiffer. These local estimations were also validated by simulating the inflation of relaxed walls based on our axisymmetric thin-shell model, yielding to near-similar turgid cell shapes (Fig. 3B and SI Appendix, Fig. S5 C-E). Those subcellular effects further rule out putative contributions from turgor variations and suggest that the surface modulus of the CW provides a robust predictor for local as well as global diameters in fission yeast.

Finally, we also measured CW mechanics in closely related species pertaining to the fission yeast clade: Schizosaccharomyces japonicus, Schizosaccharomyces octosporus and Schizosaccharomyces cryophilus. These species exhibit cells with markedly different diameters compared with S. pombe cells. Remarkably, the scaling between surface moduli and diameters was also highly pronounced in this clade (Fig. 3 C and D). However, in contrast to S. pombe mutants, variations in stiffness were mostly associated to thickness changes of the lateral wall, with some large S. japonicus cells featuring walls typically twice as thick as S. pombe cell walls (SI Appendix, Fig. S5 F and G). This suggests that bulk material properties and plausibly compositions of walls in these different species may not drastically vary. Rather, adaptation of wall thickness appears as the dominant strategy to scale wall stiffness to cell size in the fission yeast clade.

Size-Dependent Lateral Wall Stiffness Limits Elastic Strains. Using the aforementioned data, we then computed which conceptual mechanical parameter may constrain cell diameter definition. We computed the stress born by the lateral CW, defined as PR 1 /h s , the elastic strains defined as PR 1 /Y s h s , and the bending energy of the CW normalized by that of pressure, computed as PR 1 3 /Y s h s 3 , where R 1 is the pressurized radius. Without size-dependent adaptation of wall mechanics, these parameters are expected to increase with diameters. The stress in the CW estimated assuming constant values of pressure of 1.5 MPa systematically increased with diameter. The CW of fatter cells thus bears higher stresses than smaller cells, suggesting that stress limitation may not be a strategy to control the shapes of those walled cells [START_REF] Sapala | Why plants make puzzle cells, and how their shape emerges[END_REF]. The bending energy was more variable but also increased with diameter, suggesting that CW bending may not constrain diameter definition [START_REF] Boudaoud | Growth of walled cells: From shells to vesicles[END_REF] (SI Appendix, Fig. S5 H-J). Remarkably, however, we found that the elastic strain in the wall was mostly constant, with values around ∼25 to 30%, and even slightly decreased at larger-diameter values. Accordingly, the relaxed radius, R 0 , was strongly correlated with R 1 (r = 0.99) so that R 1 ≈ 1.3R 0 , in agreement with a near-constant elastic strain of ∼30% (Fig. 3 D andE). Thus, this analysis demonstrates that diameter-dependent CW stiffening limits elastic strains in the wall.

Dynamic Modulations of Cell Diameters Reveal Strain-Stiffening

Properties of the Lateral CW. Walled cells may undergo rapid shape or size changes. We thus used chemical and physical approaches to dynamically modulate cell diameter and monitor changes in wall mechanics. We first treated cells with a low dose (10 μM) of the actin-depolymerizing drug Latrunculin A (LatA). This intermediate dose may weaken polar domains of the active GTP-bound Cdc42, and yields fatter cells [START_REF] Kelly | De novo growth zone formation from fission yeast spheroplasts[END_REF]. By performing a time course, we noted that cells enlarged their diameters in times as short as 30 to 60 min, without building a whole new CW through growth and division. Rather, the glucan synthase Bgs4 exhibited a gradual dispersion from tips to the whole cell contour over ∼1 h, probably yielding ectopic CW synthesis, remodeling, and diffuse growth, and thereby enlarging diameter [START_REF] Haupt | A positive feedback between growth and polarity provides directional persistency and flexibility to the process of tip growth[END_REF] (SI Appendix, Fig. S6 A-D). By computing thickness and bulk elastic moduli in cells treated with 10 μM LatA for 90 min, we found that diameter increase was associated with a reduction of lateral wall thickness, likely resulting from an imbalance between deformation and synthesis [START_REF] Davì | Mechanosensation dynamically coordinates polar growth and cell wall assembly to promote cell survival[END_REF]. This thinning was concomitant with an increase in bulk elastic modulus (Fig. 4 A and B and SI Appendix, Fig. S6 E andF). Importantly, these changes resulted in a net increase of the surface modulus on cell sides, yielding a near-conservation of CW elastic strains during these dynamic changes in diameter (23% in LatA compared with 26% in dimethyl sulfoxide [DMSO] controls).

As another independent means to dynamically alter diameter, we used microfabricated polydimethylsiloxane (PDMS) channels. We grew large rga4Δ mutant cells into narrow microchannels, forcing them to adopt a smaller diameter [START_REF] Zegman | Measurement and manipulation of cell size parameters in fission yeast[END_REF][START_REF] Bonazzi | Actin-based transport adapts polarity domain size to local cellular curvature[END_REF]. Remarkably, at the channel exit, cells popped out and recovered their normal large diameters in time scales of a few minutes without growing large portions of new CW. In a subset of experiments, we could even detect cells with one fatter part outside and one thinner part inside the channel. This suggests that the stress exerted by turgor on the CW is partly compensated by the walls of the microchambers, and fully deforms the cell into its normal shape once outside (Fig. 4 C and D and SI Appendix, Fig. S6 G-I). Although lateral wall thickness analysis was not compatible with microchannels due to unspecific lectin binding to PDMS walls, we could ablate those cells to measure relaxed radii and elastic strains. This revealed a rapid plastic irreversible deformation of the CW, as the relaxed radius rapidly increased in cells popping out of the channels. In addition, elastic strains were also nearly conserved during this transition, suggesting that expanding walls may rapidly stiffen to limit further expansion (Fig. 4 E andF).

Those results were indicative of putative strain-stiffening properties of the CW. A signature of materials with such properties is that they compress more than they stretch under an applied mechanical stress of the same magnitude (compressive and tensional, respectively). To assay this, we compared the magnitude of wall deformation in response to hyperosmotic and hypoosmotic shocks of same amplitudes [START_REF] Kierzkowski | Elastic domains regulate growth and organogenesis in the plant shoot apical meristem[END_REF]. WT cells were rinsed in 1 M sorbitol and left to adapt and recover their turgid state for more than 1 h. Adapted cells had similar wall mechanical properties as normal WT cells (SI Appendix, Fig. S7 A-C). We then rapidly rinsed those cells either with 2 M sorbitol to create a hyperosmotic shock or with normal media for hypoosmotic shocks, and tracked shape changes within less than 2 or 3 min (Fig. 4G). Strikingly, in response to the same pressure difference, cells shrunk significantly more than they inflated. This differential response was also clear for shocks of lower or higher magnitudes and differed markedly from a simulation with constant CW elasticity (SI Appendix, Fig. S7D and Supplemental Methods). Importantly, this effect was still pronounced in msy2Δ or msy1Δ msy2Δ mutants defective in turgor adaptation to hypoosmotic stress [START_REF] Nakayama | Organellar mechanosensitive channels in fission yeast regulate the hypo-osmotic shock response[END_REF] and in key mutants of the CW integrity pathway [START_REF] Pérez | Cell integrity signaling and response to stress in fission yeast[END_REF], indicating that it was mostly independent of canonical downstream wall regulatory signaling (Fig. 4 G and H and SI Appendix, Fig. S7 E-G). Although these data cannot rule out the implication of unknown wall regulatory systems, they suggest that this effect may involve a rather passive distortion in the wall polymer network, which stiffens strained walls in a dose-dependent manner.

Discussion

By combining wall thickness measurements and relaxation assays, we provide a systematic quantitative assessment of CW mechanical properties in the regulation of single-cell morphogenesis. We find that the CW is globally or locally stiffer in larger cells or cell portions. This scaling remains valid among mutants defective in diverse processes such as polarity, signaling, and metabolism, and in several species of the Schizosaccharomyces clade, suggesting that it could represent a broad property of walled cells. This effect has dramatic implications for size regulation. If the largest S. pombe mutants had similar stiffness as WT cells, they would reach pressurized diameters of up to 8 to 9 μm instead of 6 μm, and S. japonicus cells would reach up to diameters of ∼15 to 20 μm. Interestingly, we find that wall stiffening in S. pombe mutants is mostly associated with an increase in bulk elasticity, suggesting that wall polymer composition or arrangement may be directly or indirectly altered by genetic disruptions. In contrast, other fission yeasts appear to adapt stiffness by thickening their lateral wall at a relatively fixed bulk elasticity. The human pathogen Cryptococcus neoformans features titan cells typically 10 times larger than normal cells and exhibit a specific thick and stiff polymeric capsule [START_REF] Mukaremera | Titan cell production in Cryptococcus neoformans reshapes the cell wall and capsule composition during infection[END_REF]. The wall of plant-pathogenic fungi can become melanized to support large size increases associated with appressoria formation [START_REF] Mukaremera | Titan cell production in Cryptococcus neoformans reshapes the cell wall and capsule composition during infection[END_REF][START_REF] Ryder | Regulation of appressorium development in pathogenic fungi[END_REF]. Modulation of wall surface stiffness may thus be a conserved strategy for walled cells to cope with size variations.

During dynamic shape changes, we provide significant evidence for the existence of gradual wall stiffening, which renders stretched CW portions stiffer than relaxed ones. Active lateral wall remodeling, such as in LatA experiments, may promote stiffening of enlarging CWs at relatively long time scales (similar to those of growth). However, physical manipulations in microchambers and with osmotic treatments support rapid and plausibly passive strain-stiffening properties of the lateral CW. Similar effects reported in bacteria and plant CWs have been proposed to implicate the passive rearrangement or stretching of individual wall polymers in the direction of deformation, which renders the material stiffer [START_REF] Kierzkowski | Elastic domains regulate growth and organogenesis in the plant shoot apical meristem[END_REF][START_REF] Deng | Direct measurement of cell wall stress stiffening and turgor pressure in live bacterial cells[END_REF]. Which particular polymer or cross-link may promote such behavior is an exciting research avenue for the future.

Tip growth is also associated with CW flows that define a time scale for CW expansion and translocation from tips to sides [START_REF] Abenza | Wall mechanics and exocytosis define the shape of growth domains in fission yeast[END_REF][START_REF] Campàs | Shape and dynamics of tip-growing cells[END_REF]. CW expansion might thus also be viewed as a viscous process, whereby the rate of expansion is proportional to CW tension and CW effective viscosity. The cessation of lateral expansion when cell diameter is reached would require viscosity to become very large at the same time as the CW stiffens. We foresee that these mechanical maturations, whether passive or active, could have relevance to normal cell growth, by promoting the gradual stiffening of initially soft CW portions assembled at cell tips as they move along the cylinder during growth. Thus, size-dependent stiffening may confer a unique mechanical benefit to tip-growing cells by limiting lateral size variations while maintaining a relatively soft CW at the tips needed for growth [START_REF] Drake | Model of fission yeast cell shape driven by membrane-bound growth factors and the cytoskeleton[END_REF].

Finally, size-dependent wall stiffening allows for maintaining elastic strains to relatively constant and low values. Measured elastic strains in our assays do not exceed 25 to 30%, which is below the estimated failure strain of the CW (at which the wall would break open) of ∼45% measured in Saccharomyces cerevisiae [START_REF] Stenson | Determining the mechanical properties of yeast cell walls[END_REF]. Although the composition of the CW in S. pombe is different, our findings of a conserved strain well below this failure strain suggest that the CW will remain mostly intact, even when cells are grown to a larger size. Thus, our data support plausible generic mechanical principles of the CW supporting both cell shape and integrity.

Materials and Methods

Yeast Strains, Media, Genetics, and Drug Treatments. Standard methods for S. pombe media and genetic manipulations were used. Strains used in this study are listed in SI Appendix, Table S3. Diameter mutants were selected from an initial list of 62 misshapen mutants intersecting visual screens of the fission yeast KO library [START_REF] Graml | A genomic multiprocess survey of machineries that control and link cell shape, microtubule organization, and cell-cycle progression[END_REF][START_REF] Hayles | A genome-wide resource of cell cycle and cell shape genes of fission yeast[END_REF]. Mutants were either transformed or crossed to generate strains stably expressing GFP-Psy1. Through visual inspection, mutants with cylindrical or quasi-cylindrical shape were selected, excluding more complex phenotypes. Skittle-shape phenotypes were not fully penetrant, allowing for imaging a subset of cylindrical cells in the population. A final quantification was done to select mutants with a larger mean diameter or large variance. LatA (Sigma) was used at a final concentration of 10 μM from a 1000× stock in DMSO.

Microfabricated Chambers. The general design, fabrication, and assembly of microchannels to control fission yeast diameter is described in ref. [START_REF] Haupt | A positive feedback between growth and polarity provides directional persistency and flexibility to the process of tip growth[END_REF]. Spores from a homothallic rga4Δ strain were inserted into the PDMS microchannels and left to germinate for >20 h at 25 °C in YE5S plus GS-IB 4 -Alexa Fluor 647 conjugate.

Microscopy. In all experiments, cells were prelabeled in YE5S media containing 5 μg/mL of labeled lectin from Griffonia simplicifolia (GS-IB 4 -Alexa Fluor 647; Thermo Fisher Scientific). For single-time imaging and laser ablation, cells were placed between a glass slide and a coverslip and imaged within 20 min. Timelapse imaging for LatA and osmotic treatments was performed in homemade glass channels built from one 24 × 50 mm (VWR, Radnor, PA) and a 22 × 22 mm (Thermo Fisher Scientific) coverslip spaced by ∼250 μm, using doublesided tape. The flow channel was first coated with 1 mg/mL poly-L-lysine (Sigma-Aldrich), rinsed, and subsequently coated with 0.1 mg/mL GS-IB 4 (Sigma-Aldrich) and rinsed with water and YE5S, before prelabeled cells were flowed in. Imaging was performed at room temperature (22 to 26 °C) with controlled humidity (>30%). Details for imaging setups and image analysis scripts are reported in SI Appendix, Supplemental Methods.

Calculations of Bulk Elastic Moduli from Wall Relaxation Assays. Values of bulk modulus divided by turgor pressure were estimated as in ref.

11, using the variations in cell shape before and after laser ablation and CW thickness maps. Assuming the CW material to be homogenous and isotropic [START_REF] Abenza | Wall mechanics and exocytosis define the shape of growth domains in fission yeast[END_REF][START_REF] Atilgan | Morphogenesis of the fission yeast cell through cell wall expansion[END_REF], and given that the ratio of radial to longitudinal expansion upon wall ablation is close to 2 (SI Appendix, Fig. S1 A and B), the Poisson's ratio of the CW was taken to be 0. As a consequence, for the simple cylindrical geometry of the cell side, the force balances on the CW yields

Y side ΔP = R 1 h side R 1 * ,
where R 1 * = R1 -R0 R0 , with R 0 being the deflated radius on cell sides. At cell tips, force balance reads as

Y tip ΔP = Rc 2h tip Rc * ,
where Rc * = Rc -Rc0 Rc0 , with Rc 0 being the deflated curvature radius at cell tips. As stated throughout the manuscript, these analytical formulae were validated with a numerical resolution of the partial differential equations governing thin elastic shells [START_REF] Abenza | Wall mechanics and exocytosis define the shape of growth domains in fission yeast[END_REF] (SI Appendix, Supplemental Methods and Fig. S1 C-L). When local cell shapes were not perfectly cylindrical (e.g., in the analysis of bulk moduli at birth scars, Fig. 1D), we derived values using this computational approach only. Those simulations were also used to confirm results in cells with varying diameters and in skittlelike cells (SI Appendix, Figs. S1K, S3 B-F, andS5E). Finally, we note that laser ablation could leave some remnant of pressure [START_REF] Atilgan | Morphogenesis of the fission yeast cell through cell wall expansion[END_REF]. Although this effect could slightly alter the exact values of bulk moduli, it would not affect the ratio of moduli to pressure reported throughout this work. 5µg/ml from a 100X stock in DMSO. This provided sharp membrane labelling on cell sides, but did not allow to map thickness at cell tips. From those signals, a first binarization defined the most external cell boundary, on which perpendicular lines were defined at each pixel.

Because some of the mutants showed a variable intracellular background, plausibly due to partial defects in Psy1 delivery to plasma membrane or increased auto-fluorescence, we systematically implemented a correction script to extract the true signal peak by using an analytical expression of the convoluted intensity profile (1,2).

Cell Shape and local Cell Wall thickness measurements: For each cell, wall boundaries were obtained by binarization of mid-slice confocal fluorescent images of lectin-Alexafluor647 label, before and after laser ablation. For some cells, the results were manually updated, to correct for local signal bleaching after laser ablation. The long axis of the cell was automatically detected and used to define cell length. Old and new ends were defined by the user, and local radii of curvature (Rc1-0) were measured by fitting local tips with a circle using a portion of the cell surface of 3.44 m around the center of the tip; the same section was used to measure tip wall thickness. The two scar bulges localization was defined by the user, scar radius was automatically measured as the distance between them, and thickness computed as a mean of values on a distance of 0.430 m around the selected center. Cell sides limits (single or multiple) were defined by the user, and the radius of the cell (R1-0) was measured as the mean of all diameters on the selected region, as well as side thickness. Birth scars were sometimes superimposed on the selected side region, like in multi-scarred cells. In such cases, the scar region (0.430 m around the selected center) was automatically excluded to compute side parameters. Those geometrical features were fed into analytical expressions reported in methods, or 3D simulations (see below) to extract elastic moduli.

