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On-site secretory vesicle delivery drives filamentous growth in the fungal pathogen Candida albicans

 

| INTRODUCTION

Candida albicans is a human fungal pathogen that switches between an oval yeast form and a filamentous hyphal form, a transition which is critical for virulence [START_REF] Moyes | Candida albicans-epithelial interactions and pathogenicity mechanisms: Scratching the surface[END_REF]. This morphological transition is accompanied, in particular, by changes in the cell wall that are critical for host immune responses [START_REF] Gow | Importance of the albicans cell wall during commensalism and infection[END_REF][START_REF] Hall | Mannosylation in Candida albicans: Role in cell wall function and immune recognition[END_REF][START_REF] Lewis | Stage specific assessment of Candida albicans phagocytosis by macrophages identifies cell wall composition and morphogenesis as key determinants[END_REF][START_REF] Pericolini | Epitope unmasking in vulvovaginal candidiasis is associated with hyphal growth and neutrophilic infiltration[END_REF][START_REF] Wheeler | Dynamic, morphotype-specific Candida albicans β-glucan exposure during infection and drug treatment[END_REF]. In susceptible hosts, C. albicans can penetrate the gastrointestinal mucosa and enter the bloodstream leading to severe systemic infection [START_REF] Pfaller | Epidemiology of invasive mycoses in North America[END_REF]. Host tissue penetration and damage by C. albicans is, in particular, promoted by growing hyphae, which produce lytic enzymes such as secreted aspartic proteases and peptide toxins such as candidalysin [START_REF] Da Silva Dantas | Cell biology of Candida albicans-host interactions[END_REF][START_REF] Höfs | Interaction of Candida albicans with host cells: Virulence factors, host defense, escape strategies. And the Microbiota[END_REF][START_REF] Moyes | Candidalysin is a fungal peptide toxin critical for mucosal infection[END_REF][START_REF] Naglik | Candida albicansepithelial interactions and induction of mucosal innate immunity[END_REF].

Tissue invasion also results from active penetration of both oral and intestinal epithelia by growing hyphae [START_REF] Dalle | Cellular interactions of Candida albicans with human oral epithelial cells and enterocytes[END_REF][START_REF] Moyes | Candida albicans-epithelial interactions and pathogenicity mechanisms: Scratching the surface[END_REF][START_REF] Naglik | Candida albicansepithelial interactions and induction of mucosal innate immunity[END_REF][START_REF] Phan | Als3 is a Candida albicans invasin that binds to cadherins and induces endocytosis by host cells[END_REF]. The molecular processes driving C. albicans filamentous growth have been extensively studied, demonstrating that a tight spatio-temporal regulation of exocytosis and endocytosis is required for this process [START_REF] Bar-Yosef | A global analysis of kinase function in Candida albicans hyphal morphogenesis reveals a role for the endocytosis regulator Akl1[END_REF][START_REF] Bishop | Hyphal growth in Candida albicans requires the phosphorylation of Sec2 by the Cdc28-Ccn1/Hgc1 kinase[END_REF][START_REF] Guo | Sec15 links bud site selection to polarised cell growth and exocytosis in Candida albicans[END_REF][START_REF] Labbaoui | Role of Arf GTPases in fungal morphogenesis and virulence[END_REF][START_REF] Li | Candida albicans hyphal morphogenesis occurs in Sec3p-independent and Sec3p-dependent phases separated by septin ring formation[END_REF][START_REF] Martin | Functional analysis of Candida albicans genes whose Saccharomyces cerevisiae homologues are involved in endocytosis[END_REF][START_REF] Zeng | Cdc28-Cln3 phosphorylation of Sla1 regulates actin patch dynamics in different modes of fungal growth[END_REF], ultimately resulting in the regulated fusion of secretory vesicles (SVs) with the apical plasma membrane (PM), alongside endocytosis from sites located just behind the apex of the filamentous cell [START_REF] Anderson | Differences in actin localization during bud and hypha formation in the yeast Candida albicans[END_REF][START_REF] Caballero-Lima | The spatial distribution of the exocyst and actin cortical patches is sufficient to organize hyphal tip growth[END_REF][START_REF] Ghugtyal | Phosphatidylinositol-4-phosphate-dependent membrane traffic is critical for fungal filamentous growth[END_REF]. SVs at the apex form a structure known as the Spitzenkörper (Spk), which is thought to act as a vesicle supply centre regulating filamentous growth [START_REF] Bartnicki-Garcia | Evidence that Spitzenkörper behavior determines the shape of a fungal hypha: A test of the hyphoid model[END_REF], though its precise structure and function are not well understood.

Other highly polarised tip-growing cells such as neurons, pollen tubes, root hairs, and filamentous fungi have evolved distinct mechanisms that are responsible for the long-range delivery of membrane and cargo to their tip. In these cells, the long-range delivery of SVs tethered to motors moving along cytoskeletal cables, from the cell body to the growing tip, appears to be a common feature of secretory pathway organisation [START_REF] Geitmann | The cytoskeleton in plant and fungal cell tip growth[END_REF]: in axons, trafficking of membrane bound cargo occurs via kinesins and dynein moving along longitudinally arranged microtubules (MTs), a mechanism known as fast axonal transport [START_REF] González | The axonal endoplasmic reticulum and protein trafficking: Cellular bootlegging south of the soma[END_REF]. Pollen tube growth relies on extensive networks of long actin cables and MTs, which together with their associated motors facilitate the transport of cargo throughout the shank of the tube [START_REF] Chebli | Transport logistics in pollen tubes[END_REF].

In the filamentous fungus Aspergillus nidulans, transport occurs via a relay mechanism whereby SVs are moved along MTs by kinesins from apex-distal regions to the hyphal tip, where they are handed over to myosin-5 that transports them along actin cables to the PM [START_REF] Pantazopoulou | Maturation of late Golgi cisternae into RabE (RAB11) exocytic post-Golgi carriers visualized in vivo[END_REF]. In another filamentous fungus, Neurospora crassa, MTs are longitudinally arranged along the length of the hyphae with a helical curvature, with dynein and dynactin implicated in SV transport to the hyphal tip (Mouriño-Pérez, [START_REF] Mouriño-Pérez | Microtubules and associated molecular motors in Neurospora crassa[END_REF]. Interestingly, an alternative secretory pathway organisation that allows long-range delivery of membrane and cargo to the apex of the filamentous cell has been reported in neurons of the visual system of Drosophila [START_REF] Yogev | Polarized secretion of Drosophila EGFR ligand from photoreceptor neurons is controlled by ER localization of the ligand-processing machinery[END_REF]. The epidermal growth factor receptor ligand Spitz (Spi) is transported from the cell body through the ER to the axonal terminus, where it is secreted via short-range on site transport of SVs towards the PM through a currently poorly understood mechanism [START_REF] González | The axonal endoplasmic reticulum and protein trafficking: Cellular bootlegging south of the soma[END_REF].