A full package including all relevant information, scripts and examples to implement those methods is available on our research web page: http://www.minclab.fr/research

GFP-Bgs4 concentration measurements:

To analyze the localization of polar factors we used the same approach as in (1). Cells expressing GFP-Bgs4 were labeled with Gs-IB4-Alexafluor647. The cell was first segmented by using the signal from the lectin-labelled cell wall, in order to extract the whole-cell contour. Fluorescent signals of interest were then extracted from fluorescent images by using a mask based on corresponding sub-regions. Signals were corrected for the background signal:

𝐼 𝑡𝑖𝑝 = 𝐼 𝑡𝑖𝑝 𝑟𝑎𝑤 -𝐼 𝑏𝑔 𝐼 𝑐𝑒𝑙𝑙 𝑐𝑜𝑛𝑡𝑜𝑢𝑟 = 𝐼 𝑐𝑒𝑙𝑙 𝑐𝑜𝑛𝑡𝑜𝑢𝑟 𝑟𝑎𝑤 -𝐼 𝑏𝑔
The polarization index (PI) was defined as the ratio between the mean intensity of the two tips divided by the intensity along the whole cell contour, as in ( 3):

𝑃𝐼 = 𝐼 𝑡𝑖𝑝 𝐼 𝑐𝑒𝑙𝑙 𝑐𝑜𝑛𝑡𝑜𝑢𝑟
3D cell reconstruction: To analyze cell shapes in microchannel experiments, z-stacks of the membrane label GFP-Psy1 covering the whole depth of the cell were acquired with a z-step of 200 nm. Images were segmented using the Limeseg plugin for Fiji (4), which converts the stack into a 3D surface mesh. This reconstructed cell shape was analyzed using a custom Matlab script available online at https://github.com/SergeDmi/analyze_pombe. A closed curve was fitted to the points of the central slice using a spline-fitting tool adapted from (5); the perimeter was determined as the length of this curve.

Osmotic treatments:

Estimation of relative values of turgor pressure: To estimate pressure values, cells grown in YE5S and pre-labeled with 5 mg/ml Gs-IB4 -Alexafluor647 were placed in homemade glass channels, imaged, and subsequently rinsed with YE5S+5 mg/ml Gs-IB4 -Alexafluor647 supplemented with different doses of sorbitol and imaged again less than 5 minutes after treatment. Turgor pressure was computed as previously described in (6). The external osmolarity at which the cell wall reaches its relaxed state was estimated from a comparison with laser ablation data, considering this last as the fully relaxed wall state (Fig. S3G). The same values for sorbitol, glycerol and YE osmolarity, molarity to molality conversion coefficients, and cell inaccessible volume fractions were used as in (6). Volumes before (V1) and after (V0) ablation were measured at the population of each mutant, considering the central part of the cell as a cylinder and the two ends as hemispheres. The analysis of shape changes during osmotic treatments, were computed from the lectin signal using ImageJ. The diameter was calculated as an average of 5 measurements along the cylindrical part of the cell.

Dynamic hyper and hypo-osmotic shocks: Cells grown in YE5S were harvested, washed once in YE5S+1M sorbitol, and incubated in the same media for more than 45-60 min for adaptation. This timing was set from a time-course calibration for diameter and growth recovery upon sorbitol treatment, which suggested full turgor recovery after ~ 60min. Longer adaptations were also assessed and did not alter the differential response reported in Figure 4H. 10 mg/ml Gs-IB4 -Alexafluor647 was added to the cells during 10 min, and cells were subsequently placed into separate homemade glass channels filled with YE5S+10 mg/ml Gs-IB4 -Alexafluor647, imaged and rinsed with YE5S for hypoosmotic treatment or with YE5S+2M sorbitol for hyperosmotic treatment. For the experiment with YE5S+0.5M sorbitol (Fig. S7E-S7G), adaptation was also done for at least 60min, and cells were then rinsed in either YE5S for hypoosmotic treatment or with YE5S+1M sorbitol for hyperosmotic treatment. For treatment with YE5S+1.5M sorbitol (Fig. S7E-S7F), adaptation was done for at least 120 min, and cells were then rinsed in either YE5S for hypoosmotic treatment or with YE5S+3M sorbitol for hyperosmotic treatment. Cells were imaged again less than 3 minutes after treatment. Expansion and deflation were mostly homogenous along the cells sides, with no notable local changes close to cell tips. The quantification of diameter changes was achieved by computing the diameters at 5 different position along the cell sides.

Simulation methods to compute elastic moduli:

The analytical formula mentioned in methods were validated at the cylindrical sides and at hemispherical tips with the numerical resolution of the partial differential equations governing thin elastic shells (7) (Fig. S1C-S1L). When local cell shapes were not perfectly cylindrical, for instance to analyze bulk moduli at birth scars (Fig. 1D), we derived values for the bulk modulus using this computational approach only. Those simulations were further used to confirm experimental estimations based on analytical expressions in cells with varying diameters (Fig. S3B-S3F) and in skittle-like cells (Fig. S5E), and yielded near-exact values for rod and rod-like parts of the cells.

The estimation procedure of cell mechanical parameters is achieved using a 3D simulation based on theory of elasticity, as detailed in the supplementary text of (7). For this, we consider the partial differential equations governing axisymmetric thin elastic shells, assuming that the Poisson ratio is 0 and that bending stiffness is negligible, and we solve them numerically.

Thanks to the axisymmetric shape of the fission yeast cell wall envelope, the 2D mechanical problem of the whole surface can be reduced to a 1D numerical problem. The equation proposed by Su and Taber (8) for pressurized axisymmetric thin shell was solved to calculate the deformation of the axisymmetric shell approximating the yeast cell wall. The boundary conditions are that the two curvatures (κ11 and κ22) and the two deformations (λ11 and λ22) are equal on the two points laying on the axis of rotational symmetry, while the transverse shear Q2 is 0 at those points. Details on the numerical methods and their validations are available in (7,9). The system of equations reads:

𝜕 𝑠 𝑟 = 𝜆 22 cos(𝜙) + 𝛾 2 sin(𝜙) (1) 
𝜕 𝑠 𝑧 = 𝜆 22 sin(𝜙) -𝛾 2 cos(𝜙)

𝜕 𝑠 𝜙 = 𝛼(𝜅 22 +𝜕 𝑠 𝜙 0 )

𝜕 𝑠 𝑉 2𝑏 = -𝑟𝛼𝑝 𝑣 (4)

𝜕 𝑠 𝐻 2𝑏 = 𝛼( 𝜕𝑤 𝜕𝜆 11 -𝑟𝑝 ℎ ) (5) 
𝜕 𝑠 𝑀 22𝑏 = 𝛼(cos(𝜙) 𝜕𝑤 𝜕𝜅 11 + 𝑟𝑄 2 𝜆 22 -𝑟𝐻 2 𝛾 2 ) (6) 
With:

r, z = radial and azimuthal coordinates of the axisymmetric contour.

𝜙, 𝜙 0 = meridional angles after and before deformation. ) , 𝑝 ℎ = 𝑝 𝑠𝑖𝑛(𝜙 -Γ 𝑠 ), 𝑝 𝑣 = -𝑝 𝑐𝑜𝑠(𝜙 -Γ 𝑠 ) [START_REF] Davì | Mechanosensation dynamically coordinates polar growth and cell wall assembly to promote cell survival[END_REF][START_REF] Rojas | The outer membrane is an essential load-bearing element in gramnegative bacteria[END_REF][START_REF] Chang | How and why cells grow as rods[END_REF] The following linear elastic energy including both transverse shear and bending was sufficient to describe wall relaxation experiments from laser ablation: , C=

𝑤(𝜆
𝑌ℎ 3 24(1-𝜈 2 )
. [START_REF] Graml | A genomic multiprocess survey of machineries that control and link cell shape, microtubule organization, and cell-cycle progression[END_REF][START_REF] Hayles | A genome-wide resource of cell cycle and cell shape genes of fission yeast[END_REF][START_REF] Haupt | A positive feedback between growth and polarity provides directional persistency and flexibility to the process of tip growth[END_REF] The system of ODE was closed by the three following algebraic equations which involve the variables λ22, κ22, γ2 :

𝜆 22 = (1 + 𝑁 22

2𝐴

-𝜈(𝜆 11 -1))

𝛾 2 = 𝑄 2 2𝐵 (23) 
𝜅 22 = 𝑀 22 2𝐶 -𝜈𝜅 11 (24) 
The following procedure was thus implemented, using the numerical procedure described in (7): The relaxed contour of the cell was swollen by computing the stress pattern from the curvatures, and elastic strain from stress, with an internal pressure of 1MPa, supposing a oneparameter family of Young-modulus distributions (see below), the best fitting parameter for the turgid contour was retained to calculate the estimate. The chosen one-parameter families of Young modulus distributions are the following:

-For the estimation of the scar modulus in Figure 1D, we used a distribution of Young's modulus along the curvilinear abscissa x (The 0 of the curvilinear abscissa being taken at the oe and the abscissa being expressed in m), defined by the formula: This study VD57 h-GFP-psy1:ade bgs4::ura4 This study VD58 h+ bgs4::ura4 This study NM387 h-rga2::KanMX bgs4::ura4 RFP-bgs4-Leu This study VD72 h-rga4::KanMX bgs4::ura4 RFP-bgs4-Leu This study VD81 h+ wsc1::KanMX GFP-psy1:ade bgs4::ura4 RFP-bgs4:leu (leu1-32 ura4-D18 ade6) This study VD158 h-mtl2::KanMX GFP-psy1:ade bgs4::ura4 This study VD160 h-pck2::leu GFP-psy1:ade

This study VD109 h+ rgf2::ura This study VD164 h+ rgf1:: This study VD167 h+ pmk1:ura This study VD173 h+ scd2::KanMX CRIB-tdTomato:ura Leu: This study VD97 h+ myo52::ura CRIB-tdTomato:ura Leu: This study VD127 h+ coq10:: This 
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2-Model for tip growth

This model have been developed and used for the first part of the results. It is a is a 1D analytical model which solves a set of coupled linear differential equations to identify parameter values. The model was solved using Mathematica.

Model for tip growth

Derivation of governing equations

We describe the dynamics of the exocytic vesicle level, EV, strain rate at tip, G, and thickness at tip, h. The surface growth speed is equal to the strain rate at the tip multiplied by the square of radius of curvature at tip, R. We also use as an intermediate variable the concentration in the cell wall (at the tip) of remodelling factors, c. We aim at deriving a parsimonious model for the dynamics of the growing tip.

Strain rate is proportional to the elastic strain PR/Yh in excess of a threshold ϵ , known as yield strain, (Lockhart, 1965) and to the concentration of remodelling factors (Rojas and Dumais, 2011), with a coefficient μ:

G = μ c  P R Y h -ϵ + . ( 0 
)
The + subscript indicates the positive part of what precedes. In the following, we drop the subscript, but for numerical simulations, we set G'(t)=0 if G<0 or

P R Y h
-ϵ<0, to ensure growth occurs only if there is excess strain.

The rate of feeding of the exocytic vesicles is sensitive to the strain rate (feedback parameter ϕ) and the exocytic vesicle level decays by transfer to the cell wall (rate α):

dEV dt = ϕ G -α EV . (1) 
Remodelling factors are incorporated in the cell wall from the exocytic vesicles (incorporation coefficient β) and are diluted by growth (Rojas and Dumais, 2011). The concentration of cell remodelling factors per unit surface, h c, is then described by

d h c dt = β EV -G h c . ( 2 

')

The thickness increases primarily by synthesis of polysaccharides at the membrane, with number of synthases assumed to be proportional to the exocytic vesicle level, and secondarily by incorporation of polysaccharides synthesized in the Golgi and transiting through exocytic vesicles, at rate proportional to the level of exocytic vesicle; altogether, the thickness increases at a rate proportional to EV, with a coefficient γ. The thickness is diluted by growth (Rojas and Dumais, 2011;Davi et al. 2018). Therefore,

dh dt = γ EV -G h . (3) 
We finally rewrite (2') in terms of strain rate, by using (0) to substitute c and (3) to substitute dh/dt. We obtain (2) in which the new parameters are

dG dt = η EV 1-θ h h 2 -γ 2-θ h 1-θ h h G EV + 1 1-θ h G 2 ,
η = β μ P R Y θ = ϵ Y P R . ( 4 
)
We note that the condition that wall expansion occurs (positive excess strain) amounts to h θ < 1 .

In view of the osmotic shocks performed below, we note that, from Eq. ( 0), a discontinuity ΔP in pressure, results in a discontinuity of strain rate, given by

ΔG = G 1-θ h ΔP P (5)
Equations ( 1), (2), and (3) define a system of ordinary differential equations of order 1 for exocytic vesicle level, EV, strain rate, G, and tip thickness, h. These equations have 5 positive parameters: mechanical feedback coefficient ϕ, decay rate of exocytic vesicle level α, effective remodelling rate η, wall synthesis coefficient γ, and effective threshold θ.

Stationary points and their stability

We first use the right hand side of Eqs. (1)(2)(3) to write the function that defines the dynamical system. We seek the stationary points.

In [4] All points with zero EV and G are stationary (no-growth stationary points). There is a single nondegenerate stationary point (with growth).

We then study their stability, by computing the Jacobian.

In [5] We first consider the stability of the stationary points with no growth.

In [6] 



This point is unstable because h θ < 1 , hence the third eigenvalue is positive. This means that growth may start if the level of exocytic vesicle becomes strictly positive, which corresponds to the initiation of polarization.

In [START_REF] Atilgan | Morphogenesis of the fission yeast cell through cell wall expansion[END_REF] We have 5 parameters and so we need 5 equations to determine them. The value of the stationary states for EV, G, and h provide 3 equations. We then use an equation that is related to the growth threshold, provided by the arrest of growth post osmotic treatment. Given that no overshoot is observed in the experimental data, the time scale of transients is given by strain rate and so does not provide additional information, we therefore take as a first guess the limit between overdamped and underdamped oscillations, i.e. assume the second and third eigenvalue to be equal, and then we study the sensitivity of the results to this choice.

We use μm and min for units of length and time.

1) We take: Stationary exocytic vesicle level EV = 1, Stationary growth rate G = Gs/R =0.6 μm/min/0.86μm=0.69 min -1 , Stationary tip thickness h = 0.066 μm,

Relative drop in pressure that arrests growth: p=14%. From Eqs. ( 1) and ( 4), θ =

1-p h = 13.03μm -1
We then obtain values of γ, η and a relation between α and ϕ.

2) We assume the two last eigenvalues to be equal and obtain the value of ϕ, as justified hereafter. The first eigenvalue of the Jacobian is constant and equal to -G. We then consider the second and third ones. We observe three regimes for these two eigenvalues in the plot above: real and positive for small ϕ (the condition θ<α γ/η is not satisfied); complex conjugates for intermediate ϕ; real and smaller than G for large ϕ. Based on the guess above, we use the value, ϕ g , of ϕ at the transition between the second and third regime. The value of ϕ has no influence on the equilibrium points and it is expected that, within the third regime, it has limited influence on the dynamics because the slowest mode is the eigenmode associated with the first eigenvalue. Indeed, for all results shown hereafter, we explored the range ϕ g to 5 ϕ g and found no qualitative change and relatively small quantitative changes.

In [START_REF] Andoh | Molecular cloning of the plc1+ gene of Schizosaccharomyces pombe, which encodes a putative phosphoinositide-specific phospholipase C[END_REF]:= Solve[EigenvaluesWithParameters〚2〛  EigenvaluesWithParameters〚3〛, ϕ] ϕguess = %〚2, 1〛

Out [START_REF] Andoh | Molecular cloning of the plc1+ gene of Schizosaccharomyces pombe, which encodes a putative phosphoinositide-specific phospholipase C[END_REF]= {{ϕ  2.79699}, {ϕ  13.4867}}

Out [START_REF] Sapala | Why plants make puzzle cells, and how their shape emerges[END_REF]= ϕ  13.4867

Model20220517_EV.nb

Model with no feedback

Before going further, we examine whether a model with no feedback is compatible with experimental data. We replace Eq. ( 1) by dEV dt = ϕ -α EV .

(1') in which we assumed constant feeding of the exocytic vesicles, instead of mechanosensitive feeding. We use Eqs. (1', 2, 3) to write the function that defines the dynamical system.

In [START_REF] Kelly | De novo growth zone formation from fission yeast spheroplasts[END_REF] We seek the stationary points.