The process of C. albicans polarised growth presents several common features with filamentous fungi: the presence of a Spk, endocytosis via actin patches located sub-apically [START_REF] Berepiki | Actin organization and dynamics in filamentous fungi[END_REF][START_REF] Caballero-Lima | The spatial distribution of the exocyst and actin cortical patches is sufficient to organize hyphal tip growth[END_REF][START_REF] Ghugtyal | Phosphatidylinositol-4-phosphate-dependent membrane traffic is critical for fungal filamentous growth[END_REF][START_REF] Martin | Functional analysis of Candida albicans genes whose Saccharomyces cerevisiae homologues are involved in endocytosis[END_REF], scattered (nonstacked) Golgi cisternae [START_REF] Harris | Golgi organization and the apical extension of fungal hyphae: An essential relationship[END_REF][START_REF] Rida | Yeast-tohyphal transition triggers formin-dependent Golgi localization to the growing tip in Candida albicans[END_REF] and the requirement for intact actin cables required for motor mediated trafficking of cargo and membranes towards the apex [START_REF] Berepiki | Actin organization and dynamics in filamentous fungi[END_REF][START_REF] Crampin | Candida albicans hyphae have a Spitzenkörper that is distinct from the polarisome found in yeast and pseudohyphae[END_REF][START_REF] Jones | Spitzenkorper, exocyst, and polarisome components in Candida albicans hyphae show different patterns of localization and have distinct dynamic properties[END_REF]. It is therefore generally assumed that the principles of polarised growth in C. albicans are similar to those found in filamentous fungi such as N. crassa and A. nidulans. However, a key difference suggests that perhaps this view is oversimplified.

C. albicans filamentous growth is not dependent on MTs [START_REF] Rida | Yeast-tohyphal transition triggers formin-dependent Golgi localization to the growing tip in Candida albicans[END_REF], a central feature in N. crassa and A. nidulans filamentous growth. In addition, C. albicans's ability to switch from yeast to hyphal form, its smaller filament diameter, and its substantially lower rate of hyphal extension further set it apart from filamentous fungi. These The Rab GTPase Sec4 localises to the C. albicans Spk together with the myosin light chain Mlc1, [START_REF] Crampin | Candida albicans hyphae have a Spitzenkörper that is distinct from the polarisome found in yeast and pseudohyphae[END_REF][START_REF] Jones | Spitzenkorper, exocyst, and polarisome components in Candida albicans hyphae show different patterns of localization and have distinct dynamic properties[END_REF][START_REF] Li | Candida albicans hyphal morphogenesis occurs in Sec3p-independent and Sec3p-dependent phases separated by septin ring formation[END_REF] and is also observed on SVs throughout the filamentous cell [START_REF] Ghugtyal | Phosphatidylinositol-4-phosphate-dependent membrane traffic is critical for fungal filamentous growth[END_REF]. Sec4 is important for growth, as a dominant negative mutant inhibits growth and results in the accumulation of SVs [START_REF] Mao | Overexpression of a dominantnegative allele of SEC4 inhibits growth and protein secretion in Candida albicans[END_REF]. Its distribution is altered in the Arf GTPase arl1 mutant, which exhibits slower hyphal filament extension rate [START_REF] Labbaoui | Role of Arf GTPases in fungal morphogenesis and virulence[END_REF][START_REF] Wakade | Overexpression of YPT6 restores invasive filamentous growth and secretory vesicle clustering in a Candida albicans arl1 mutant[END_REF] suggesting the importance of SV traffic through the Spk. C. albicans cells lacking the exocyst subunit Sec3 can form germ tubes but are unable to maintain tip growth, accumulating SVs at the tip which swells over time, consistent with reduced SV fusion at the apical PM [START_REF] Li | Candida albicans hyphal morphogenesis occurs in Sec3p-independent and Sec3p-dependent phases separated by septin ring formation[END_REF]. Together, these results indicate the importance of SV traffic and fusion at the Spk and apical PM. SVs originate from Golgi cisternae, which have been previously

shown to redistribute towards the tip of the filamentous cell [START_REF] Rida | Yeast-tohyphal transition triggers formin-dependent Golgi localization to the growing tip in Candida albicans[END_REF]. However, closer examination of the Golgi marker FAPP1 (four-phosphate-adaptor protein 1) revealed that in cells with a ~10 μm long filament, around half of the cisternae are found in mother cell and half in the hyphal filament (Figure 1a,b; Movie S1). This observation raises the question as to whether SVs are delivered to the hyphal tip via long-range transport along cytoskeletal tracks, as observed in other filamentous fungi or via a novel mechanism.

We therefore set out to examine the pattern of SV dynamics in C. albicans filamentous cells of a similar length (Figure 1c,d; Movie S2). Our results demonstrate that GFP-Sec4 is distributed in three distinct regions along the hyphal filament: in agreement with previous studies [START_REF] Ghugtyal | Phosphatidylinositol-4-phosphate-dependent membrane traffic is critical for fungal filamentous growth[END_REF][START_REF] Jones | Spitzenkorper, exocyst, and polarisome components in Candida albicans hyphae show different patterns of localization and have distinct dynamic properties[END_REF], Sec4 is predominantly localised to the Spk (Segment 10, 0.41 ± 0.10 total signal) and is also present on vesicles along the entire length of the hyphal filament (Segments 1-7, 0.40 ± 0.15 total signal). Surprisingly, analysis also revealed a region located just behind the hyphal apex, where Sec4-GFP intensity was intermediate between that of the Spk and that found along the hyphal filament length (Segments 8-9, 0.19 ± 0.03 total signal). GFP-Sec4 in this distinct region was highly dynamic, showing multiple localisation patterns over the course of a time lapse (see Figure 1c kymograph and Movie S2). Sub-apical regions (SARs) possessing specific functions have been reported in other highly polarised cells, for example, a relay area in A. nidulans where SVs transition from MT to actin mediated transport [START_REF] Pantazopoulou | Maturation of late Golgi cisternae into RabE (RAB11) exocytic post-Golgi carriers visualized in vivo[END_REF][START_REF] Peñalva | Transport of fungal RAB11 secretory vesicles involves myosin-5, dynein/dynactin/p25, and kinesin-1 and is independent of kinesin-3[END_REF], and an area devoid of organelles termed the "clear zone" in tobacco and lily pollen tubes, where a transition from apical transport along the cortex of the filamentous cell to distal transport along the core of the filament takes place [START_REF] Cheung | The dynamic pollen tube cytoskeleton: Live cell studies using actin-binding and microtubule-binding reporter proteins[END_REF]. Tracking of individual vesicles moving at least 1 μm along the hyphal length (Figure 1 e) showed that on average 1.5 ± 1.3 vesicle per time course move directionally towards the apex (n = 22), or ~10 vesicles per min. These vesicles move along short tracks, with more than 80% of tracks being 1-2 μm in length, and only one track being longer than 3 μm. Thus, directional movement of SV along the hyphal length appears to be limited to tracks not longer than ~10-20% of the total length of C. albicans hyphal filament.

The differential distribution of SVs is similar to that found in other polarised cells requiring the concentration of cargo and membrane at the growing hyphal tip, such as neurons and pollen tubes [START_REF] Chebli | Transport logistics in pollen tubes[END_REF][START_REF] González | The axonal endoplasmic reticulum and protein trafficking: Cellular bootlegging south of the soma[END_REF], and in particular, other filamentous fungi that concentrate SVs in a Spk (Grove & Bracker, 1970;[START_REF] Riquelme | Tip growth in filamentous fungi: A road trip to the apex[END_REF][START_REF] Riquelme | The Spitzenkörper: A choreographer of fungal growth and morphogenesis[END_REF]. However, as we did not observe substantial directed movement, and as even directionally moving vesicles were limited to short tracks no longer than several microns, it appears that C. albicans SV dynamics do not conform to that of the above polarised cells, where SVs reach the 

| Serial section transmission electron microscopy (ssTEM) reveals the cellular organisation of the hyphal filament tip

Following our identification of a distinct region of SV dynamics in the SAR, we further investigated this environment using ssTEM, providing the first high-resolution 3D view of C. albicans filamentous cell organisation (Figure 2a). ssTEM series acquired from both parallel (Figure 2b) and orthogonal (Figure 2c) angles compared with the long axis of the filamentous cell revealed the presence of vesicles with a spherical appearance at the hyphal apex. Vesicles could be seen in multiple sequential sections (Figure 2d,e), suggesting they likely comprise the C. albicans Spk. Quantitative analysis (Figure 2f) revealed vesicles are 69.7 ± 10.8 nm in diameter (n = 10 cells, 720 vesicles), in close agreement with the 65 nm diameter vesicles induced by α-factor mating pheromone observed in Saccharomyces cerevisiae [START_REF] Baba | Threedimensional analysis of morphogenesis induced by mating pheromone alpha factor in Saccharomyces cerevisiae[END_REF]. Within the Spk, vesicles are tightly packed, with more than 50% of vesicles in each Spk having a nearest neighbour distance (measured from one vesicle circumference to another) of less than 30 nm. The Spk also contains vesicles in proximity to the PM, with more than 25% of vesicles in each Spk found less than one vesicle diameter (i.e., 70 nm) away from the PM (Figure S1).

We confirmed (Figure 2h) that the vesicles observed at the filamentous cell tip were indeed associated with the Spk, using immuno-gold FIGURE 2 Cellular organisation of the filament tip by serial section transmission electron microscopy. Cells were serially imaged (section thickness 100 nm, up to 15 sections/cell) so that the entire hyphal tip could be examined. et al., 1995). Analysis of the number of vesicles found in different regions of the tip revealed that the apex (including the Spk) contains 57.8 ± 19.0 vesicles, whereas the SAR contains 15.5 ± 8.6 (n = 12 cells, 879 vesicles). Vesicle density calculations based on estimation of the volume of each region (Figure 2f) revealed a density of 220.4 ± 69.7 vesicles/μm 3 in the apex and 16.6 ± 10.5 vesicles/μm 3 in the SAR, a ratio of ~13 to 1. Vesicles outside of these regions were only sporadically observed. Surprisingly, vesicles in the Spk and the SARs were often in contact or proximity with elongated membranes structures, sometimes in a configuration evoking vesicle budding events (Figure 2g).

Comparative examination of a sec3 deletion mutant, which has an increased number of vesicles at bud tips and a dramatic increase in Sec4 at the apex of germ tubes [START_REF] Li | Candida albicans hyphal morphogenesis occurs in Sec3p-independent and Sec3p-dependent phases separated by septin ring formation[END_REF], showed that there was a disorganisation of the Spk and that the swollen tips of sec3 germ tubes contain vesicles concentrated in the middle of the tip and away from the PM (Figure 3).

| Estimation of the minimum rate of SV fusion with the PM

Next, we calculated the theoretical minimum rate of vesicle fusion with the apical PM required to sustain filamentous growth, based on cell geometry (Dataset S1). This rate was calculated to be 1.12 vesicles/s or 67 vesicles/min. Assuming an average vesicle number at the Spk of 60, the minimal Spk turnover time would be ~53 s, similar to previously published FRAP data [START_REF] Jones | Spitzenkorper, exocyst, and polarisome components in Candida albicans hyphae show different patterns of localization and have distinct dynamic properties[END_REF]. As the Spk appears to maintain its size throughout filamentous growth, we can assume that the minimal rate of vesicle influx into the Spk is identical to the calculated minimal rate of vesicle fusion. Thus, if the mechanism of vesicle delivery to the apex was based only on longrange vesicle trafficking, we would expect to observe 60-70 vesicles/min moving along the hyphal filament length towards the apex, whereas we only observed ~10 vesicles/min (Figure 1e), suggesting short-range vesicle delivery significantly contributes to filamentous growth.

| The secretory pathway in C. albicans filamentous cells is organised in distinct structural domains