In [START_REF] Zegman | Measurement and manipulation of cell size parameters in fission yeast[END_REF] There is a single stationary point as long as α η -γ 2 ϕ > 0 and θ>0; there is no stationary point otherwise.

We then study its stability, by computing the Jacobian.

In [START_REF] Bonazzi | Actin-based transport adapts polarity domain size to local cellular curvature[END_REF] The third eigenvalue is positive and so the stationary point is unstable (if it exists). This model does not allow stable stationary growth and this would also apply to any modification of Eq. (1') in which the right-hand side is solely a function of EV.

Estimation of parameters of the model with no feedback

The situation is the same as in the model with feedback, except that we do not use the argument on oscillations and ϕ remains as a free parameter.

In [START_REF] Pérez | Cell integrity signaling and response to stress in fission yeast[END_REF] 

Simulation of the model with no feedback

We illustrate the case of no feedback by making a simulation with a chosen value of ϕ (e.g. 5). If we add a small perturbation to the stationary solution (e.g. increasing or decreasing the initial value of EV by 0.001), then either thickness vanishes (cell wall rupture) or growth stops (with thickening of the wall).

In [START_REF] Drake | Model of fission yeast cell shape driven by membrane-bound growth factors and the cytoskeleton[END_REF] Out [START_REF] Drake | Model of fission yeast cell shape driven by membrane-bound growth factors and the cytoskeleton[END_REF]= ϕ  5

NDSolve: At t == 2.7852855053556986`, step size is effectively zero; singularity or stiff system suspected. 

Model20220517_EV.nb

Simulation of side branching

We start with initiation of growth. We solve numerically the dynamical system, starting with low exocytic vesicle level, no growth, and reference value of thickness. We find that polarity and growth are established within about 10-15 minutes, a delay comparable to that in experiments. Note: the units of plots are min for time, arbitrary for EV, min -1 for strain rate, and nm for thickness.

In We then consider initially no exocytic vesicles and smaller initial thickness to see whether this can trigger initiation of growth. The outcome is that no outgrowth occurs unless there is some level of exocytic vesicle. Very low initial level of exocytic vesicle delays the establishment of growth.

In We take the reference equilibrium for the initial values. We consider that both conditions reduce the feeding and the recycling of the exocytic vesicles. At time t=5 min, we decrease the values of the two corresponding parameters, ϕ and α, by one order of magnitude. We found that growth is slowed down only if the shift of α is greater than for ϕ (for instance -90% for ϕ and -91% for α, or -60% and -70%). There is an initial peak for EV, which would be too small to be observed experimentally. EV and G decay to 0 (or converge to non-zero values for smaller shifts). The magnitude of increase in thickness is in the same range as in experiments and depends on the values of the shifts.

Function that changes from 0 to x at t=5

In 

γ (2 -θ h[t]) / (1 -θ h[t]) / h[t] G[t] × EV[t] + G[t] ^2 / (1 -θ h[t]), 0], h '[t]  γ EV[t] -G[t] × h[t] , EV

Simulation of osmotic shocks

We take the reference equilibrium for the initial values. In experiments, the pressure is reduced by 28%, but as this goes below the threshold for growth, we cap this decrease to 14% (which corresponds to the threshold), so that η is multiplied by 0.86 and θ divided by 0.86 at t=2 min; in addition G is discontinuous according to Eq. ( 5). We find that growth stops (consistent because we used it to compute the value of θ), EV decays to 0, and that thickness has a small increase.

In 

Simulation of osmotic shocks with adaptation

We take the reference equilibrium for the initial values. We consider the same decrease in pressure as above, except that we assume that it occurs with a time scale of 6 s (to avoid numerical instabilities); in addition, we assume that pressure is restored to its initial value (by osmotic adjustment) with a timescale of 2 min. Because the state with no growth is stationary, we keep a small positive threshold for growth (1-θ h > 0.001) to avoid being trapped in this no-growth state; biologically, this indirectly accounts for sources of noise. We find that growth stops and EV decays to 0, before recovering their initial values, and that thickness has a small transient increase.

In 

Estimation of parameters for germling tubes

We follow the same approch as for the reference conditions, assuming that the yield strain ϵ remains unchanged.

1) We take: Stationary exocytic vesicle level EV = 0.14, Stationary growth rate G = Gs/R =0.14 μm/min/0.92μm=0.15min -1 , Stationary tip thickness h = 0.073 μm, From Eq. ( 4) θ is proportional to Y / P R, so is multiplied by 0.73: θ = 13.03x0.73=9.51μm -1

We then obtain values of γ, η and a relation between α and ϕ.

2) We assume the two last eigenvalues to be equal and obtain the value of ϕ. In germling tubes, we find an increase by a factor of about 2 for γ, and reductions by factors of about 8 for α and 12 for ϕ. Given Eq. ( 4), the reduction by 5.3 of η, together with the measured increase by 1.35 of P/Y, implies a reduction by a factor of about 7 of the product β μ. In short, reduced rates (factors in the range [3][4][5][6][7][8][9][START_REF] Abenza | Wall mechanics and exocytosis define the shape of growth domains in fission yeast[END_REF][START_REF] Atilgan | Morphogenesis of the fission yeast cell through cell wall expansion[END_REF][START_REF] Boudaoud | Growth of walled cells: From shells to vesicles[END_REF], except for an increase in synthesis at the membrane, may explain all measured differences between germling tubes and hyphae.

Estimation of parameters for ΔMyoV

We follow the same approch as for the reference conditions, assuming that the yield strain ϵ remains unchanged. 4) θ is proportional to Y / P R, so is multiplied by 0.68: θ = 13.03x0.68=8.86μm -1

We then obtain values of γ, η and a relation between α and ϕ.

2) We assume the two last eigenvalues to be equal and obtain the value of ϕ.

In In ΔMyoV, we find a small increase for γ, a reduction by factors in the range 6-7 for α and for ϕ. Given Eq. ( 4), the reduction by 4.07 of η, together with the measured decrease by 0.95 of P/Y, implies a reduction by a factor of about 4 of the product β μ. In short, reduced trafficking level (similar reduction by a factor in the range 4-7 of all coefficients related to trafficking) in MyoV may explain all measured differences with wild-type. Smaller in γ suggests that cell wall synthesis is not significantly affected in this mutant background.
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 12 Figure 1.2. Image of different fungal lifestyles. ('Characteristics of Fungi Key Points + PPT | Easy Biology Class' 2016).

Figure 1 . 3 .

 13 Figure 1.3. The life cycle of Ascomycete and Basidiomycete. ('Course Hero' n.d.)

Figure 1 . 4 .

 14 Figure 1.4. Candida albicans in its three forms, pseudohyphae, yeast, and hyphae. Filamentation can be induced by the presence of serum, temperature, pH, or CO2 concentration. The inset in the hyphae panels shows a 5-day-old filamentous colony. Scale bar = 5µm, 1mm in the inset. (Sudbery 2011).

Figure 2 . 1 .

 21 Figure 2.1. The architecture of fungal colony, and the hypha. (A) Colony of Neurospora crassa. Hyphae radiate from the inoculation spot. At the colony edge, leading hyphae invade new territory, searching for nutrients, and branching to cover more surfaces. In the colony, hyphae branch and fuse with each other, creating a network. (B) Hyphae are segmented by septum in compartments. Growth occurs by apical extension, thanks to the transport of secretory vesicle to the tip. Adapted from (Lew 2011a) and (Nevalainen and Peterson 2014).

Figure 2 . 2 .

 22 Figure 2.2. The naming of hyphal parts. The tip, apex, or dome is the hemispherical portion of the filament.Behind, the tube, or side, is often modeled as a cylinder.

Figure 2 . 3 .

 23 Figure 2.3. The architecture of actin filaments (A) and microtubules (B). (A) Actin filaments are composed of subunits oriented in the same direction, resulting in two distinct ends, the pointed end, and the barbed end. Motor protein myosin moves directionality to the barbed end, by repeated interactions with the subunits, and a walking-like movement. (B) Microtubules also show distend ends, called minus end and plus end. Microtubule-motor kinesin moves toward the plus end and dyneins to the minus end.(Li and Gundersen 2008) 

Figure 2 . 4 .

 24 Figure 2.4. Live microscopy of the cytoskeleton on A. nidulans and N. crassa. (A) Microtubules (green) and nuclear (red) labeling. (B) Actin labeling. Scale bars = 5µm. (M. Riquelme et al. 2018)
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 25 Figure 2.5. Scheme of the cytoskeleton organization and transport in A. nidulans. (A) MT anchor to septal microtubule organizing center or spindle pole body. Cell-end marker TeaA determines actin cable localization through the recruitment of formin (SepA). (B) Transport or secretory vesicle and early endosomes. MT, microtubule. SPB, spindle pole body. MTOC microtubule organizing center. SV, secretory vesicle. EE, early endosome. Adapted from(Fischer, Zekert, and Takeshita 2008) and (L.Zhou et al. 2018b).

Figure 2 . 7

 27 Figure 2.7 Schematic representation of the cisternal maturation process. Budding from the ER, vesicles undergo a series of maturation and coat changes before going to the plasma membrane. EREs, endoplasmic reticulum exits; PM, plasma membrane. (Gero Steinberg et al. 2017)

Figure 2 . 8 .

 28 Figure 2.8. Images and modelisation of the Spitzenkörper. (a-c) Live images of N. crassa. (a) Phase-contrast image showing a phase-dark cloud of secretory vesicles (arrow) followed by a phase-bright core (arrowhead). (b) Confocal image of a hypha stained with FM4-64 showing an accumulation of vesicle in the SPK. (c) Confocal image co-labeled with β-tubulin-GFP (green, black arrow) and FM4-64 (red, white arrow) showing microtubules extending into Spk. (d) Confocal image of A. nidulans co-labeled with SepA-GFP (green) and FM4-64 (red, arrows), showing the colocalization of the formin and the SPK. (e-g) SPK of A. nidulans. (e) Transmission-electron microscopy of a tip. (f) Electron tomographic section of a tip. (g) Model of f showing the 3D distribution of apical organization. (e-g) A cluster of microvesicles within the Spk core (asterisks) surrounded by apical vesicles (white arrows), Woronin bodies (white arrowheads), and microtubules (black arrows) are visible. The core of the SPK is occupied by micro-vesicles, surrounded by macro-vesicles. (Steven D.Harris et al. 2005a) 

  al. to monitor precisely tiny clusters of the chitin synthase ChsB in A. nidulans, and compare the dynamics of these clusters with local deformation (L. Zhou et al. 2018b).

Figure 2 . 9 .

 29 Figure 2.9. Illustration of the tip organization, based on work with N. crassa. (Gero Steinberg et al. 2017)

  Once tethered to the PM, soluble NSF (N-ethylmaleimide sensitive factor) attachment protein receptor (SNARE) proteins mediate the fusion with the PM (Fig 2.10) (Pelham 2001).

Figure 2 . 10 .

 210 Figure 2.10. The hyphal apical exocytosis. From the SPK, secretory vesicles are transported to the PM. Docking is mediated by the exocyst, composed of Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84. There, v-SNAREs and t-SNAREs interact to promote the fusion of both membranes. (Meritxell Riquelme 2013b)
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 53211 Figure 2.11. Fungal endocytosis. (A) Endosomal pathway, coupling endocytosis, and exocytosis. (B) Localization of the chitin synthase ChsB and the endocytic collar labeled with mCh-AbpA (actin binding protein1) in growing A. nidulans. The endocytic collar is a few micrometers away from the tip. (C) Schematic depiction of the process of endocytosis in fungi. The collective action of membrane coating, their adaptors, and actin microfilaments together with associated factors allow budding and endosome creation. Adapted from (Meritxell Riquelme 2013b), (Commer and Shaw 2020) and (Hernández-González, Bravo-Plaza, Pinar, de Los Ríos, et al. 2018).

Figure 2 . 12

 212 Figure 2.12 Cell end marker protein determines growth direction in A. nidulans. (A) Scheme of cell end markers delivered via MT to the tip. (B) Hyphae wild-type, ΔteaA, and ΔteaR A. nidulans strains. Mutant shows defect in direction maintenance. (C) (mRFP1)-TeaA and GFP-TeaR localize at the apex. (D) Series of PALM images of a mEosFP-TeaR-expressing hypha, and cell contours. The right column shows overlays of PALM images from two time points. TeaR cluster locations coincide with local deformation. (M. Riquelme et al. 2018).

Figure 2 . 13

 213 Figure 2.13 Scheme of the tip machinery in N. crassa. (a) A microvesicle core containing chitin-synthase is surrounded by macrovesicles. (b) Spatial distribution of the polarisome component SPA-2, of exocyst components EXO-70 and EXO-84, and of the SPK. The three zones are different but overlap. (Meritxell Riquelme and Sánchez-León 2014)

Figure 2 . 14 .

 214 Figure 2.14. Schematic growth initiation from spore. (A) Growth occurs first isotropically, and then in a polar fashion. (B) Model for symmetry breaking during growth germination in S. pombe. A polarity cap wanders randomly around the spore until a stress threshold is reached. Then, positive feedback between growth and deformation allows directional stability. Adapted from (Gero Steinberg et al. 2017) and(Bonazzi et al. 2014a) 

Figure 2 . 15

 215 Figure 2.15 Septation and branching example pattern of A. nidulans. Letter and number are attributed based and the timing of the septation. (Fiddy et Trinci 1976).
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 3 Fungal cell mechanics

Figure 3 . 1

 31 Figure 3.1 Architecture of cell walls of fungal pathogens. (A) Transmission electron microscopy of three fungi, showing the diversity of the organization. (B) Scheme of the spatial organization of CW components in six fungi.At the bottom, the alkali-insoluble fraction composed of chitin and β-1,3-glucan is mostly similar, while the alkali-soluble part is different for each species.(Gow, Latge, and Munro 2017) 

Figure 3 . 2

 32 Figure 3.2 Cell wall components and synthesis. (A) Representative structures of fungal carbohydrates. (B) Schematic of sugar synthesis and construction of the CW network. Monosaccharides are extruded in the CW space by synthases. Then, they can branch and cross-link with other sugars, creating a resistant threedimensional CW structure. Adapted from (Chakraborty et al. 2021a) and (Latgé and Beauvais 2014).
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Figure 3 . 3

 33 Figure 3.3 Mode of action of the three common anti-fungal drugs. (A) Polyenes, as amphotericin B, permeabilizes fungal membranes by forming pores. It also induces the accumulation of reactive oxygen species (ROS) which are toxic. (B) Azoles, such as voriconazole, affect fungi by blocking the ergosterol biosynthesis, by inhibiting the ERG11 enzyme. This increases the concentration of lanosterol which is toxic.(C) Echinocandins, as caspofungin, inhibit the β-1,3-glucan synthase, the most abundant CW sugar. They affect growth and stiffness, and often trigger an adaptive reaction, increasing chitin concentration.(Valiante et al. 2015) 

Figure 3 . 4

 34 Figure 3.4 Effect of caspofungin on A. fumigatus. (A) Transmission electron microscopy of wild-type cells grows in minimum media or 0.125µg/mL caspofungin for 2h. Arrows indicate the external borders of the cell wall. (B) Cell wall thickness measurements show that caspofungin treatment induces CW thickening, caused by the triggering of the CW integrity pathway, and synthesis of CW in response to stress. Adapted from (Ries et al. 2017).

  formation of clusters proportionally to the compressive force on the wall, alimenting the hypothesis that WSC detects and transduces local surface force (Fig 3.4) (Neeli-Venkata et al. 2021a).

Figure 3 . 5 .

 35 Figure 3.5. Schematic representation of the cell wall integrity (CWI) signaling pathway in A. fumigatus.Trans-wall sensors WSC1, WSC3, and MidA activate Rho1 in reaction to stress, which eventually leads to the triggering of CW synthesis.(Valiante et al. 2015) 

  of C. albicans depends on the growth medium carbon source. Its thickness and composition change when grown on glucose or lactate (Fig 3.6) (Ene et al. 2012).

Figure 3 . 6

 36 Figure 3.6 Effect of carbon source on CW architecture of C. albicans. (A) Transmission electron microscopy of cell walls grown on glucose, lactate, or a mixture of both (scale bar = 0.5 mm). (B) CW thickness of cells grown with different carbon sources. Visual structure, CW thickness, and CW composition adapt to the resource type.(Ene et al. 2012) 

  Lilium formosanum and Lilium longiflorum was measured using Nomarski differential interference contrast (DIC). This was possible as these plant cells exhibit a large CW thickness, ranging from 400 to 800nm (Fig 3.7A)(McKenna et al. 2009). This study linked oscillation in elongation speed with fluctuation in CW thickness, showing that the CW gets thicker in slow growth phases, and thinner in fast ones.

Figure 3 . 7

 37 Figure 3.7 Method to track the CW thickness in living cells. (A) DIC images of lily pollen tubes. CW thickness is directly interpreted from the tip gray-values gradient. (B) Method to measure CW thickness in C. cerevisiae. AFM tip (top yellow) detects or not a transmembrane sensor of different lengths by interacting with the His-tag (green). Detection occurs if the CW thickness is smaller than the transmembrane sensor length. Adapted from (Dupres, Dufrêne, and Heinisch 2010) and (McKenna et al. 2009).