Our dynamic studies (Figure 1), together with modelling (Dataset S1), suggest that short-range SV delivery may have an important role in C. albicans filamentous growth. Furthermore, the presence of SVs found in close association with elongated membranes at the hyphal tip (Figure 2g) may be indicative of SV budding events. We hypothesised that these elongated membranes could be part of the ER or the Golgi, as these compartments were previously observed in C. albicans filamentous cells using fluorescent microscopy [START_REF] Ghugtyal | Phosphatidylinositol-4-phosphate-dependent membrane traffic is critical for fungal filamentous growth[END_REF][START_REF] Rida | Yeast-tohyphal transition triggers formin-dependent Golgi localization to the growing tip in Candida albicans[END_REF]. Examination of the 3D membrane organisation in C. albicans hyphal filaments using ssTEM (Figure 4) in both short (Figure 4a,b) and longer filaments (Figure 4c-e) identified three distinct structural domains. First, emerging from the nuclear envelope into the nascent hyphal filament are sheet-like parallel membranes, spanning the majority of the length of the filamentous cell. Behind the hyphal apex, in a region roughly corresponding to the SAR, membrane parallelity is lost and shorter sheet-like membranes without an apparent orientation are observed. Such membrane organisation is similar to Golgi organisation in S. cerevisiae, where short membrane compartments apparently lacking orientation are found behind the emerging bud [START_REF] Preuss | Characterization of the Saccharomyces Golgi complex through the cell cycle by immunoelectron microscopy[END_REF], and also resembles Golgi in other filamentous fungi [START_REF] Pantazopoulou | The Golgi apparatus: Insights from filamentous fungi[END_REF]. It should be noted that there appears to be a continuous transition between these two membrane domains. Finally, at the apex, a Spk comprised of SVs is observed (see Figure 2). These three domains were observed in all filamentous cells examined and appear to be a hallmark of C. albicans hyphal endomembrane organisation. To identify the compartments associated with these structural domains we performed immuno-gold labelling of cells expressing different markers. Sac1-GFP, which localises predominantly to the ER in S. cerevisiae [START_REF] Faulhammer | Cell growth-dependent coordination of lipid signaling and glycosylation is mediated by interactions between Sac1p and Dpm1p[END_REF][START_REF] Foti | Sac1 lipid phosphatase and Stt4 phosphatidylinositol 4-kinase regulate a pool of phosphatidylinositol 4phosphate that functions in the control of the actin cytoskeleton and vacuole morphology[END_REF], was associated with parallel membranes spanning the filamentous cell length, as well as nonparallel membranes in the SAR (Figure 4f). As this lipid phosphatase has also been shown to cycle between the ER and Golgi [START_REF] Faulhammer | Cell growth-dependent coordination of lipid signaling and glycosylation is mediated by interactions between Sac1p and Dpm1p[END_REF], the fenestrated Sac1 labelled structures near the apex could represent Golgi cisternae. Unfortunately, immuno-gold labelling of Golgi markers did not produce clear results, likely due to the nonstacked and dispersed organisation of this compartment in C. albicans [START_REF] Rida | Yeast-tohyphal transition triggers formin-dependent Golgi localization to the growing tip in Candida albicans[END_REF].

Upon disruption of actin cables, the Spk is no longer visible [START_REF] Crampin | Candida albicans hyphae have a Spitzenkörper that is distinct from the polarisome found in yeast and pseudohyphae[END_REF] and, interestingly, treatment of cells with cytochalasin A [START_REF] Akashi | The role of the cytoskeleton in the polarized growth of the germ tube in Candida albicans[END_REF]) also disrupted the integrity of the three organisational domains, suggesting a role for actin cables in their maintenance (Figure S2).

| Focused ion beam/scanning electron microscopy tomography (FIB/SEM) reveals distinct features in each structural domain

Using FIB/SEM, an emerging technique capable of producing large volume 3D ultrastructural datasets with high resolution in all axes [START_REF] Heymann | Site-specific 3D imaging of cells and tissues with a dual beam microscope[END_REF][START_REF] Weiner | 3D nuclear architecture reveals coupled cell cycle dynamics of chromatin and nuclear pores in the malaria parasite Plasmodium falciparum[END_REF][START_REF] Weiner | Macropinosomes are key players in early Shigella invasion and vacuolar escape in epithelial cells[END_REF], we obtained a detailed 3D view of the hyphal filament organisation, including internal membranes, mitochondria, lipid droplets, sites of endocytosis, and SVs (Figure 5a; Movies S3 andS4). This analysis revealed several new features (Figure 5b). Along the hyphal filament In the SAR, we continued to observe the presence of membrane sheets, though these were found individually, were in a range of orientations (i.e., not in a parallel organisation) and were connected to many tubular extensions (Figure 5C3-4; Movie S6). Some of these extensions appeared to be in direct contact with sites of endocytosis, as well as extending into the apex where SVs were observed (in accordance with Figure 2; Figure 5C5; Movie S6). SVs were also occasionally observed within the SAR, though their lower density there, and the comparatively lower XY resolution of FIB/SEM compared with ssTEM, made it difficult to unambiguously identify them. Overall, membranes along the hyphal filament length and the SAR were overwhelmingly found in sheet and tubular organisation and were generally part of a continuous and widespread membrane network extending from the base of the hyphal filament all the way up to the apex, where they were often in proximity to SVs within the Spk (Figure 2g). As SVs are seldom observed outside the apex and the SAR (and have limited directional movement), it stands to reason that membrane and cargo are delivered to the hyphal tip through the extended ER and Golgi network, followed by SV budding, thus requiring only short-range on-site SV trafficking towards the apical PM. Our calculation of the theoretical minimum rate of vesicle fusion with the apical PM required to sustain filamentous growth further supports the importance of short-range SV delivery.

Our work provides the first indication for an on-site SV delivery mechanism in C. albicans. We propose a model (Figure 6), in which the distance between the mother cell and the apex is traversed by the entire secretory apparatus moving up along the hyphal filament length, in the form of a network of interconnected ER and Golgi membranes organised in sheets and tubules. From this network, SVs bud either directly into the Spk, or in the SAR from which they are transported the short distance to the Spk, most likely along a network of actin cables that extended into the SAR [START_REF] Sudbery | Growth of Candida albicans hyphae[END_REF]. From the Spk, SVs are targeted to the exocyst complex and ultimately fuse with the PM [START_REF] Jones | Spitzenkorper, exocyst, and polarisome components in Candida albicans hyphae show different patterns of localization and have distinct dynamic properties[END_REF]. In this model, endocytic membranes entering through actin patches are incorporated into Golgi membranes at the SAR, and then later bud as SVs into the Spk, completing their recycling [START_REF] Ghugtyal | Phosphatidylinositol-4-phosphate-dependent membrane traffic is critical for fungal filamentous growth[END_REF]. Indeed, endocytic recycling by way of the trans-Golgi network has recently been shown to be crucial for hyphal tip growth [START_REF] Hernández-González | Endocytic recycling via the TGN underlies the polarized hyphal mode of life[END_REF].

Another implication of the proposed on-site SV delivery model is that the two main modes of C. albicans growth, budding and polarised growth, share common organisation principals, that is, orientation of the ER and Golgi towards the site of growth, on-site SV budding and short-range actin mediated trafficking of SV towards the PM, followed by fusion mediated by the exocyst. In budding growth, all the above steps are thought to occur in a highly constrained region at the site of the emerging bud [START_REF] Ghugtyal | Phosphatidylinositol-4-phosphate-dependent membrane traffic is critical for fungal filamentous growth[END_REF][START_REF] Mulholland | Ultrastructure of the yeast actin cytoskeleton and its association with the plasma membrane[END_REF][START_REF] Preuss | Structure of the yeast endoplasmic reticulum: Localization of ER proteins using immunofluorescence and immunoelectron microscopy[END_REF][START_REF] Preuss | Characterization of the Saccharomyces Golgi complex through the cell cycle by immunoelectron microscopy[END_REF]. In filamentous growth, the ER and Golgi extend far away towards the hyphal tip, but SV budding and delivery, also take place in a constrained region. The presence of a Spk during filamentous growth may simply reflect the higher flux of cargo and membrane required in this growth mode, compared with the small and transient SV accumulation during budding. The adoption of an on-site delivery mechanism by C. albicans could also be linked to the smaller size and slower extension rate of its hyphae compared with other filamentous fungi [START_REF] Geitmann | The cytoskeleton in plant and fungal cell tip growth[END_REF]. The fact that C. albicans polarised growth is MT-independent [START_REF] Rida | Yeast-tohyphal transition triggers formin-dependent Golgi localization to the growing tip in Candida albicans[END_REF] further emphasises the fundamental difference in its mechanism of SV delivery compared with other filamentous fungi relying on longrange SV deliver via MT tracks.

Our ultrastructural study of the C. albicans filamentous cell apex reveals a striking organisation of the Spk. The best described Spk thus far is found in N. crassa, where two populations of SV have been reported, a macro-vesicular population found in a ring like structure, thought to be conveyors of the β-1,3-glucan synthase complex, and a core made of micro-vesicles, containing chitin synthases [START_REF] Richthammer | RHO1 and RHO2 share partially overlapping functions in the regulation of cell wall integrity and hyphal polarity in Neurospora crassa[END_REF][START_REF] Riquelme | Spitzenkorper localization and intracellular traffic of green fluorescent protein-labeled CHS-3 and CHS-6 chitin synthases in living hyphae of Neurospora crassa[END_REF][START_REF] Sánchez-León | Traffic of chitin synthase 1 (CHS-1) to the Spitzenkörper and developing septa in hyphae of Neurospora crassa: Actin dependence and evidence of distinct microvesicle populations[END_REF][START_REF] Verdín | Functional stratification of the Spitzenkörper of Neurospora crassa[END_REF]. The observed MT converging or traversing the N. crassa Spk are thought to serve as tracks for SV delivery [START_REF] Mouriño-Pérez | Microtubule dynamics and organization during hyphal growth and branching in Neurospora crassa[END_REF], together with actin cables also localised to the Spk [START_REF] Berepiki | F-actin dynamics in Neurospora crassa[END_REF]. A similar Spk organisation with heterogenous SV populations has also been reported in A. nidulans and in other filamentous fungi, such as the plant pathogen Pythium ultimum and Ascodesmis nigricans (Grove & Bracker, 1970;[START_REF] Grove | An ultrastructural basis for hyphal tip growth in Pythium ultimum[END_REF][START_REF] Harris | Polarisome meets spitzenkörper: Microscopy, genetics. And Genomics Converge[END_REF][START_REF] Hohmann-Marriott | Application of electron tomography to fungal ultrastructure studies[END_REF]. Overall, such studies, as well as mathematical modelling and computer simulations, have led to the proposal that the Spk acts as a vesicle supply centre, whose purpose is to organise or direct SV traffic [START_REF] Bartnicki-García | Hyphal tip growth: Outstanding questions[END_REF][START_REF] Bartnicki-Garcia | Computer simulation of fungal morphogenesis and the mathematical basis for hyphal (tip) growth[END_REF][START_REF] Harris | Polarisome meets spitzenkörper: Microscopy, genetics. And Genomics Converge[END_REF]. In contrast, the C. albicans Spk is composed of a single population of 70 nm diameter vesicles, in close agreement with the SV diameter observed in S. cerevisiae [START_REF] Baba | Threedimensional analysis of morphogenesis induced by mating pheromone alpha factor in Saccharomyces cerevisiae[END_REF], and close to the reported 70-90 nm diameter of the macrovesicles in the A. nidulans Spk [START_REF] Harris | Polarisome meets spitzenkörper: Microscopy, genetics. And Genomics Converge[END_REF]. Thus, the C. albicans Spk structure is simpler than that in filamentous fungi such as N. crassa and A. nidulans, which may reflect its different biological function. In light of our proposed on-site vesicle delivery model, and the MT-independent SV trafficking in C. albicans [START_REF] Rida | Yeast-tohyphal transition triggers formin-dependent Golgi localization to the growing tip in Candida albicans[END_REF], we find it highly unlikely that the C. albicans Spk serves as a MT-to-actin switching station. Instead, we propose it acts as a focal point for incoming SV traffic produced via budding in the SAR and apex region, and for outgoing traffic directed towards the PM. As Mlc1 and Bni1 are both found at the C. albicans Spk [START_REF] Crampin | Candida albicans hyphae have a Spitzenkörper that is distinct from the polarisome found in yeast and pseudohyphae[END_REF][START_REF] Martin | Ras1-induced hyphal development in Candida albicans requires the formin Bni1[END_REF][START_REF] Rida | Yeast-tohyphal transition triggers formin-dependent Golgi localization to the growing tip in Candida albicans[END_REF], it is possible both inwards and outwards SV trafficking occur by movement along actin cables, though the precise function of the Spk in regulating these processes is still an open question. The proximity of SVs comprising the Spk with the apical PM (Figures 2 andS1) implies that outgoing SV trafficking occurs over a very short distance (less than 70 nm). We cannot, however, rule out the possibility that "early" SVs that might be pleomorphic, escape identification by electron microscopy. As a result, motor driven transport along actin cables may not be critical for this process, in contrast to previous models [START_REF] Jones | Spitzenkorper, exocyst, and polarisome components in Candida albicans hyphae show different patterns of localization and have distinct dynamic properties[END_REF]. Overall our results indicate that a fundamental distinction exists between the Spk of C. albicans and filamentous fungi, likely reflecting differences in their function during filamentous growth.