Figure 3 . 8 .

 38 Figure 3.8. Method to measure the CW thickness in S. pombe. (A) Confocal image of a cell expression GFP-Psy1 to label the plasma membrane (PM) and labeled with lectin-Alexafluor647 (CW outer surface). Positions of the signals perpendicular to the surface (blue line) are determined from the centers of Gaussian fits. The distance between the Gaussian peaks corresponds to a local CW thickness. On the right, a fission yeast cell is represented by its spatial CW thickness. (B) Example of a time-lapse of CW thickness maps of a growing cell. Black points are positions where the CW thickness could not be measured. Adapted from (Davì et al. 2018a).

Figure 3 . 9

 39 Figure 3.9 Atomic force microscopy (AFM) method. (A) A sharp tip of variable geometry is attached to a flexible cantilever and probes the sample surface. Deformations of the cantilever are tracked by a beam reflecting from the top surface of the cantilever into a photodetector. Combining the applied force and the measured cantilever displacement, force-displacement curves can be obtained, allowing extraction of the mechanical properties of the sample. (B) Example of the measured parameter on an AFM indentation experiment of a hypha. The cantilever applies a known force F, creating a local displacement δ of the CW. Adapted from (Milani, Braybrook, and Boudaoud 2013) and (Liming Zhao et al. 2005).

Figure 3 . 10

 310 Figure 3.10 Ultrastructure of A. nidulans CW, imaged by AFM in contact mode. Images (0.4x0.4 µm) show the tip (A), and mature regions, 20µm (B) and 40µm (C) away from the tip. Wall surface features at the tip are larger and more variable than in mature regions. From (Ma et al. 2005).
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 311 Figure 3.11 Rice leaf infection by Colletotrichum graminicola. (a) Scanning electron microscopy of conidia on a rice leaf. The conidium on the right has formed an appressorium, potentially already penetrating the host. (b) Scheme of plant infection.(Bastmeyer, Deising, and Bechinger 2002a) 

Figure 3 . 12

 312 Figure 3.12 Techniques for measurements of turgor pressure. Indirect measurements: (A) Adding extracellular osmolyte to obtain the concentration needed to induce plasmolysis, cytorrhisis, or cavitation (depending on the osmolytes and cell pore sizes). (B) Melting point osmometry. Direct measurement: (C) Pressure probe experiment on N.crassa. An oiled-filled micropipette is used to pierce a cell and directly measure the pressure needed to maintain the cytoplasm in place. It can also be used to affect directly a growing cell turgor pressure by changing its composition. Adapted from(Lew 2011a) and(Bastmeyer, Deising, and Bechinger 2002a).

Figure 3 . 13

 313 Figure 3.13 Elongation rate of A. nidulans depends on the external pressure. (A) Hypha is grown in a micropipette, which apply pressure (ΔP), changing the pressure felt by the tip. (B) Scheme of the experimental process. (C) Elongation rate versus the applied pressure around the cell tip. Pressure and speed appear to correlate. (González-Bermúdez et al. 2017)

Figure 3 .

 3 Figure 3.14 HOG pathways in S. cerevisiae. (A) In S. cerevisiae, the HOH pathway consists of two branches, Sln1p and Sho1p. Osmotic stress results in the production of osmolytes to adapt. Adapted from (Furukawa et al. 2005).
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 85 Tip CW thicknessAs seen before, hyphal tip CW thickness must be tightly regulated. Indeed, a thinner tip is easier to deform, hence could promote faster tip growth speed, leading to further thinning of the CW and so on... To survive, growing cells must have feedbacks that prevent cell wall rupture. In S. pombe, it has been shown that tip thickness exhibits fluctuation around a mean value(Davì et al. 2018a).However, in mutant defective in the CWI cell tip thin and accelerate until their CW burst open, highlighting the necessity of feedbacks between growth and CW synthesis(Fig 3.15).

Figure 3 . 15 .

 315 Figure 3.15. Proposed model of mechanosensing-based feedback for CW thickness homeostasis during cell growth. Without feedback (top), CW thinning promotes growth that in turn promotes CW thinning, leading to CW rupture and cell death. Hence, feedback is needed to trigger CW synthesis based on expansion. The surface mechano-sensor Wsc1 probe strain rate, and promote the activation of Rho1-GEF Rfg1 to activate Rho1 and CW synthesis. This creates a safety mechanism where CW thickness is kept in an acceptable range of values. Adapted from (Davì et al. 2018a).

Figure 3 . 16 .

 316 Figure 3.16. Oscillatory growth in tip growing cells. (A) Seven fungi show oscillatory growth. (B) Pollen tube growth can be stable or oscillatory. Top: Time-lapse. Bottom Kymographs of a cell growing steady (left) or oscillatory (right). Adapted from (López-Franco, Bartnicki-Garcia, and Bracker 1994b) and (Enrique R. Rojas, Hotton, and Dumais 2011).

  Fig 3.17) (A. Haupt, Ershov, and Minc 2018a).

Figure 3 . 17 .

 317 Figure 3.17. Time-lapse of growth adaptation after sorbitol-induced growth arrest in different species. Growth often restarts away from the previous growth direction. Arrowheads point at emerging polar growing tips. Scale bar=4µm. Adapted from (A. Haupt, Ershov, and Minc 2018a).

Figure 3 .

 3 Figure 3.18 Effect of spatial confinement on polarity. (A-B) Cells of A. oryzae (A) and N. crassa (B) crossing a 1µm wide microchannel. Nuclei are labeled with GFP. Cells of A. oryzae succeed to maintain polarity, while N. crassa cells either stop in channels or die at the exit because of polarity loss. (C) Authorspropose a model where a compromise is done between plasticity and velocity, arguing that the fastest species were unable to pass through the narrow channels. Fast hyphae passing through the narrow channels suffer from induced vesicles mislocalization, leading to a growth stop. Slow hyphae have fewer vesicles, hence are less sensitive to this issue and can maintain their polarity cap in confinement. Adapted from(Fukuda et al. 2021).

Figure 3 . 19 .

 319 Figure 3.19.Growth direction can be memorized. (A) SPK (asterisk) labeled with FM4-64 (red) and microtubules (green, and white arrow) of N. crassa hypha growing along a PDMS wall (dashed line). The hyphal tip shape is skewed toward the obstacle. (B) Time-lapse of a growing hypha along a wall. (C) When reaching the end of the obstacle, the hypha recovers its original direction, and the SPK gradually comes back to the tip center. This suggests that the SPK can "memorize" growth direction, a helpful quality for spatial colonization. White and black arrows are the start and the end of the movie.(Held et al. 2019) 
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 4 Mathematical models of tip growth Chapter 4 -Mathematical models of tip growth In this chapter, I introduce mathematical models of tip growth. Combining plant and fungusbased models I present an overview of the previous works that have investigated the recreation of tip growth and what we can learn from it. I start with earlier studies based on sets of geometrical rules. I then present biomechanical models, which replicate observation by a construct of rules that link specific mechanisms. I present the various ways tip growth has been modeled, notably the different ways the cell wall is mechanically considered. Finally, I present models that incorporate feedback to explain steady or oscillatory growth.

Figure 4 . 1 .

 41 Figure 4.1. Phylogenetic relations between tip growing species. Tip growth is found in three major eukaryotic groups: plants, fungi, and water molds. Apical cell shapes are shown on the right. (Campàs et al. 2012)

  model, vesicles are proposed to be released in random directions, following straight lines until they reached the contour of the cell. There, vesicles fuse to the plasma membrane and add new surface content, creating a local expansion of the cell contour. The cell shape can be defined by the hyphoid curve: 𝑦 = 𝑥 𝑐𝑜𝑡 𝑉 . 𝑥 𝑁 ; where V and N are respectively the rate of linear displacement of the VSC and the amount of vesicle containing surface material released from the VSC per unit time. Interestingly, this simple equation can closely reproduce the profile of hyphae from a wide variety of fungi and oomycetes (Fig 4.2B) (S. Bartnicki-Garcia, Hergert, and Gierz 1989; Diéguez-Uribeondo, Gierz, and Bartnicki-Garcı á 2004). The VSC can be associated with the SPK of fungal hyphae, as they are supposed to have similar roles and positions. Hence, unlike previous attempts to model hyphae, the VSC has biological parameters. The VSC has been long used as the standard model and upgraded multiple times.

Figure 4 . 2 .

 42 Figure 4.2. The vesicle supply center (VSC) model. (A) Computer simulation of spherical growth and hyphal morphogenesis. At each stage, labeled with a letter, 8,000 "vesicles" emerges from the VSC, with alternating colors. Starting from the letter a, the VSC is at first static, creating a swelling phenomenon. From the letter h, the VSC moves linearly, creating a hyphal shape. (B) Correspondence of contour shape of Polystictus Versicolor (left) and Pythiurn aphanidermatum (right) with the VSC model. (C) Schematic comparison of the ballistic and diffusive VSC models. Adapted from (S.Bartnicki-Garcia, Hergert, and Gierz 1989) and(Tindemans, Kern, and Mulder 2006a).

Figure 4 . 3 .

 43 Figure 4.3. Models for cell wall assembly. (A) The unitary model of cell wall growth proposes a gradient of exocytosis, the maximum being at the tip. Vesicles containing biosynthetic and hydrolytic enzymes soften and thicken the CW locally, allowing turgor-driven deformation. (B) The steady-state model proposes that the newly deposited CW is plastic, and gets stiffer with cross-linking away from the tip. (C) The integrated view proposes a combination of both models.(Verdín et al. 2019) 

Figure 4 . 4 .

 44 Figure 4.4.Fundamental relations between chemistry, mechanics, and hydraulics shape cells.(Dumais et al. 2006) 

Figure 4 . 5 .

 45 Figure 4.5. Tip scaling in various tip growing organisms. (A) Definition of the geometrical parameters, the tip curvature RA, the size a of the secretion region. J∞ is the total net flux of new cell wall material transported toward the cell apex, and γA the apical secretion rate of new cell wall material. (B) Scaling of the radius and the tip curvature in different species (Neurospora crassa, Allomyces arbuscula, Lilium longiflorum, and Camelia japonica). Linear scaling indicates that the cell shape is the same at different scales of fungi and plant cells. Color code from the Fig4.1. Adapted from (Campàs et al. 2012).

  3.16). To account for the two types of growth, a chemo-rheological model was proposed where expansion down-regulate deposition (Enrique R.Rojas, Hotton, and Dumais 2011). Pollen tube's CW is composed of polysaccharides, including pectin. This model proposes an incremental growth process, described in 6 stages: 1) deposition of secretory vesicles, 2) new pectin is not incorporated into the load-bearing network, 3) the nascent pectin is de-esterified by the enzyme pectin methylesterase, 4) new cross-links form, and stiffen the CW, 5) nascent pectin are integrated into the load-bearing network and allows turgor-driven expansion, 6) expansion down-regulates deposition(Fig 4.6). Hence, the CW is loosen at the tip when new material is added and stiffens away from the apex. This loosening allows local deformation, thus growth. Like most models, this one also assumes that the cell is axially symmetric around the direction of growth, allowing the use of only 2 spatial coordinates, s the arc length from the pole of the cell (meridional) and θ the azimuthal angle (circumferential) (Fig 4.6). In the model, the dynamic of de-esterification and cross-linking is the key. The resulting CW thickness is proposed to be the result of three mechanisms: deposition of CW material, mechanical thinning due to local stretching, and advection. Advection encompasses a flow of CW material from the CW tip to the side: Chapter 4 -Mathematical models of tip growth This model reproduces two types of growth: stable growth when deposition and elongation are in equilibrium, or oscillatory growth when the cell alternates between phases of high deposition and slow elongation and phases of low deposition and fast elongation.

Figure 4 . 6 .

 46 Figure 4.6. Chemo-rheological model for apical growth in the pollen tube. (A) Tip growth machinery in the pollen tube. (B) Feedback system between pollen tube elongation, material synthesis, and CW plasticity. (C) Parameterization of the cell surface. Adapted from (Rojas et al., 2011).

  secretory vesicles are thought to promote both CW material assembly and extensibility needed to support mechanical stability and growth(Davi and Minc 2015; Lew 2011b). Vesicles are trafficked towards the hyphal tip along microtubules tracks and recycled via a subapical endocytic ring domain (Hernández-González, Bravo-Plaza,Pinar, Ríos, et al. 2018; G. Steinberg et al. 2017; Taheri-Talesh et al. 2008b). At cell tips, they are clustered by F-actin and myosin type V motors around a dense reservoir called the Spitzenkörper, thought to be adapted to rapid hyphal growth in many but not all fungal species (Steven D.Harris et al. 2005b; Kinnaer, Dudin, and Martin 2019; R. Lopez-Franco and Bracker 1996; Meritxell Riquelme and Sánchez-León 2014; Taheri-Talesh, Xiong, and Oakley 2012; Zhang et al. 2011; Grove and Bracker 1970; Howard 1981). Secretory vesicles radiate from this local reservoir, through transport and diffusion, to eventually fuse with the plasma membrane and fuel CW assembly(Grove and Bracker 1970; Howard 1981; Pantazopoulou et al. 2014; Peñalva et al. 2017; Meritxell Riquelme 2013a). Chemical or genetic conditions that affect the polarized trafficking of EVs halt tip growth and often yield to defects in tip shape (Hernández-González,Peñalva, and Pantazopoulou 2015a; Horio and Oakley 2005a; Torralba et al. 1998). Accordingly, variations in EVs concentration, apical domain sizes and shapes have been correlated to tip expansion speeds, and diameters in multiple fungi(Köhli et al. 2008a; R. Lopez-Franco, Bartnicki-Garcia, and Bracker 1994; Taheraly et al. 2020a). Yet, to date, a RESULTS 111 detailed assessment of how secretory vesicle pools contribute to actual CW material assembly and expansion in live growing cells is still lacking.The composition and assembly of the fungal CW define its material properties which underpin its ability to protect hyphal cells and allow them to grow. CWs have thicknesses that may vary between ~50-500 nm and bulk elastic moduli of ~10-100 of MPa, akin to materials like rubber(Davi et al. 2019; L. Zhao et al. 2005). The CW is put under tension by a large cytoplasmic pressure of several atmospheres, called turgor which is osmotically generated. Turgor serves as a core mechanical engine to deform freshly assembled CW portions at cell tips, and thus power cell growth, but also entails risk of CW failure and cell death(Lew 2011b). CW growth for tip elongation has been modelled in multiple instances. Some models primarily focused on secretory vesicle supplies disregarding contributions from turgor and CW material properties (S.Bartnicki- Garcia, Hergert, and Gierz 1989; Gierz and Bartnicki-garcia 2001; Tindemans, Kern, and Mulder 2006b). Others have been based on frameworks of visco-elasto-plastic thin shells, assuming that newly assembled CW portions at the apex undergo plastic irreversible deformation above a threshold stress, but used simplified descriptions of material supply from secretory vesicles (J. F.Abenza et al. 2015; Bonazzi et al. 2014b; Boudaoud 2003; Campàs et al. 2012; Rabillé et al. 2019; Enrique R. Rojas, Hotton, and Dumais 2011). Interestingly, both modelling and experimental work

Figure 1 .

 1 Figure 1. A sub-resolution imaging method to monitor cell wall thickness dynamics in live fungal hyphae. (A) Mid-slice confocal image of a live Aspergillus nidulans hyphal cell expressing GFP-PH domain (plasma membrane, CW inner surface) and labelled with the lectin ConA-Alexafluor 647 (CW outer surface). (B) Scheme of CW organization showing different polysaccharides and positions of the two fluorescent signals. (C) Gaussian fits of the signal distribution of each fluorophores across the CW. The distance between the two gaussians peaks allows to compute a local value of CW thickness, h. (D) Resulting CW thickness color map around the live cell presented in panel A. (E) Top: Mid-slice confocal image of a germling tube, with the spore body visible on the left. Bottom: corresponding CW thickness color map. Right: Measured CW thickness profile along the cell plotted as a function of the arclength distance, s, with s=0 being the center of the cell tip (marked with an arrowhead). (F) Measurement of CW thickness, marked with a double arrow, in electron microscopy, using chemical fixation (left) or high-pressure freezing (HPF) (right). (G) CW thicknesses measured using our live-microscopy method (n=81 cells) and electron microscopy from chemically fixed (n=8) or high-pressure frozen cells (n=8). (H). Time-lapse of CW thickness maps, in relatively slow elongating germling tube and a faster mature hypha. Scale bars: (A, E, H): 2µm. (F) top: 2µm, bottom: 100nm. Error bars correspond to +/-S.D. Results were compared by using a two-tailed Mann-Whitney test. n.s, P > 0.05.

  chemical fixation (83 ± 10 nm, n = 8) or high pressure freezing (82 ± 22 nm, n = 8) of cells grown in liquid-rich medium, and also aligned with previous reports (L.Zhao et al. 2005; Paul et al. 2011) (Fig1F-G). In addition, measurements of CW thickness of germinated spores confirmed that they have a much thicker CW than hyphae (137 +-26 nm, n=24), similar to previous reported values(Fig 1E, 1H and Fig S1G) (Border and Trinci 1970b). Finally, using this method, we could film cells and map spatio-temporal variations in CW thickness along both germling tubes that outgrew from spores, or more mature hyphae, over periods of ~20-30 min during which cells expanded ~10-20 µm in length (Fig 1H, Movie S1). Therefore, it was possible to monitor CW thickness dynamics in rapidly growing hyphae of a filamentous fungus.
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 1 Cell Wall Dynamics in a Filamentous Fungus ablated the CW using a focalized UV laser(Bonazzi et al. 2014b). This caused the pressurized cytosolic material to flow out of cells within seconds, yielding cell deflation and CW elastic relaxation. CW relaxation allowed to compute a local elastic strain, radii before and after deflation. This first showed that the CW relaxed twice as much along the radial axis as compared to the longitudinal axis of the cell, suggesting relatively low anisotropies in the CW material (Fig S2A) (J. F. Abenza et al. 2015). Second, it allowed to compute local values of Y/P, with P the turgor pressure, from force balance relationships in the pressurized 1 * for lateral CWs (Fig 2B and Fig S2B) (Atilgan et al. 2015b; Davi et al. 2019).