Our proposed "on-site" SV delivery during C. albicans filamentous growth represents a strong shift from previous models in filamentous fungi and resembles a recently discovered long-range delivery mechanism in neurons of the visual system of Drosophila [START_REF] Shilo | Regulation of developmental intercellular signalling by intracellular trafficking[END_REF]. We speculate that this mechanism facilitates the local delivery to the hyphal tip of proteases, phospholipases, lipases, esterases, and peptide toxins, which together play important roles in the degradation of host tissue as well as cleavage of host immune defence proteins [START_REF] Da Silva Dantas | Cell biology of Candida albicans-host interactions[END_REF][START_REF] Schaller | Hydrolytic enzymes as virulence factors of Candida albicans[END_REF]. As the endocytic collar is adjacent to the hypahl apex, local degradation and subsequent endocytosis may also facilitate nutrient acquisition during infection.

| EXPERIMENTAL PROCEDURES

| Growth conditions

Cells were grown at 30°C in yeast extract-peptone-dextrose (YEPD) medium. Serum induction was carried out as described previously [START_REF] Bassilana | Cdc24, the GDP-GTP exchange factor for Cdc42, is required for invasive hyphal growth of Candida albicans[END_REF], using overnight cultures grown in YEPD that were back diluted in YEPD and grown for ~5 hr prior to the addition of 50% serum for 60 min unless indicated otherwise. 

| Strains and plasmids

The prototrophic wild-type BWP17 strain [START_REF] Wilson | Rapid hypothesis testing with Candida albicans through gene disruption with short homology regions[END_REF]) PY82 (ura3Δ::λ imm434/ura3Δ::λ imm434 his1::hisG/HIS1:: his1::hisG arg4::hisG/URA3::ARG4::arg4::hisG) [START_REF] Bassilana | Cdc24, the GDP-GTP exchange factor for Cdc42, is required for invasive hyphal growth of Candida albicans[END_REF] was used for EM analyses unless otherwise indicated. For Golgi analyses, strain PY2406 (BWP17 with RP10::ARG4-pADH1-PH FAPP1[E50A,H54A] -GFP) was used [START_REF] Ghugtyal | Phosphatidylinositol-4-phosphate-dependent membrane traffic is critical for fungal filamentous growth[END_REF]. For SV analyses, strain PY3511 (BWP17 with SEC4/SEC4::GFP-SEC4-URA3) was generated by transformation of pGFP-SEC4-utr [START_REF] Li | Candida albicans hyphal morphogenesis occurs in Sec3p-independent and Sec3p-dependent phases separated by septin ring formation[END_REF] into BWP17. For ER immuno-EM analyses, strain PY1857 (BWP17 with RP10::pADH1-GFP-SAC1) was generated by transformation of pExpARG-pADH1-GFP-SAC1 into BWP17.

| Cytochalasin A treatment

For cytochalasin A treatment, cells were serum induced for 30 min followed by treatment with 10 μM cytochalasin A (Molecular Probes) for 15 min. Cell were then fixed and examined by ssTEM.

| Light microscopy

Cells were imaged as described using a spinning-disc confocal microscopy [START_REF] Ghugtyal | Phosphatidylinositol-4-phosphate-dependent membrane traffic is critical for fungal filamentous growth[END_REF] Objects were identified for tracking using Volocity Software Version 6.3 (PerkinElmer) as previously described using the SD mode [START_REF] Ghugtyal | Phosphatidylinositol-4-phosphate-dependent membrane traffic is critical for fungal filamentous growth[END_REF], where the selection is based on SDs above the mean intensity. Live imaging of GFP-Sec4 was performed in growing filaments of 15 different cells over 9 s, imaging a single focal plane with 300 ms exposure time. Quantitative analysis was used to determine the relative Sec4-GFP signal intensities along the hyphal filament (Figure 1d). Filaments of average length 10 μm were divided into 10 segments, with the total intensity measured in each segment over the time course of the imaging.

| Serial section transmission electron microscopy

C. albicans cells were induced for filamentous growth, after which samples were fixed and stained using potassium permanganate, previously shown to provide excellent membrane contrast in yeast [START_REF] Wright | Transmission electron microscopy of yeast[END_REF]. Samples were prepared according to [START_REF] Wright | Transmission electron microscopy of yeast[END_REF]. Cell pellets were fixed in a 1.6% glutataraldehyde solution in 0.1 M sodium phosphate buffer (pH 7.4) at room temperature and stored overnight at 4°C. After three rinsing in DDW (15 min each), pellets were postfixed in a freshly prepared 2% potassium permanganate (KMnO 4 ) solution in DDW for 2 hr [START_REF] Wright | Transmission electron microscopy of yeast[END_REF]. KMnO 4 baths were changed every 30 min. Cells were subsequently rinsed in DDW (five times, 15 min each) and dehydrated in a series of acetone baths (90%, 100% three times, 15 min each) and progressively embedded in Epon 812 (Fluka) resin (acetone/resin 1:1, 100% resin two times, 2 hr for each bath). Resin blocs were finally left to harden at 60°C in an oven for 2 days. Ultrathin serial sections (100 nm) were obtained with a Reichert Ultracut S ultra-microtome equipped with a Drukker International diamond knife and collected on copper slot grids with a formvar support film. TEM observations were performed with a JEOL JEM-1400 transmission electron microscope, equipped with a Morada camera, at a 100 kV acceleration voltage. Overall, 18 hyphal filaments were imaged by ssTEM, 12 wild-type cells serum induced for 60 min, two wild-type cells serum induced for 30 min, two wild-type cells treated with cytochalasin A, and two sec3 mutant cells serum induced for 120 min. Up to 15 serial sections (100 nm thickness) of each individual hyphal apex were imaged.

| Focused ion beam/scanning electron microscopy tomography

Samples for FIB/SEM tomography were prepared the same way as for ssTEM. Data were acquired using a Helios-600 Dual Beam of FEI, Thermo Fisher, USA, as described earlier in [START_REF] Weiner | 3D nuclear architecture reveals coupled cell cycle dynamics of chromatin and nuclear pores in the malaria parasite Plasmodium falciparum[END_REF] at the Weizmann Institute of Science, Rehovot, Israel. The large frontal trench was milled with an Ion beam of 30 kV, 20 nA, and the serial slicing was performed with a 30 kV, 460pA beam. To reduce the charging artefacts SEM images low energy secondary electrons were filtered by applying a negative voltage of -22 V on the suction tube electrode. XY pixel size was 6.4 or 7 nm and slice thickness 10 nm. Data were collected in two independent runs, providing views of six hyphal filaments. For segmentation and analysis around 150 sections traversing a single filamentous cell width were used. Two filamentous cells were segmented in their entirety.