Figure 2 .Figure 3 .

 23 Figure 2. Spatial gradients of CW elasticity along fungal hyphae. (A) Left: Distribution of the ratio of the CW thickness at cell tips to that on cell sides, with two exemplary thickness color maps of cells with different thickness polarity. Right: CW thickness gradient along the cell contour, using a symmetrized arclength distance, s', as coordinate (s' = 0 being the tip) (n=58 cells). (B) Method used to compute local CW Young's modulus around hyphal cells. Left: Bright-field images of the same cell, before (top) and after (bottom) photoablation, with measured CW thickness map before ablation. The asterisk marks the site of photo-ablation, and the arrow points at cytoplasmic material leaking out of the cell. Right: Segmented CW boundaries of the same cell before and after ablation used to compute the local elastic strain and deduce local values of CW Young's elastic modulus divided by pressure, from values of thickness and elastic strains. (C) Elastic strain of the lateral CW measured as the relative radial shrinkage 𝑅 1 -𝑅 0 𝑅 0 for osmotic shocks of different magnitudes, and compared with the value obtained from CW photoablation assays (blue

  to the previously defined parameters.

Figure 4 .

 4 Figure 4. Dynamic tracking of post-Golgi exocytic vesicles together with growth and CW thickness. (A) Time lapse of a growing WT hypha, with CW thickness maps overlaid on mCherry-RAB11 signal. (B) Quantification of the time evolution of the concentration of post-Golgi EVs at cell tips, tip elongation speed and CW thickness. (C) Relative standard deviations (std) computed over multiple time-lapses for growth speed, CW thickness on cell sides and cell tips and EVs intensity (n=10 time-lapses in different cells). Scale bar, 2 µm. Error bars correspond to +/-S.D.

Figure 5 .

 5 Figure 5. Dynamic co-tracking of exocytic vesicles, CW thickness and deformation during abrupt changes in cell growth or secretion. (A) Scheme of a hyphal fungal tip, highlighting key assumptions of the mathematical model for tip growth: Exocytic vesicles cluster in the Spitzenkörper and radiate to promote

  feature a larger radius associated to more dispersed EV distribution at cell tips (Taheri-Talesh, Xiong, and Oakley 2012; Pantazopoulou et al. 2014) (Fig 6A-6C and Fig S6A-S6B). Interestingly, slowly elongating germling tubes exhibited similar values of turgor and CW bulk elasticity as mature hyphae, but a slightly higher thickness at cell tips. In myoVΔ hyphal cells, pressure, CW bulk elasticity and thickness were all higher than in wild-type cells, but with a relatively minor effect on tip CW elastic strain (Fig 6D-6F and Fig S6C-S6F

RESULTS 129 Figure 6 .

 1296 Figure 6. CW mechanics and secretion during steady state hyphal growth at different elongation speeds. (A) Time lapses of EVs (mCherry-RAB11) and CW thickness map of mature hyphae, germling tubes and myoVΔ cells, with close-up views on EVs distribution at cell tips. (B-G) Measured geometrical, mechanical and biochemical parameters for mature hyphae, germling tubes and myoVΔ cells (n> 10 cells for each conditions): Tip radius (B); Tip CW strain rate (C); Turgor pressure (D); Tip CW thickness (E); Tip CW young's modulus (F) and EVs tip concentration (G). (H-J) Model outputs in term of strain rates, CW thicknesses and EVs tip concentration for the three steady-states hyphal growth at different elongation speeds. Scale bars, 2 µm. Error bars correspond to +/-S.D.

Figure S2 .

 S2 Figure S1. Cell wall thickness measurements in different conditions, and controls for the effect of lectins and laser illumination on cell growth. (A) Mid-slice confocal image of a dividing hyphae, stained with fluorescent lectins, demonstrating that lectins only decorate exposed polysaccharides at the cell surface, and not internal CWs at the septum. (B) Impact of lectin (WGA) and fluorescent imaging on cell growth speeds (n> 15 cells in each condition). (C) CW thickness measured with 2 different lectins: WGA (n=82 cells) or ConA (n=89). (D) CW thickness measurement using PH-GFP to label the plasma membrane (n=103) or other plasma membrane marker: the FM4-64 dye (n=25) or a strain expressing the membrane associated synaptobrevin protein SSOA-GFP (n=49). (E) CW thickness of cells grown in minimal liquid media (WMM, n=53), rich liquid media (MCA, n=81) or rich solid media (MCA, n=19), using the WGA lectin.

Figure S3 .

 S3 Figure S3. Comparison of CW thickness local gradients with actin-labelled endocytic collars. (A) Maximum projection of cells expressing LifeAct-TdTomato overlaid with the CW thickness profile. (B) Measurement of the arclength distance between the two maxima corresponding to the endocytic collar; and the full width at mid height (FWMH) of the CW thickness at cell tip. (C) Comparison between the distance between the two maxima of LifeAct signal and the FWMH of the CW thickness. Each black line corresponds to a single cell.

Figure S4 .Figure S5 :Figure S6 :

 S4S5S6 Figure S4. Temporal cross-correlation between thickness growth and secretion dynamics; assessment of CW advection during growth; and model outputs in the absence of mechanical feedback. (A) Temporal cross-correlation, as a function of different time delays between pairs of the three parameters: EVs concentration, the strain rate and the tip CW thickness (n=10 timelapses) . Postive values stand for corerleations, negative values are anti-correlations and null values suggest the absence of any correlationat time-scales assayed. Cross-correlations are computed as <(ℎ(𝑡)-<ℎ>)(𝐸𝑉(𝑡+𝑑𝑡)-<𝐸𝑉>)> 𝜎 ℎ 𝜎 𝐸𝑉

  osmolarity measured with an osmometer, to estimate turgor values, P (Fig S2) (Atilgan et al. RESULTS 177 2015b). Therefore, these methodologies allowed to compute local and global fundamental mechanical parameters at the single cell level in multiple filamentous fungi (Fig 2A).

Figure 1 :

 1 Figure 1: Diversity of size and speed across the fungal kingdom. (A) Phylogenetic tree showing fungal division, sub-division, and species used here. Adapted from (James et al. 2006; Stajich et al. 2009). (B) Fluorescent confocal images of lectin signal of the different used species, and their mean growth speed. Scale bar =5µm.

Figure 2 :

 2 Figure 2: Cell mechanics and cell size in filamentous fungi. (A) Scheme of hyphal mechanics, representing the radius (R), the tip curvature radius (Rt), the turgor pressure (P), the cell wall thickness (h), and the CW Young's modulus (Y). Internal turgor pressure stretches elastically the CW. (B) Color maps of cell wall thickness of the different fungal species. (C-F) Mechanical parameters of lateral CWs plotted against the cell radius. (C) Side cell wall thickness (n>5 cells for each species), (D) side CW Young's modulus (n>5 for each species), (E) side CW surface modulus (n>5 for each species), and (F) turgor pressure (n>15 for each species). Error bars correspond to +/-S.D. Scale bar =5µm.

Figure 3 :

 3 Figure 3: Apical mechanical parameters dependences on growth speed. Mechanical parameters plotted against average growth speed for different fungal species. (A) Radius (n>23 cells for each specie), (B) tip CW thickness (n>6 for each specie), (C) tip CW Young's modulus (n>6 for each specie), (D) tip CW surface modulus (n>6 for each specie), (E) pressure (n>15 for each specie), and (F) Effective CW remodeling rate. The effective remodeling rate is calculated as growth speed divided by PR²/Yh. Error bars correspond to +/-S.D.

  both signals were extracted by Gaussian fitting. Local distances between signals, which correspond to local values of cell wall thickness, were computed after chromatic shift and in/out signal correction.

Figure S1 :Figure S2 :

 S1S2 Figure S1: Labeling of the internal and external parts of the cell wall for cell wall thickness measurement. Examples of labeled cells, with in green the membrane labeling and in red the external CW labeling. WT strains membrane were labeled with FM-4 64 while tractable species were labeled with membrane associated domains or integral membrane proteins. The CW was labeled with either WGA or ConA lectin. Scale bar=5µm.

Figure S3 :

 S3 Figure S3: Scaling of lateral CW mechanics with cell radius. (A) CW tension, (B) CW stress (C) CW elastic strain, and (D) bending stiffness versus cell radii (n>5 for each species). Error bars correspond to +/-S.D.

Fig. 1 .

 1 Fig. 1. A method to compute local CW mechanical properties in S. pombe cells. (A) Schematic of a cell with varying diameters, with enlarged view of local CW organization defining thickness (h) and bulk elastic modulus (Y). (B) Midslice confocal image of a cell expressing GFP-Psy1 and labeled with lectin GS-IB 4 -Alexa Fluor 647 (Upper), and the corresponding CW thickness map (Lower). (C, Left) Method to estimate local wall bulk modulus divided by turgor pressure. Bright-field images of the same cell depicted in B before (Upper) and after (Lower) laser ablation. The asterisk indicates the laser-ablating spot; the arrow points at a cloud of ejected cytosolic material. (C, Right) CW boundaries of the same cell before (Upper) and after (Lower) ablation, used to compute local radii of curvature at cell tips and the radius along the cell side, defined as a mean on the red region. (D) Y divided by turgor pressure (P) values computed at old end (oe, n = 99), new end before (neBN, n = 20), and new end after (neAN, n = 64) NETO, and at sides (n = 99) and scars (n = 27) in a WT population. (E and F) Evolution of Y/P (E) and hY/P (F) as a function of cell length. Individual cells have been imaged and binned by length (between 8 and 20 cells for each point). (G) CW boundaries, before and after ablation, of typical WT haploid and diploid cells, and haploid cells after 16 h of starvation (25 °C starv) and at 36 °C in exponential phase. (H-J) Cell radius (R 1 ) plotted as a function of side wall thickness (h s ), side bulk modulus divided by pressure (Ys/P), or surface modulus divided by pressure (hsYs/P) (for 25 °C, n = 21; 25 °C diploid, n = 19; 25 °C starv, n = 34; and 36 °C, n = 24). Small dots correspond to single cells, and larger dots are mean values. The line is a linear fit on single-cell measurements. r values are Pearson correlation coefficients. Whisker plots represent median and full dataset range. Error bars are SDs. (Scale bars, 2 μm.)

Fig. 2 .

 2 Fig. 2. Mapping CW mechanics in populations of mutants defective in cell diameter. (A) Schematic of cell outlines for WT and 3 classes of diameter mutants, with defects in intercellular average radius (i), intercellular variance of the radius (ii), or in intracellular variance of the radius (iii). (B) Midslice confocal image of representative cells corresponding to the classes shown in A. (Scale bars, 2 μm.) (C-E) Mean cell radius on cell sides of different mutants and conditions (C) and SDs (StDev) (D) as annotated in the legend (E). (F-H) Cell radius (R 1 ), plotted as a function of side wall thickness (hs), side bulk modulus divided by pressure (Ys/P) or side surface modulus divided by pressure (hsYs/P), in the conditions and mutants listed in the legend (E). Each strain is represented by its mean value. The line is a linear fit on mean values. r values are Pearson correlation coefficients.

Fig. 3 .

 3 Fig. 3. Estimation of CW mechanical parameters in a single isogenic strain, along single misshaped cells, and in other fission yeast species. (A, Left) CW boundaries, before and after ablation, of 2 plc1Δ cells with large and small radii. (A, Right) Cell radius (R 1 ) plotted as a function of the surface modulus divided by pressure (hsYs/P) for a population of plc1Δ cells (n = 50). (B, Left) CW boundaries and CW portions on cell sides, before and after ablation, for a rod-shaped cell (plc1Δ) and 2 skittle-shaped cells (myo1Δ and ubr1Δ). (B, Right) Local radius (R 1 ) plotted as a function of the surface modulus divided by pressure (hsYs/P) in 5 different parts of the same cell, for the cells in B, Left (colors of the boxes correspond). (C) Representative midslice confocal images of a cell from each species labeled with FM4-64 and lectin GS-IB 4 -Alexa Fluor 647. (D) Cell radius (R 1 ) plotted as a function of side wall surface modulus divided by pressure (hsYs/P) for S. pombe (n = 21), S. japonicus (n = 17), S. octosporus (n = 14), and S. cryophilus (n = 12). (E) Elastic strain in the lateral CW (PR 1 /Yshs) plotted as a function of cell radius. (F) Turgid radius (R 1 ) plotted as a function of the relaxed radius (R 0 ) in the conditions, mutants, and species listed in G. In A, B, and D, lines in plots represent linear fits of single-cell measurements. In E and F, the line is a linear fit of mean values. r values are Pearson correlation coefficients. Error bars represent SDs. (Scale bars, 2 μm.)

Fig. 4 .

 4 Fig. 4. Dynamic modulations of CW mechanical parameters during local and global shape changes. (A) CW boundaries, before and after ablation, of representative cells treated for 90 min with DMSO or 10 μM LatA. (B) Cell radius (R 1 ) plotted as a function of side wall surface modulus divided by pressure (hsYs/P), in WT cells treated with DMSO (n = 30) or LatA (n = 18). Small dots are single cells; larger dots are averages. The line is a linear fit on single-cell measurements. (C) Schematic of cells growing inside a microchannel. (D) Midslice confocal image (Left) and CW boundaries before and after ablation (Right) of an rga4Δ cell expressing GFP-Psy1, grown inside a microchannel (cyan dotted line) smaller than the cell radius in this strain (Rin). The part of the cell exiting the channel has a larger radius (Rout). (E) Turgid radius plotted as a function of relaxed radius of rga4Δ cells (n = 9) grown as in C and D, measured inside (pink) and outside (red) the channel. The line is a linear fit on single-cell measurements. (F) Elastic strain in the CW plotted as a function of cell radius in the same cells as in E. Small dots are single cells; larger dots are means. (G) Schematic of the assay used to apply osmotic shock of similar magnitude but in different directions: cells are placed in YE5S + 1 M sorbitol and left to adapt for 1 h, and then rinsed with either YE5S + 2 M sorbitol to create an hyperosmotic shock or with YE5S for an hypoosmotic shock. (H) Relative expansion of radii measured as (R 1M -R 2M )/R 1M for hyperosmotic (dark green), or as (R YE -R 1M )/R 1M for hypoosmotic (light green) treatments in the indicated strains (n = 10 cells in each conditions). Error bars are SDs. (Scale bars, 2 μm.)

ii=11, 22 ,

 22 meridional versus longitudinal direction. λii= Deformation along ii. γ2 corresponds to the transverse shear deformation. κii = Difference between rest state curvature and swelled state curvature along ii. Γs corresponds to the shear angle. Nii = Stresses along ii. N22 is decomposed between a vertical component V2 and a horizontal component H2. Q2 = transverse shear stress. Mii = bending moment. p = Turgor pressure, w= elastic energy, Y= Young modulus, ν=Poisson ratio.Other variables are used for numerical purposes(H2b, V2b, M22b, α). They all are linked by the following relationships:

Figure S1 .