| Immuno-gold labelling

Immuno-gold staining was done according to [START_REF] Griffith | A cryosectioning procedure for the ultrastructural analysis and the immunogold labelling of yeast Saccharomyces cerevisiae[END_REF]. Cells were mixed with an equal volume of double-strength fixative [4% paraformaldehyde (PFA) 0.4% glutaraldehyde (GA) in 0.1 M PHEM buffer (20 mM PIPES, 50 mM HEPES, pH 6.9, 20 mM EGTA, 4 mM MgCl 2 )] and incubated for 20 min at room temperature on a roller. Then, the fixative was replaced by fresh one at the concentration of 2% PFA, 0.2% GA in PHEM for additional 3 hr and were processed for ultra-cryomicrotomy according to a slightly modified Tokuyasu method for yeast. In brief, after rinsing in PHEM buffer and incubation in 1% periodic acid in PHEM buffer for 1 hr, three times washed cell suspension was spun down in 12% gelatin in PHEM. After immersion in 2.3 M sucrose overnight at 4°C, the samples were rapidly frozen in liquid nitrogen. Ultrathin (70 nm thick) cryo-sections were prepared with an ultra-cryomicrotome (Leica EMFCS, Austria) and mounted on formvar-coated nickel grids (Electron Microscopy Sciences, Fort Washington, PA, USA). Immunostaining was processed with an automated immuno-gold labelling system Leica EM IGL as following: the grids were incubated successively in PBS containing 50 mM NH4Cl (two times, 5 min), PBS containing 1% BSA (two times, 5 min.), PBS containing the relevant primary antibody in 1% BSA for 1 hr, PBS containing 0.1% BSA (three times, 5 min), PBS containing 1% BSA and 15 nm colloidal gold conjugated protein A (CMC, University Medical Center, Utrecht, The Netherlands), PBS containing 0.1% BSA for 5 min, PBS for 5 min twice. Lastly, the samples were fixed for 10 min with 1% glutaraldehyde, rinsed in distilled water and were contrasted with a mixture of methylcellulose and 0.3% uranyl acetate on ice. After having been dried in air, sections were examined under a JEOL 1400 transmission electron microscope.

| Image analysis and data quantification

Data were analysed and quantified using Fiji (https://fiji.sc/) for light microscopy and ssTEM diameter measurement. Amira (Thermo Fisher Scientific-FEI) was used for ssTEM and FIB/SEM tomography data alignment, manual segmentation and analysis. The difference between Sec4 intensities along the filament length was evaluated using unpaired t test between Segments 4 and 8, 4 and 9, and 4 and 10. P < 0.05 was considered as significant: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ssTEM quantification: for vesicle diameter measurement, each vesicle was manually segmented using Fiji. For the number of vesicles measurement, the apex was defined as the region extending between 0 and 500 nm from the tip, and the SAR was defined as the area extending between 500 and 1,500 nm from the tip. For density calculation the apex was modelled as a half-sphere with radius 500 nm, and the SAR as a cylinder with length 1,000 nm and a diameter measured from the middle section of each cell. For nearest neighbour distance calculations, the distance from each vesicle circumference to the circumference of its nearest neighbour was measured (n = 6 cells, 503 vesicle pairs). Negative values represent perceived vesicle overlap due to the TEM image being a projection of a 100 nm thick section that may contain two vesicles aligned in the Z-axis. For distance to the PM calculation, the PM was outlined using Fiji, and the distance between each vesicle and the nearest PM segment was measured (n = 6 cells, 489 vesicles). FIB/SEM tomography data were aligned using Amira and bandpass filtered using Fiji. Data were manually segmented using Amira. Virtual slices oriented along the long axis of the hyphal filament are presented in Figure 5a. All quantitative data in the manuscript are presented as mean, with error bars presented as SD.

Dataset S1

Geometrical parameters: SV radius (r), filament radius (R) and extension rate (h)

Modeling based on geometrical parameters.

In our calculation, the minimal rate of vesicle fusion is dependent only on the amount of membrane delivered by each vesicle (assuming that the SV population observed represents the sole contributor to extension), and the filament extension rate. We also assumed that vesicles transfer all their membrane to the PM during fusion. We modeled each SV as a sphere of radius of 35 nm, the filament as a cylinder of radius 550 nm (as quantified by ssTEM, ignoring the shape at the apex), and the C. albicans filament extension rate at 300 nm/min as determined elsewhere 1 .

Known parameters from ssTEM:

1) SV diameter: 69.7 nm ± 10.7 nm (STD)

2) SV number at the apex: 57.75 ± 19 (STD) 

  differences may reflect the presence of unique polarised growth mechanisms in C. albicans, particularly in relation to the organisation of its secretory pathway. Here, we employed dynamic imaging and three-dimensional (3D) electron microscopy to study the organisation of the secretory pathway of C. albicans during filamentous growth in detail. We provide the first high-resolution view of the C. albicans Spk and demonstrate that the secretory pathway along hypahe is organised in distinct dynamic and structural domains, suggesting that short-range SV transport is a major feature of filamentous growth. Our results reveal a unique feature of C. albicans polarised growth compared with filamentous fungi and highlight the emerging concept of on-site vesicle delivery mechanisms in a subclass of highly polarised cells. 2 | RESULTS AND DISCUSSION 2.1 | SVs in C. albicans filamentous cells are differentially distributed in distinct regions

FIGURE 1

 1 FIGURE 1 Golgi and secretory vesicles dynamics in Candida albicans filamentous cells. (a) Golgi marker FAPP1-GFP live cell Imaging. Twenty Z-stacks (31 sections each) were acquired (4.6 s per Z-stack) and sum projected for every time point. Max projection and temporal colour code are of all time points. Scale bar is 5 μm. (b) FAPP1-GFP distribution in the mother cell and filament quadrants (n = 13 cells). (c) Secretory vesicle marker GFP-Sec4 live cell imaging. Images were acquired at a single Z every 0.3 s. Scale bars are 10 μm (left) and 0.91 μm in inset (middle). Kymograph analysis of the area indicated in inset (right). (d) GFP-Sec4 distribution in 10 segments from the filament base (1) to the apex (10; n = 15 cells). (e) GFP-Sec4 tracking. Number of tracks longer than 1 μm per cell over 30 time points (total time 9 s; left) and track length distribution in all cells (n = 15 cells, 22 tracks)

  FIGURE 2 Cellular organisation of the filament tip by serial section transmission electron microscopy. Cells were serially imaged (section thickness 100 nm, up to 15 sections/cell) so that the entire hyphal tip could be examined. (a) Middle section from series acquired in parallel to the filament long axis. (b) Inset from panel (a). (c) Middle section from series acquired orthogonally to the filament long axis, vesicles appear circular in both (b) and (c). (d) Serial sections through the filament apex (10 sections, total thickness 1 μm). (e) Visualisation of the filament apex. Vesicles (red) and elongated membranes structures (yellow) are observed. (f) Quantification of vesicle diameter (n = 10 cells, 720 vesicles; left) and vesicle density (n = 12 cells, 879 vesicles; right) at the filament tip. (g) Membrane elements found in close proximity to vesicles, evoking budding events (white arrowheads). A site of endocytosis is also observed (black arrowhead). (h) Immuno-gold labelling of the Spk marker Mlc1-GFP. Scale bar is 1 μm in (a) and 200 nm in (b-d, g, and h)

FIGURE 3

 3 FIGURE 3 sec3 mutant presents swollen tips with vesicles concentrated at the tip centre. sec3 mutant cells were induced for 2 hr with serum, fixed and examined by serial section transmission electron microscopy. (a) Overview of filament organisation. (b) Two sections from the cell in panel (a), showing tip organisation. Elongated membranes and vesicles are highlighted in overlay. (c) Visualisation of three-dimensional features observed in (b) shown from different viewpoints. Colours represent: internal membranes (yellow), secretory vesicles (red), mitochondria (green), lipid droplets (pink), and autophagosome (purple). Scale bars are 1 μm in (a) and 500 nm in (b)

FIGURE 4

 4 FIGURE 4 The secretory pathway in Candida albicans filaments is organised in distinct structural domains. (a) Serial section transmission electron microscopy of cells induced for 30 min. Two sections from a single series (1 and 2) are presented. (b) Detailed view of the filament in panel (a). Different membrane features are highlighted in overlay. (c) Cells induced for 60 min. Overview of filament organisation. (d) Detailed views of two sections of cell seen in panel (c). Different membrane features are highlighted in overlay. (e) Visualisation of three-dimensional features observed in all sections. Colours represent: nuclear envelope (light blue), parallel membranes (yellow), membranes oriented in various directions in the subapical region (orange), secretory vesicles (red), mitochondria (green), and lipid droplets (pink). (f) Immuno-gold labelling of the ER marker Sac1-GFP. Labelling of elongated membranes can be seen in mother cell (left) along the filament length and the sub-apical region (right). Scale bars are 1 μm in (a and c) and 500 nm in (b, d, and f)

FIGURE 5

 5 FIGURE 5 Focused ion beam/scanning electron microscopy tomography reveals distinct features in each structural domain of the Candida albicans filament. (a) Two sections from three-dimensional dataset are presented (left). Membrane features are highlighted in overlay (middle) and segmented in three dimensional from entire dataset (right). (b) Overview of filament organisation (left). Five sections with specific sites of interest are presented (right). (C1 and C2) Along the filament length curving membrane sheets connected through multiple helicoidal membrane motifs are observed. Different layer connectivity is observed in C1 versus C2. (C3 and C4) In the sub-apical region individual membrane sheets with tubular extensions are observed. (C5) Tubular extensions are found in direct contact with sites of endocytosis. Colours represent: internal membranes (yellow), secretory vesicles (red), mitochondria (green), lipid droplets (pink), and sites of endocytosis (blue). Scale bar in (a) is 1 μm and 500 nm in (C1, C3, and C5)

FIGURE 6

 6 FIGURE 6 Model for secretory vesicle (SV) delivery to the Candida albicans filament tip. In this model, the ER and Golgi move into the extending filament allowing for on-site SV delivery requiring only short-range trafficking within the tip region. Nucleus (blue), ER (yellow), Golgi (orange), SVs (red), and actin cables (green) are presented

  except that MetaMorph version 7.8.8.0 software (Molecular Devices) controlled the system and for GFP-Sec4 experiments a PLANAPO TIRF 100× TIRF × 1.45 NA objective was used. Z-stacks (0.4 μm each) were deconvolved with Huygens Professional software. For image analysis of Sec4 time courses, twodimensional deconvolution was carried out with Huygens Professional software (version 18.04 Scientific-Volume Imaging) and SN of 10.

  SVs are perfect spheres.2) Surface area of sphere of radius 35 nm represents membrane contribution of each SV to change in filament membrane surface area after SV fusion with plasma membrane filament is a perfect cylinder, calculate area added to filament per min. represents the minimum rate of SV fusion with the plasma membrane required to provide new membrane for filament extension. 5) Thus, minimum time for SV contained in an average Spk to fuse with PM is: 𝑺𝑽 𝒏𝒖𝒎𝒃𝒆𝒓/ 𝒕𝒊𝒑 𝐀cylinder/min / 𝐀sphere = 𝟔𝟎 𝟔𝟕.𝟑𝟏 = 0.89 min/Spk = 53.4 seconds/Spk

  

of 12 WEINER ET AL.

ACKNOWLEDGEMENTS

We thank Y. Wang for strains and B. Shilo for comments on the manuscript. We thank S. Bogliolo and M. Mondin for assistance. We are grateful to M. Elbaum for support and hospitality for the FIB/SEM tomography performed at the Irving and Cherna Moscowitz Center for Nano and Bio-nano Imaging of the Weizmann Institute of Science. This work was supported by the Centre National de la Recherche Scientifique and the Agence Nationale de la Recherche (ANR-16-CE13-0010-01 and ANR-11-LABX-0028-01) and European Union H2020 (MSCA-ITN-2015-ETN-GA-675407) grants, as well as a Ville de Nice postdoctoral fellowship (to A. W.) and the Platform of Resources in Imaging and Scientific Microscopy (PRISM) facility at the iBV. ORCID Robert A. Arkowitz http://orcid.org/0000-0002-5216-5013

Funding information Marie Skłodowska-Curie Actions, Grant/Award Number: MSCA-ITN-2015-ETN-GA-675407; Ville de Nice postdoctoral fellowship; Agence Nationale de la Recherche, Grant/Award Numbers: ANR-11-LABX-0028-01 and ANR-16-CE13-0010-01

SUPPORTING INFORMATION

Additional supporting information may be found online in the Supporting Information section at the end of the article. 

How to cite this article