 S1 Figure S1. Measurements and simulations assessing the validity of simple analytical formulae to compute local cell wall elastic moduli. (A) Relative expansion radius (measured as (R1-R0)/R0) and relative expansion length (measured as (L1-L0)/L0) of wt cells after laser ablation (n=99). (B) Ratio between the two expansion ratios calculated for each cell from A (n=99). (C-J) 3D simulations of radial or tip deformations defined as r,cyl= R1R0 and tipRcRc0 , respectively, of inflated cells and comparisons with analytical formulae, for different cell geometries and wall mechanical patterns. In all graphs, the simulated data are shown with circles (o) and the analytical formulae with crosses (+). The relative differences between the analytical results and the simulated deformation, defined as (simulation -analytical)/ (simulation-1) are shown in the right part of each figure. The Poisson ratio is always set to 0 in the simulations and the cell wall thickness is h=0.2μm. The experimental range depicted by the green shade was assessed on ~100 cells covering all experimental conditions in this work (WT, mutants, different species) (C) The relaxed cylinder length (L0) is varied from 0 to 40 μm (R0=2 μm with hemispherical tips, Ys/P=40). (D) Rt/R0, the "ellipticity" of the relaxed tip, is varied from 0.5 to 2, the other parameters remaining constant (L0=10 μm, R0=2 μm, Ys/P=40). (E) Tip deformation and (F) radial deformation (evaluated at the middle of the cylinder in simulations) as a function of L0/R0. (G) Tip deformation and (H) radial deformation (evaluated at the middle of the cylinder in simulations) ) as a function of Rt/R0. (I-J) The ratio between the Young modulus at the tip and at the side (Ytip/Yside) is varied from 0.3 to 2 the other parameters remaining constant (L0=10 μm, R0=2 μm hemispherical tip, Ys/P=40). (I) Tip deformation. (J) Radial deformation (evaluated at the middle of the cylinder in simulations). (K) Simulation of cell swelling of a WT cell, obtained by using values of local surface moduli computed from analytical expressions reported in methods. In black and blue: measured relaxed and turgid cell boundary, in red: simulated turgid cell boundary. (L) Y/P values computed using analytical expressions (plain) or simulations (striped) at old ends, new ends and sides, for the same set of wt cells (n=27). Whisker plots represent median and full data set range.

Figure S2 .

 S2 Figure S2. Local cell wall mechanical properties and local cell shape in fission yeast. (A-C) Radius of curvature at the old end (Roe), plotted as a function of old end wall thickness (hoe), old end bulk modulus divided by P (Yoe/P) or surface modulus divided by P (Yoehoe/P), in the same conditions as in Fig. 1G (for 25⁰C n=21, 25⁰C diploid n= 18, 25⁰C starv n=39, 36⁰C n=25). (D-F) Radius of curvature at the new end (Rne), plotted as a function of new end wall thickness (hne), new end bulk modulus divided by P (Yne/P) or surface modulus divided by P (Ynehne/P), in the same conditions as in Fig. 1G (for 25⁰C n=21, 25⁰C diploid n= 19, 25⁰C starv n=29, 36⁰C n=17). For A-F, small dots correspond to single cells measurements, and the larger dot is the average. The line is a linear fit of single cell measurements. Error bars are standard deviations. (G) Pearson correlation coefficients, between the local radius and wall thickness (h), bulk modulus divided by pressure Y/P or surface modulus divided by pressure (hY/P), in different parts of the cell as indicated. Those values correspond to data presented in A-F and in Fig. 1 H-J.

Figure S5 .3B.

 S5 Figure S5. Evolution of key mechanical values in the CW as a function of cell radius. (A-B) Cell radius (R1) plotted as a function of side wall thickness (hs, A) and bulk modulus divided by P (Ys/P, B) for individual cells within a population of plc1mutant (n=50). (C-D) Local radius (R1), plotted as a function of the corresponding side wall thickness (hs, C) and bulk modulus divided by P (Ys/P, D) in 5 different parts along the side of the same cell, for the cells represented in Fig. 3B. (E) Simulation of cell swelling in skittle cells of the indicated strains, obtained by using values of local surface moduli estimated experimentally as in C-D and Fig. 3B. In black and blue: measured relaxed and turgid cell boundary, in red: simulated turgid cell boundary. (F) Cell radius (R1) plotted as a function of side wall thickness (hs), (G) and side bulk modulus divided by P (Ys/P) in S. pombe (n=21), S. japonicus (n=17), S. octosporus (n=14), and S. cryophylus (n=12). (H) Elastic stress in the cell wall (PR1/hs) plotted as a function of cell radii and (I) energy corresponding to cell wall bending normalized to the energy of pressure (PR 3 1/h 3 sYs) plotted as a function of cell radii. (J) Legend for the conditions or mutants used in H-I. Where present, small dots are single cells measurements, and the big dot is the average. In A-D and F-G the line is a linear fit of single cell measurements. In H-I the line is a linear fit of averages. r values are Pearson correlation coefficients. Error bars represent standard deviations. Scale bar, 2m.

Figure S6 .

 S6 Figure S6. Evolution of cell diameter and CW mechanics upon dynamic shape manipulations. (A) Time-lapse of shape changes in a wt cell after treatment with 10M Latrunculin A. The cell is labeled with lectin Gs-Alexafluor647. (B) Quantification of cell radius (R1) evolution as a function of time. (C) Typical GFP-Bgs4 localization after treatment with 10M Latrunculin A. (D) Quantification of GFP-Bgs4 polarity index (tip signal divided by full cell contour signal) in cells treated as in A. (E) Mean cell radius (R1), plotted as a function of side wall thickness (hs), and (F) side bulk modulus (Ys/P) in wt cells treated for 1.5 hr with DMSO (n=30) or 10M LatrunculinA (n=18). Small dots are single cells measurements, and larger dots are averages. Lines are linear fits on single cell measurements. r values are Pearson correlation coefficients. (G-H) (Left) Maximum projection of 15 slices of rga4 cells expressing GFP-psy1 and grown inside a microchannel. The cell indicated by the asterisk is confined in (G) and released in (H). Note the rapid change in cell diameter. 3D reconstruction (Center) and cross section (Right) of the cell marked with an asterisk on the left before and after exiting the microchannel. (I) Cell perimeter of rga4cells grown in microchannels before and after release. (n=7).

Figure S7 .

 S7 Figure S7. Quantifications of cell shape and CW mechanics in response to hyper-and hypo-osmotic treatments. (A-C) Lateral CW thickness (A), bulk modulus (B), and surface modulus (C) in control wt cells and in cells adapted for 1h in 1M sorbitol. (D) Swelling of a relaxed cell (L0=10 μm, R0=2 μm, hemispherical tip) shown with the inner dashed contour, with different pressure, to support the existence of strain-stiffening effects in experiments. At a pressure such that Ys/P=40 (red line), the cell is cylindrical, whereas at a pressure such that Ys/P=20 (yellow line), the cell starts to be slightly ovalized. (E) Relative expansion/contraction radius measured as (R0.5M-R1M)/R0.5M , (R1M-R2M)/R1M and (R1.5M-R3M)/R1.5M for hyper-(dark green), or as (RYE-R0.5M)/R0.5M, (RYE-R1M)/R1M and (RYE-R1.5M)/R1.5M for hypo-(light green) osmotic treatment after adaptation to 0.5M , 1M and 1.5M sorbitol, respectively (0.5M, n=8 cells; 1M, n=10 cells; 1.5M n=14 cells). (F) Relative expansion/ contraction length measured as for radii and in the same cells as in D. (G) Relative expansion/contraction lengths measured as (L1M-L2M)/L1M for hyper (dark green), or as (LYE-L1M)/L1M for hypo (light green) in cells treated as in Fig. 4 H, in the indicated strains (n=10 in each conditions). Error bars are standard deviations.

In[ 1 ]

 1 := DynSys[EV_, G_, h_] := {ϕ G -α EV, η EV (1 -θ h) / h ^2 -γ (2 -θ h) / (1 -θ h) / h G EV + G ^2 / (1 -θ h), γ EV -G h}

  := StationaryPoints = Solve[DynSys[EV, G, h]  0, {EV, G,h}]Solve: Equations may not give solutions for all "solve" variables.Out[4]= {EV  0, G  0}, EV  0, G  0

  η θ + 2 α γ η θ + η 2 θ 2 + α 2 γ 2 -+ η θ + 2 α γ η θ + η 2 θ 2 + α 2 γ 2 -

4Out

  Model20220517_EV.nbIn[19]:= ConstraintsFromData = {EVData  1, GData  0.69, hData  0.066, θ  13.03} Solve[{EVSta  EVData, GSta  GData, hSta  hData}, {γ, η, α}] // Simplify ParametersFromData = % /. ConstraintsFromData // Flatten EigenvaluesWithParameters = EigenvaluesNoGrowth /. ParametersFromData /. ConstraintsFromData // Simplify Out[19]= {EVData  1, GData  0.69, hData  0.066, θ  13.03} {γ  0.04554, η  0.0148114, α  0.69 ϕ} Out[22]= -0.69, 2.11893 -0.345 ϕ -10.9794 0.0372461 -0.0160782 ϕ + 0.00098738 ϕ 2 , 2.11893 -0.345 ϕ + 10.9794 0.0372461 -0.0160782 ϕ + 0.00098738 ϕ 2  In[23]:= Plot[Re[EigenvaluesWithParameters] // Evaluate,

  := DynSysNoFeedback[EV_, G_, h_] := {ϕ -α EV, η EV (1 -θ h) / h ^2 -γ (2 -θ h) / (1 -θ h) / h G EV + G ^2 / (1 -θ h), γ EV -G h}

  ]= {γ  0.04554, η  0.0148114, α  ϕ}

  := ϕchoice = ϕ  5 sol = First @ NDSolve[{EV '[t]  ϕ -α EV[t], G '[t]  If[G[t] > 0, η EV[t] (1 -θ h[t]) / h[t] ^2γ (2 -θ h[t]) / (1 -θ h[t]) / h[t] G[t] × EV[t] + G[t] ^2 / (1 -θ h[t]), 0], h '[t]  γ EV[t] -G[t] × h[t] , EV[0]  EVData -0.0001, G[0]  GData,h[0]  hData} /. ConstraintsFromData /. ParametersFromDataNoFeedback /. ϕchoice, {EV, G, h}, {t, 0, 20}] Plot[EV[t] /. sol, {t, 0, 2.78}, PlotRange  All, AxesLabel  {"t(min)", "EV(AU)"}] Plot[G[t] /. sol, {t, 0, 2.78}, PlotRange  All, AxesLabel  {"t(min)", "G(1/min)"}] Plot[10 ^3 h[t] /. sol, {t, 0, 2.78}, PlotRange  All, AxesLabel  {"t(min)", "h(nm)"}]

  ]= /Users/arezki/Documents/Recherche/Yeast/Louis/SimulationGraphs/NoFeedback1.xlsxIn[41]:= ϕchoice = ϕ  5 sol = First @ NDSolve[{EV '[t]  ϕ -α EV[t], G '[t]  If[G[t] > 0, η EV[t] (1 -θ h[t]) / h[t] ^2γ (2 -θ h[t]) / (1 -θ h[t]) / h[t] G[t] × EV[t] + G[t] ^2 / (1 -θ h[t]), 0], h '[t]  γ EV[t] -G[t] × h[t] ,EV[0]  EVData + 0.00001, G[0]  GData, h[0]  hData} /. ConstraintsFromData /. ParametersFromDataNoFeedback /. ϕchoice, {EV, G, h}, {t, 0, 20}] Plot[EV[t] /. sol, {t, 0, 20}, PlotRange  All, AxesLabel  {"t(min)", "EV(AU)"}] Plot[G[t] /. sol, {t, 0, 20}, PlotRange  All, AxesLabel  {"t(min)", "G(1/min)"}] Plot[10 ^3 h[t] /. sol, {t, 0, 20}, PlotRange  All, AxesLabel  {"t(min)", "h(nm)"}] Out[41]= ϕ  5 Out[42]= EV  InterpolatingFunction Domain: 0., 20.

  [46]:= sol = First @ NDSolve[{EV '[t]  ϕ G[t] -α EV[t], G '[t]  If[G[t] > 0, η EV[t] (1 -θ h[t]) / h[t] ^2 - γ EV[t] -G[t] × h[t] , EV[0]  .1, G[0]  0,h[0]  hData} /. ConstraintsFromData /. ParametersFromData /. ϕguess, {EV, G, h}, {t, 0, 20}] Plot[EV[t] /. sol, {t, 0, 20}, PlotRange  All, AxesLabel  {"t(min)", "EV(AU)"}] Plot[G[t] /. sol, {t, 0, 20}, PlotRange  All, AxesLabel  {"t(min)",

  [50]:= sol = First @ NDSolve[{EV '[t]  ϕ G[t] -α EV[t], G '[t]  If[G[t] > 0, η EV[t] (1 -θ h[t]) / h[t] ^2γ (2 -θ h[t]) / (1 -θ h[t]) / h[t] G[t] × EV[t] + G[t] ^2 / (1 -θ h[t]), 0], h '[t]  γ EV[t] -G[t] × h[t] , EV[0]  0, G[0]  0,h[0]  hData / 2} /. ConstraintsFromData /. ParametersFromData /. ϕguess, {EV, G, h}, {t, 0, 20}] Plot[EV[t] /. sol, {t, 0, 20}, PlotRange  All, AxesLabel  {"t(min)", "EV(AU)"}] Plot[G[t] /. sol, {t, 0, 20}, PlotRange  All, AxesLabel  {"t(min)", "G(1/min)"}] Plot[10 ^3 h[t] /. sol, {t, 0, 20}, PlotRange  {0, 1.1 × 10 ^3 hData /. ConstraintsFromData}, AxesLabel  {"t(min)", "h(nm)"}] Out[50]= EV  InterpolatingFunction Domain: 0., {t, EV[t] /. sol, G[t] /. sol, 10 ^3 h[t] /. sol}, {t, 0, 20, 0.01}]]Out[ ]= /Users/arezki/Documents/Recherche/Yeast/Louis/SimulationGraphs/SideBranching2.xlsxIn[54]:= sol = First @ NDSolve[{EV '[t]  ϕ G[t] -α EV[t], G '[t]  If[G[t] > 0, η EV[t] (1 -θ h[t]) / h[t] ^2γ (2 -θ h[t]) / (1 -θ h[t]) / h[t] G[t] × EV[t] + G[t] ^2 / (1 -θ h[t]), 0], h '[t]  γ EV[t] -G[t] × h[t] ,EV[0]  0.001, G[0]  0, h[0]  hData} /. ConstraintsFromData /. ParametersFromData /. ϕguess, {EV, G, h}, {t, 0, 20}] Plot[EV[t] /. sol, {t, 0, 20}, PlotRange  All, AxesLabel  {"t(min)", "EV(AU)"}] Plot[G[t] /. sol, {t, 0, 20}, PlotRange  All, AxesLabel  {"t(min)",

  [58]:= ff[t_, x_] := 1 -(1 -x) HeavisideTheta[t -2] Plot[ff[t, .5], {t, 0, 20}, PlotRange  {0, 1.1}]]:= sol = First @ NDSolve[{EV '[t]  ϕ G[t] -α EV[t], G '[t]  If[G[t] > 0, η EV[t] (1 -θ h[t]) / h[t] ^2γ (2 -θ h[t]) / (1 -θ h[t]) / h[t] G[t] × EV[t] + G[t] ^2 / (1 -θ h[t]), 0], h '[t]  γ EV[t] -G[t] × h[t] , EV[0]  EVData, G[0]  GData, h[0]  hData} /.{ϕ  ϕ ff[t, .2], α  α ff[t, .19]} /. ConstraintsFromData /. ParametersFromData /. ϕguess, {EV, G, h}, {t, 0, 20}] Plot[EV[t] /. sol, {t, 0, 20}, PlotRange  {0, 1.5}, AxesLabel  {"t(min)", "EV(AU)"}] Plot[G[t] /. sol, {t, 0, 20}, PlotRange  All, AxesLabel  {"t(min)", "G(1/min)"}] Plot[10 ^3 h[t] /. sol, {t, 0, 20}, PlotRange  {0, 200}, AxesLabel  {"t(min)", "h(nm)"}] Out[60]= EV  InterpolatingFunction Domain: 0.,

  [0]  EVData, G[0]  GData, h[0]  hData} /. {ϕ  ϕ ff[t, .1], α  α ff[t, .095]} /. ConstraintsFromData /. ParametersFromData /. ϕguess, {EV, G, h}, {t, 0, 80}] Plot[EV[t] /. sol, {t, 0, 40}, PlotRange  {-0.1, 1.5}, AxesLabel  {"t(min)", "EV(AU)"}] Plot[G[t] /. sol, {t, 0, 40}, PlotRange  All, AxesLabel  {"t(min)", "G(1/min)"}] Plot[10 ^3 h[t] /. sol, {t, 0, 40}, PlotRange  {0, 250}, AxesLabel  {"t(min)", "h(nm)"}] Out[64]= EV  InterpolatingFunction Domain: 0.,

  [68]:= p = 0.14 sol = First @ NDSolve[{EV '[t]  ϕ G[t] -α EV[t], G '[t]  If[G[t] > 0, -p G[t] / (1 -θ h[t]) DiracDelta[t -1.99999999] + η EV[t] (1 -θ h[t]) / h[t] ^2γ (2 -θ h[t]) / (1 -θ h[t]) / h[t] G[t] × EV[t] + G[t] ^2 / (1 -θ h[t]), 0], h '[t]  γ EV[t] -G[t] × h[t] , EV[0]  EVData, G[0]  GData, h[0]  hData} /. {η  η ff[t, 1 -p], θ  θ ff[t,1 / (1 -p)]} /. ConstraintsFromData /. ParametersFromData /. ϕguess, {EV, G, h}, {t, 0, 20}] Plot[EV[t] /. sol, {t, 0, 10}, PlotRange  All, AxesLabel  {"t(min)", "EV(AU)"}] Plot[G[t] /. sol, {t, 0, 10}, PlotRange  All, AxesLabel  {"t(min)", "G(1/min)"}] Plot[10 ^3 h[t] /. sol, {t, 0, 20}, PlotRange  {0, 100}, AxesLabel  {"t(min)",

  [73]:= ff2[t_, x_] := If[t < 2, 1, x + (1 -x) Exp[-10 (t -2)] + (1 -x) (1 -Exp[-(t -2) / 2])] Plot[ff2[t, .5], {t, 0, 20}, PlotRange  {0, 1.5}] ]:= p = 0.14 sol = First @ NDSolve[{EV '[t]  ϕ G[t] -α EV[t], G '[t]  If[1 -θ h[t] > 0.001, η EV[t] (1 -θ h[t]) / h[t] ^2γ (2 -θ h[t]) / (1 -θ h[t]) / h[t] G[t] × EV[t] + G[t] ^2 / (1 -θ h[t]), 0.], h '[t]  γ EV[t] -G[t] × h[t] , EV[0]  EVData, G[0]  GData, h[0]  hData} /. {η  η ff2[t, 1 -p], θ  θ ff2[t,1 / (1 -p)]} /. ConstraintsFromData /. ParametersFromData /. ϕguess, {EV, G, h}, {t, 0, 20}] Plot[EV[t] /. sol, {t, 0, 20}, PlotRange  All, AxesLabel  {"t(min)", "EV(AU)"}] Plot[G[t] /. sol, {t, 0, 20}, PlotRange  All, AxesLabel  {"t(min)", "G(1/min)"}] Plot[10 ^3 h[t] /. sol, {t, 0, 20}, PlotRange  {0, 100}, AxesLabel  {"t(min)", , EV[t] /. sol, G[t] /. sol, 10 ^3 h[t] /. sol}, {t, 0, 20, 0.01}]] Out[ ]= /Users/arezki/Documents/Recherche/Yeast/Louis/SimulationGraphs/OsmoticShockAdaptation .xlsx

  In[92]:= ConstraintsFromDataGT = {EVData  .14, GData  0.15, hData  0.073, θ  9.51} Solve[{EVSta  EVData, GSta  GData, hSta  hData}, {γ, η, α}] ]= {EVData  0.14, GData  0.15, hData  0.073, θ  9]= {γ  0.0782143, η  0.00280095, α  1.07143 ϕ} Out[95]= -0.15, 0.170282 -0.535714 ϕ -6.39269 0.000709532 -0.00839708 ϕ + 0.00702261 ϕ 2 , 0.170282 -0.535714 ϕ + 6.39269 0.000709532 -0.00839708 ϕ + 0.00702261 ϕ 2  Out[96]= {{ϕ  0.0914991}, {ϕ  1.10422}} Out[97]= ϕ  1.10422 In[98]:= Append[ParametersFromData /. ϕguess, ϕguess] Append[ParametersFromDataGT /. ϕguessGT, ϕguessGT] Out[98]= {γ  0.04554, η  0.0148114, α  9.30581, ϕ  13.4867} Out[99]= {γ  0.0782143, η  0.00280095, α  1.18309, ϕ  1.10422}

  [100]:= ConstraintsFromDataMyoV = {EVData  .23, GData  0.19, hData  0.081, θ  8.86} Solve[{EVSta  EVData, GSta  GData, hSta  hData}, {γ, η, α}] ]= {EVData  0.23, GData  0.19, hData  0.081, θ  8]= {γ  0.066913, η  0.00364735, α  0.826087 ϕ} Out[103]= -0.19, 0.241474 -0.413043 ϕ -7.47238 0.00104429 -0.00638354 ϕ + 0.00305544 ϕ 2 , 0.241474 -0.413043 ϕ + 7.47238 0.00104429 -0.00638354 ϕ + 0.00305544 ϕ 2  Out[104]= {{ϕ  0.178912}, {ϕ  1.91033}} Out[105]= ϕ  1.91033 In[106]:= Append[ParametersFromData /. ϕguess, ϕguess] Append[ParametersFromDataMyoV /. ϕguessMyoV, ϕguessMyoV] Out[106]= {γ  0.04554, η  0.0148114, α  9.30581, ϕ  13.4867} Out[107]= {γ  0.066913, η  0.00364735, α  1.5781, ϕ  1.91033}
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  , A. fumigatus, and C. neoformans have a unique FKS gene that is essential (Isabelle Mouyna et al. Rourke et al. 2003). C. albicans and S. cerevisiae have 3 FKS orthologues
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Table 3 .1

 3 Cell wall components and their content in different fungal species.(Free 2013b) 

Cell Wall Dynamics in a Filamentous Fungus Louis

  Zerzour, and Geitmann 2011). CW Young's modulus is proposed to depend on calcium concentration, following experimental data. The gradient of calcium, being more concentrated at the tip, is suggested to be one reason for the tip softness. Interestingly, this model predicts oscillations of CW thickness in the order of a few percent.The case of growing site creation (branching and spore germination) is still poorly modeled. In the VSC model, dividing the VSC in two and giving them different directions can replicate tip branching. In standard conditions, the creation of a new VSC set in a tubular region can reproduce lateral branching. This method allows the reproduction of observed shapes but is somehowChevalier, Mario Pinar, Rémi Le Borgne, Catherine Durieu, Miguel Peñalva, Arezki Boudaoud and Nicolas Minc. 

	Kroeger et al. modeled the growth of pollen tubes, representing the CW as an inflated viscoplastic
	shell. Starting from the Lockhart equation, they proposed a feedback coupling growth and vesicle
	secretion, involving stress-gated calcium channels. Here, the CW is defined as a thin shell of

viscous material, with new depositions of material softening the apex. The relationships between CW thickness, deposition, and elongation, and between deposition, calcium concentration, and elongation make it possible to generate a stable feedback system. This system allows the INTRODUCTION 101 reproduction of observed oscillatory growth

(Kroeger, Geitmann, and Grant 2008; Kroeger, artificial. Bonazzi et al. modeled 

fission yeast spore germination by assuming that turgor powers growth. They propose that the inner cell wall is viscoelastic at the site of growth, and elastic otherwise, and that the outer spore wall is elastic and ruptures when elastic strain reaches a threshold

(Bonazzi et al. 2014a

). As seen before, spores grow first isotopically, wandering a polar cap around the surface, and afterward grow anisotropically. Numerical simulation reproduced the observed growth pattern, and suggested feedback from the surface growth on the position of the polarity cap, allowing maintenance of the growth direction after the switch from isotropic to polar growth.

While many models succeeded to reproduce hyphal shape, the role of each component is still under debate. Furthermore, it is not ways possible to test or validate the models. For example, while almost all models assume the CW thickness to be compensated by synthesis to be maintained at a constant value, almost no data are available to confirm or refute this hypothesis. The same applies to the turgor pressure or other parameters that are hard to measure directly. Overall, models suggest a gradient of stiffness of the CW, with the tip being softer, and necessary feedbacks to stabilize the growth. INTRODUCTION 103 RESULTS 1 -Cell Wall Dynamics in a Filamentous Fungus 1 -

  1 -Cell Wall Dynamics in a Filamentous Fungus interventions affecting growth, turgor, trafficking or secretion. We propose a mathematical model for tip growth that we systematically test and calibrate against dynamic perturbations. Combined with experimental findings, this model suggests the existence of a mechanical feedback from CW growth to vesicle accumulation that accounts for stable steady state hyphal growth at various elongation speeds.

RESULTS

  Cell Wall Dynamics in a Filamentous Fungus and reinforce the CW by promoting synthesis(Neeli-Venkata et al. 2021b). Accordingly, previous work has shown that the Aspergillus WscA sensor may function to support colony growth and CW shapes, with null mutants exhibiting frequent tip bulging and lysis phenotypes in hypo-osmotic conditions(Futagami et al. 2011a). Alternative mechanisms of mechanical feedbacks could emerge from stretched activated calcium channels, that regulate contact-sensation and tip reorientation in the fungus C. albicans, and that have been implicated in CW integrity and polarity regulation in A.

	To date, although
	the regulators of membrane trafficking needed to assemble polar EV domains have been well
	studied in many fungal models (Meritxell Riquelme 2013a; Meritxell Riquelme and Sánchez-León
	2014), the mechanisms by which EVs could potentially sense and adapt to CW mechanics or
	dynamics remain unclear (Mishra, Minc, and Peter 2022). One class of plausible mechanisms may

implicate conserved fungal CW mechanosensors of the WSC and MID families

(Elhasi and Blomberg 2019)

. These act as bona fide CW mechanosensors to activate the CW integrity pathway 1 -

Table S1 . Aspergillus nidulans strains used in this study

 S1 

	Genotype	Number
	pabaA1 yA2; argB2[argB*-gpdA p ::gfp::PH-PLCdx2]	MAD2471
	pabaA1; nkuA∆::bar	MAD6525
	pyrG89?; argB2::[argB*-gpdA p ::gfp::2xPHdomain of PLCd1]; ΔnkuA::bar?; rab11 P ::mCherry::rab11::pyrG Af ::3´UTRrab11	MAD7306
	pyrG89?; sarA6; argB2::[argB*-gpdA p ::gfp::2xPHdomain of PLCd1] ΔnkuA::bar?; rab11 P ::mCherry::rab11::pyrG Af ::3´UTRrab11	MAD7476
	pyrG89?; ΔmyoE::pyrG Af argB2::[argB*-gpdA p ::gfp::2xPHdomain of PLCd1]; pyroA4 ΔnkuA::bar?; rab11 P ::mCherry::rab11::pyrG Af ::3´UTRrab11	MAD 7480
	pyrG89?; argB2::[argB*-gpdAp-gfp-2xPHdomain of PLCd1]; pyroA4 ΔnkuA::bar?; pyrG Af ::mCherry::chsB	MAD7473
	pyrG89?; myoE-mCherry::pyrG Af argB2::[argB*-gpdAp-gfp-2xPHdomain of PLCd1]; ΔnkuA::bar?	MAD7562
	pyrG89, wA::gfp::tubA::pyrG Af , pyroA4 nkuA∆::argB2	MAD4658
	pabaA1; inuA P ::lifeact::tdtomato::riboB Af ::inuA T ; argB2::[argB*-gpdAp-gfp-2xPHdomain of PLCd1]; nkuAΔ::bar?; riboB2?	MAD7474

Table S2 :

 S2 Model parameters

		Mature			Pressure	Germling	
		Hyphae	Benomyl	SarA	drop	tubes	myoVΔ
	γ	0.04554	0.04554	0.04554	0.04554	0.078214	0.066913
	η	0.014811	0.014811	0.014811	0.014811	0.002801	0.003647
	α	9.30581	1.768104	0.790994	9.30581	1.18309	1.5781
	ϕ	13.4867	2.69734	1.213803	13.4867	1.10422	1.91033
	θ	13.03	13.03	13.03	13.03	9.51	8.86

  2 -Mechanical Strategies Supporting Rapid TipGrowth in Filamentous Fungi lateral CWs ranged from ~150-200nm down to 30-50nm, among different species, suggesting large variabilities. In general, these values were smaller in wider cells for all species considered, with the exception of S. pombe which was above the general trend of other fungi. Importantly, the values

	measured agreed with measurements from electron microscopy images in the literature, when
	available (Fig 2B-2C) (Davì et al. 2018b; Youssef, Roberto, and de Oliveira 2019; A. P. Trinci and
	Collinge 1975; Liming Zhao et al. 2005; S.

Table S1 . Fungal species and strains used in this study

 S1 

	Specie	Genotype	Source
	Neurospora crassa	his-3::Ptef-gfp-caax	Fleissner Andre 1
	Mucor circinelloides	WT	F. Leclerc Lab 2
	Penicillium janczewskii	WT	MNHN 3
	Botrytis cinerea	WT	F. Leclerc Lab
	Schizosaccharomyces	h+ ade6<<GFP-psy1	Our lab
	pombe		VD 55
	Aspergillus nidulans	pabaA1 yA2; argB2[argB*-	M Peñalva lab 4
		gpdAp::gfp::PH-PLCdx2]	
	Candida albicans	pADHGFPctRac1	R Arkowitz lab 5

1 Florence Chapeland-Leclerc: UMR 8236, Université Paris cite, 75013 Paris France 2 André Fleissner, Technische Universität Braunschweig, Germany 3 Joëlle Dupont, Muséum national d'Histoire natuelle, Paris France 4 Miguel A Soto Peñalva: Centro de Investigaciones Biológicas Margarita Salas, Madrid 28040 Spain 5 Robert Arkowitz : Institut de Biologie Valrose, Nice, France RESULTS 189

Table S2 . Fungal mechanical parameters

 S2 

					2 -Mechanical Strategies Supporting Rapid Tip
							Growth in Filamentous Fungi
						C.		
		N.	B.	A.	P.	albicans	S.	M.
	Species	crassa	cinerea	nidulans	janczewskii	(hyphae)	pombe	circinelloides
	Medium	VMM MAE	MCA	DO	spider	YE5S	DO
	Radius (µm)	4.6	2.51	1.61	3.1	1.19	1.98	3.93
	Growth							
	speed							
	(µm/h)	405	135	52	293.4	12	1.74	308.4
	Tip CW							
	Thickness							
	(nm)	72	118	76	94	123	170	83
	Lateral CW							
	Thickness							
	(nm)	48	118	82	70	113	181	60
	Y/P tip	87	33	61	82	16	23	140
	Y/P side	494	66	120	413	30	40	443
	Sorbitol							
	shock (M)							
	to							
	depressurize							
	cells	0.35	0.8	0.81	0.43	>4	1.3	0.35
	Turgor							
	Pressure							
	(MPa)	0.27	0.54	1.11	0.7		1.5	0.49
	Y tip (MPa)	23	18	90	58		34.5	68
	Y side							
	(MPa)	133	35	134	289		60	217
	Membrane	GFP-				Rac1-	GFP-	
	dye	CAAX FM dye GFP-PH FM dye	GFP	Psy1	FM dye
	CW dye	wga	conA	wga	wga	conA	GS-IB4 wga

  Valeria Davì a , Louis Chevalier a , Haotian Guo a,1 , Hirokazu Tanimoto a,2 , Katia Barrett a , Etienne Couturier b , Arezki Boudaoud c,3 , and Nicolas Minc a,3 a Institut Jacques Monod, CNRS, Université de Paris, 75205 Paris Cedex 13, France; b Laboratoire Matières et Systèmes Complexes, UMR 7057, CNRS, Université de Paris, 75205 Paris Cedex 13, France; and c Reproduction et Développement des Plantes, École Normale Supérieure de Lyon, Claude Bernard Lyon I, Inra, Université de Lyon, CNRS, 69364 Lyon Cedex 07, FranceEdited by David A. Weitz, Harvard University, Cambridge, MA, and approved June 3, 2019 (received for reviewNovember 30, 2018) 

  11 , 𝜆 22, 𝛾 2 , 𝜅 11, 𝜅 22 ) = 𝐴((𝜆 11 -1) 2 + 2𝜈(𝜆 11 -1)(𝜆 22 -1) + (𝜆 11 -1) 2 ) + 𝐵𝛾 2

					2 +
	𝐶(𝜅 11	2 + 2𝜐𝜅 11 𝜅 22 + 𝜅 22	2 )	(19)
	with, 𝐴 =	𝑌ℎ 2(1-𝜈 2 ) , B=	𝑌ℎ 4(1+𝜈)

Table S2 :

 S2 Gene functions for the set of mutants used in Figure2, assigned from the Gene

	Gene ID	GO biological processes h+ GFP-psy1:ade bgs4::ura4 RFP-bgs4-Leu (leu1-32 ura4-D18 ade6)		
	scd2	signaling	establishment or maintenance of cell polarity	conjugation with cellular fusion			
	myo52	mitotic cytokinesis	actin cytoskeleton organization	establishment or maintenance of cell polarity			
	coq10	cofactor metabolic process					
	kin1	mitotic cytokinesis	membrane organization	actin cytoskeleton organization	establishment or maintenance of cell polarity		
	pub1	protein catabolic process	transmembrane transport	protein modification by small protein conjugation or removal			
		generation of					
	mae2	precursor metabolites and					
		energy					
	vps1	peroxisome organization	membrane organization	vesicle-mediated transport			
	dad1	meiotic nuclear division	mitotic sister chromatid segregation				
	yaf9	DNA repair	regulation of transcription, DNA-templated	chromatin organization	transcription, DNA-templated		
	plc1	signaling	lipid metabolic process				
	gpa1	ascospore formation	signaling	conjugation with cellular fusion			
	myo1	membrane organization	protein-containing complex assembly	actin cytoskeleton organization	vesicle-mediated transport	establishment or maintenance of cell polarity	
			establishment or				
	efc25	signaling	maintenance of cell				
			polarity				
	ubr1	signaling	protein catabolic process	regulation of transcription, DNA-templated	protein modification by small protein conjugation or removal	transcription, DNA-templated	
	rdp1	regulation of transcription, DNA-templated	meiotic nuclear division	chromatin organization	transcription, DNA-templated		
	rga2	signaling					
	rga4	signaling	actin cytoskeleton organization	establishment or maintenance of cell polarity			
	mtq2	cytoplasmic translation					
	wsc1	signaling					
	mtl2	signaling					
	rgf2	cell wall organization or biogenesis	signaling				
	rgf1	signaling	carbohydrate metabolic process	cell wall organization or biogenesis			
	pmk1	metal ion homeostasis	signaling	transmembrane transport	regulation of transcription, DNA-templated	transcription, DNA-templated	cell wall organization or biogenesis
	pck2	signaling	carbohydrate metabolic process	establishment or maintenance of cell polarity	cell wall organization or biogenesis		
	agn1	carbohydrate metabolic process	conjugation with cellular fusion	cell wall organization or biogenesis			
	omg1	carbohydrate metabolic process	conjugation with cellular fusion	cell wall organization or biogenesis			
		Ontology classification (https://www.pombase.org/).			

Table S3 .

 S3 Yeast strains used in this study. * Strains derived from the commercially available 'S. pombe Haploid Deletion Mutant Set version 2.0' strains collection (Bioneer Corporation;

http://pombe.bioneer.com).

arezki/Documents/Recherche/Yeast/Louis/SimulationGraphs/SideBranching1.xlsx" , Table[{t, EV[t] /. sol, G[t] /. sol, 10 ^3 h[t] /. sol}, {t, 0, 20, 0.01}]]

  Out[ ]= /Users/arezki/Documents/Recherche/Yeast/Louis/SimulationGraphs/SideBranching1.xlsx

	Model20220517_EV.nb Export[
	"/Users/

arezki/Documents/Recherche/Yeast/Louis/SimulationGraphs/SideBranching3.xlsx" , Table[{t, EV[t] /. sol, G[t] /. sol, 10 ^3 h[t] /. sol}, {t, 0, 20, 0.01}]]

  Out[ ]= /Users/arezki/Documents/Recherche/Yeast/Louis/SimulationGraphs/SideBranching3.xlsx Simulation of benomyl treatment / SarA mutant

	Export[
	"/Users/

Table [ {t, EV[t] /. sol, G[t] /. sol, 10 ^3 h[t] /. sol}, {t, 0, 20, 0.01}]]

 [ 

	16	Model20220517_EV.nb
	Out[ ]= /Users/arezki/Documents/Recherche/Yeast/Louis/SimulationGraphs/BenomylSarA1.xlsx

In

[64]

:= sol = First @ NDSolve[{EV '[t]  ϕ G[t] -α EV[t], G '[t]  If[G[t] > 0, η EV[t] (1 -θ h[t]) / h[t] ^2 -

arezki/Documents/Recherche/Yeast/Louis/SimulationGraphs/OsmoticShock.xlsx", Table[{t, EV[t] /. sol, G[t] /. sol, 10 ^3 h[t] /. sol}, {t, 0, 20, 0.01}]]

  Out[ ]= /Users/arezki/Documents/Recherche/Yeast/Louis/SimulationGraphs/OsmoticShock.xlsx

	Model20220517_EV.nb Export[
	"/Users/

  1) We take: Stationary exocytic vesicle level EV = 0.23, Stationary growth rate G = Gs/R =0.32 μm/min/1.6μm=0.19 min -1 , Stationary tip thickness h = 0.081 μm, From Eq. (

l'accumulation de vésicules de secrétions à la pointe des hyphes, par vidéo-microscopie et par le biais de mutants affectant la polarité, le cytosquelette ou le trafic membranaire. De plus, j'ai utilisé un modèle mathématique avec rétroaction reliant trafic vésiculaire et mécanique de la paroi, capable de simuler des états stationnaires de croissance ainsi que des adaptations rapides en réponse à des perturbations.En parallèle, j'ai étendu ma méthode à une dizaine d'autres champignons filamenteux, et caractérisé leurs propriétés mécaniques. Ce volet de ma thèse a permis d'élargir notre compréhension des mécanismes d'assemblage de la paroi et de contrôle de la croissance des hyphes fongiques et d'établir des lois universelles régissant la croissance filamenteuse.Ces données fournissent des détails sans précédent sur la façon dont la dynamique de la paroi cellulaire dépend de la sécrétion de matériel surfacique, pour stabiliser la croissance de la pointe des filaments fongiques ainsi que pour promouvoir sa plasticité morphogénétique.Mots-clés : Paroi cellulaire, croissance, champignon filamenteux, méthanique cellulaire, épaisseur de paroi cellulaire.
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The vesicle supply center

The vesicle supply center (VSC) model proposes that vesicles emerge from a point, the VSC, and travel to the surface, where they will fuse and add material (S. Bartnicki-Garcia, Hergert, and Gierz 1989). This simplistic model succeeds to recreate isotropic growth if the VSC is fixed, resembling germination of spores, and hyphal shape when the VSC moves linearly (Fig 4 .2A). In the first
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MATERIAL AND METHODS

Fungal growth conditions and medium.

Aspergillus nidulans cells were grown from a spore solution during 16-20h at 25C°, either on "watch minimal medium" (WMM) (Peñalva 2005) or in complete medium (MCA) containing 1% glucose and 5 mM ammonium tartrate, either in liquid using eight-well chambers (IBIDI GmbH, Martinriesd, Germany), or in between 2% agar pads covered with a dialysis membrane and a coverslip. Spores were collected from the mycelium after ~15 days of growth on agar plates and resuspended in water supplemented with 0.01% of Tween. For long term storage, spores were conserved in 20% glycerol at -80°C. Strains used in this study, were generated using standard genetic and transformation procedures (Nayak et al. 2006;Szewczyk et al. 2006;Todd, Davis, and Hynes 2007), and are listed in Table S1.

Chemical inhibitors

The microtubule drug benomyl was used at a final concentration of 4.8µg/mL from a 2000X stock made in DMSO (Horio and Oakley 2005a). This concentration was chosen as the minimum at which microtubules were fully depolymerized, identified using a strain expressing GFP-TubA.

Sorbitol treatments

Sorbitol treatments to measure turgor pressure were done at different concentrations ranging from 0.1-1.5M sorbitol diluted in MCA medium. To arrest growth we used a concentration of 0.2M sorbitol, a concentration identified as the smallest to arrest growth in a large fraction of cells. These shocks were performed under the microscope while monitoring cells.

Supplemental movie legends

Movie S1. Spatio-temporal dynamics of CW thickness of 3 growing mature Aspergillus nidulans hyphae, related to figure 1.

Movie S2.

Spatio-temporal dynamics of CW thickness and EVs (mcherry-RAB11) of a growing mature Aspergillus nidulans hypha, related to figure 4.

Movie S3

. Spatio-temporal dynamics of CW thickness and EVs (mcherry-RAB11) during hyphal branching, related to figure 5 andS5.

Movie S4. Spatio-temporal dynamics of CW thickness and EVs (mcherry-RAB11) of a growing hypha during a turgor drop (+0.2M sorbitol), causing a stop in growth, and a delocalization of EVs. Note how the hypha adapst and restart growth. Related to figure 5.

Movie S5. Spatio-temporal dynamics of CW thickness and EVs (mcherry-RAB11) of a growing hyphae while depolymerizing microtubules with benomyl, causing a stop in growth, a delocalization of EVs and bulging of the tip. Related to figure 5 andS5.

Movie S6. Spatio-temporal dynamics of CW thickness and EVs (mcherry-RAB11) of a growing SarA6 mutant hyphae during a shift to the restrictive temperature, causing a stop in growth and bulging of the tip, related to figure 5 andS5.

ABSTRACT

The stereotypical polar tip growth of filamentous fungi support their lifestyles and functions. Quite remarkably, tip shapes, hyphal diameter, and cell elongation rates can vary extensively across the fungal tree. For instance, cell diameter may range from a fraction up to tens of microns, and growth speeds span 3-4 orders of magnitude between species. As for all walled cells, fungal cells are encased in a thin elastic cell wall (CW) that bear large mechanical stresses derived from internal turgor pressure. These mechanical features contribute to define cell shape and growth, but also set important constraints on cell surface integrity and survival. By combining super-resolution imaging and deflation assays, we measured local CW thickness, bulk elastic moduli and turgor in a set of live fungi spread on the fungal tree, with large variations in shapes and growth speeds. Strikingly, while bulk elastic moduli exhibited dispersed values presumably reflecting diversities in CW composition, both thickness and turgor scaled in dose-dependence with cell diameter and growth.

Notably, larger cells exhibited thinner lateral CWs, and faster cells thinner apical CWs.

Counterintuitively, turgor pressure was also inversely scaled with cell diameter and tip growth speed, challenging the idea that turgor is the primary factor dictating tip elongation rates. We propose that fast growing cells with rapid CW turnover have evolved strategies based on a less turgid cytoplasm and thin walls to safeguard wall integrity and survival. 
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SUPPLEMENTAL INFORMATION

This files contains supplemental methods, supplemental references, 3 supplemental tables, 7 supplemental figures and figure legends.

SUPPLEMENTAL METHODS

Imaging set-ups:

Live-cell imaging was performed on two different inverted spinning-disk confocal microscopes equipped with motorized stages, automatic focus and controlled with MetaMorph® (Microscopy Automation & Image Analysis Software). The first one (Nikon Ti-Eclipse), is equipped with a Yokogawa CSU-X1FW spinning head, and an EM-CCD camera (Hamamatsu), a 100× oil-immersion objective (Nikon CFI Plan Apo DM 100×/1.4 NA) and a 2.5× magnifying lens, yielding a pixel size of 43nm. The second one (Leica DMI8), is equipped with a Yokogawa CSU-W1 spinning head, and a sCMOS Orca-Flash 4 V2+ (Hamamatsu) a 100× oil-immersion objective (Leica Plan Apo DM 100×oil/1.4 NA), yielding a pixel size of 70nm.

The laser ablation set up uses a pulsed 355 nm ultraviolet laser interfaced with an iLas system (Roper Scientific) in the ''Mosquito'' mode. This allows irradiating at multiple positions in the field with laser spots. This system was mounted on the Nikon confocal spinning disk, using a 60x oil-immersion objective (CFI Apochromat 60x Oil λS, 1.4 NA, Nikon) in combination with a 2.5x magnifying lens. The irradiation was performed with a low laser power, in order to minimize bleaching of the lectin labeling. The irradiation was repeated 3-5 times, until the cell visibly deflated with a clear ejection of cytosolic material observable in bright field, to ensure complete wall relaxation. Cells were imaged before and immediately after ablation, switching to a 100× oil-immersion objective (Nikon CFI Plan Apo DM 100×/1.4 NA) and a 2.5× magnifying lens. The full process, including the first image acquisition, laser ablation and the second image after ablation, was typically performed in less than 2 minutes.

Image analysis:

Cell Wall thickness computation: Wall thickness measurement was performed as in (1), including chromatic shift registration and correction. Images of cells labeled for the plasma membrane (GFP-Psy1) and cell wall surface (Gs-IB4-Alexafluor647) were analyzed. For measurement in other fission yeasts, the membrane labelling was achieved by using FM4-64 (Invitrogen). For this, cells were incubated for 10 min in the dye at a final concentration of 

The subscript oe, ne, scar, tip, side_centre correspond to the curvilinear abscissa x at the middle of the old end (oe) , the middle of the new end (ne), the middle of the scar (scar), the middle of the cell side (side); and wtip = 1.7 μm corresponds to the tip half curvilinear length and wscar = 0.21 μm corresponds to the scar half curvilinear length. This formula allows to generate a smooth profile of young's moduli and connect the different part of the cell (new end, old end, sides and scars). The sigmoid function is defined by:

Yoe,Yside,Yne are estimated independently using analytical formula for spherical, and cylindrical pressure vessel; Yscar is the sole free-parameter.

-In Figure S1K, the side modulus is estimated by running simulations with: Y(x) = Yside. The Ysidesim/P estimated through simulations is 1.07±0.025 (N=27) times smaller than Yside/P estimated using the analytical formula for a cylindrical pressure vessel.

-In Figure S1K 

Yoesim=(1-t)*Yoe+t*Yside,Ynesim=(1-t)*Yne+t*Yside. Yoe,Yside,Yne are estimated independently using analytical formula for spherical, and cylindrical pressure vessel. For each cell, the best fitting parameter t is retained to estimate Yoesim and Ynesim. The estimation for t is: 0.3704±0.13 (N=27), with wtip = 1.7 μm and wscar = 0.21 μm as above.

The distribution of Young moduli in the central zone of the cell in Figure S5E is calculated using the thickness profile and the diameter of the cell through the formula of the linear regressions from Figure 3B for myo1Δ and ubr1Δ supposing P=1MPa. The distributions are connected at both tips to the analytical estimations of the moduli by fitting a second order polynomial function between the cell wall portion closest from the tip and the tip itself. For myo1Δ, the simulated swelling in Figure S5E corresponds to P=1MPa and for ubr1Δ, the simulated swelling corresponds to P=1.3MPa (the Young modulus estimated in Figure 3B was found to be slightly too high).

The estimated mechanical parameters for the cells represented figure S1K S1K andS3C.

Range of validity of the analytical approximations to infer elastic moduli

Axisymmetric thin shells mimicking the relaxed S. pombe cells by a cylinder enclosed by two semi-ellipsoids at the tip with physiological parameters (hs= 0.2 μm, R0=2 μm, Poisson ratio ν=0, and Ys/P = 40) were numerically swollen to systematically test the validity range of the analytical formula presented in Material and Methods of the main text:

• In a first set of simulations, the cylinder length was varied from 0 to 40 µm while keeping the tips hemispherical (Fig. S1C). The analytical prediction of the radial and longitudinal deformations, which are equal at the tip (tip RcRc0=1/(1-PR0/(2Ytiphs))), has an accuracy that is always better than 1% (Fig. S1E). The radial deformation at the center of the cylinder is predicted by the analytical formula (r,cyl= R1 R0=1/(1-PR0/(Ysidehs))) with 10% accuracy if L0/R0>2, 1% accuracy if L0/R0>4, and 0.1% for L0/R0>5 (Fig. S1F). Given the experimental range of WT, mutants and cells from other fission species (Fig. S1F), we conclude that the effect of finite cylinder length on the accuracy of the analytical formula is expected to be better than 5% for all cells considered here.

• In a second set of simulations, the cylinder length and radius were kept constant at 10 μm and 2 μm respectively, while varying the tip ellipticity (Fig. S1D). The deformation in the cylindrical part is not affected by the tip shape (Fig. S1H) while the deformation at the tip diverges from the analytical prediction when the ellipticity diverges from that of a sphere (the radius R0 in the analytical formula is obtained by fitting a circle on the elliptical shape of the tip) (Fig. S1G). Therefore, tip shape has virtually no effect on the side modulus inferred from the analytical formula.

Measurement of ellipticity of a representative set of cells used in this study show that relaxed tips are nearly spherical, with average values of Rt/R0 close to 1 and always between 0.8 and 1.2, implying that the error on tip modulus due to ellipticity is generally small and at most around 40%.

• In a third set of simulations, the cylinder length and radius were kept constant at 10 μm and 2 μm respectively, the tips were kept hemispherical, while the tip Young modulus was varied (Fig. S1I-J). The error in the prediction of the tip deformation remains below 5 % when the tip Young modulus is greater than half of the side Young modulus (Fig. S1I), which applies to all cells considered here. The analytical prediction of the deformation in the cylindrical part are not affected by the Young modulus at the tip (Fig. S1J). Therefore the effect of local wall elasticity on the accuracy of the analytical formula is expected to be better than 5% for all cells considered here.

• In a last set of simulations, Yside/P was varied (Fig. S7D). For Ys/P = 40, the cylindrical part remains cylindrical while it becomes slightly ovalized for Ys/P = 20.

This indicates that non-linear geometric effects increase deformations at higher pressure and so cannot account for strain-stiffening as observed in our experiments (Fig. 4G-4H). We then consider the stability of the stationary point with growth.

In [8] Accordingly, this stationary point is stable as long as θ is small enough (this condition is not very restrictive because we already assume θ < 1/h ).

We thus keep working with this stationary solution. We note that the first eigenvalue is the same as strain rate. The ratio between the third eigenvalue (which is larger than the second) and the first can be written in the form 1 2 x(1-y) 1 -x y -1 -4 x + 2 x y + x 2 y 2 , which is either not real (so entails oscillations) or is larger than one. As no overshoot is observed in experimental data, this suggests that the first eigenvalue (equal to strain rate) controls the transient dynamics of the system.