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The biflagellate zoospores of some phytopathogenic Phytophthora species spontaneously aggregate within minutes in suspension. We show here that P. parasitica zoospores can form aggregates in response to a K + gradient with a particular geometric arrangement. Using time-lapse live imaging in macro-and microfluidic devices, we defined (i) spatiotemporal and concentrationscale changes in the gradient, correlated with (ii) the cell distribution and (iii) metrics of zoospore motion (velocity, trajectory). In droplets, we found that K + -induced aggregates resulted from a

single biphasic temporal sequence involving negative chemotaxis followed by bioconvection over a K + gradient concentration scale [0-17 mM]. Each K + -sensing cell moved into a region in which potassium concentration is below the threshold range of 1-4 mM, resulting in swarming. Once a 10 critical population density had been achieved, the zoospores formed a plume that migrated 11 downward, with fluid advection in its wake and aggregate formation on the support surface. In 12 the microfluidic device, the density of zoospores escaping potassium was similar to those 13 achieved in droplets. We discuss possible sources of K + gradients in the natural environment 14 (zoospore population, microbiota, plant roots, soil particles), and implications for the events 15 preceding inoculum formation on host plants. 16 

Introduction

The genus Phytophthora, which belongs to the class Oomycetes, includes some of the most destructive plant pathogens known, responsible for diseases on crops and in natural ecosystems worldwide. They grow as filamentous coenocytic hyphae producing various types of sexual and asexual propagules. In most cases, both dispersal and primary infection are mediated by airborne sporangia or waterborne zoospores [1,2]. The zoospores are uninuclear and reniform, with typical cell body dimensions of 7-10 and 5-7 µm along the antero-posterior and dorso-ventral axes, respectively. They have a locomotor apparatus consisting of two flagella (10-20 µm) inserted into a longitudinal and ventral groove, enabling them to explore aqueous environments and reach potential hosts. A "tinsel-type" flagellum with lateral mastigonemes along its entire length beats in front of the cell body. Behind the cell body, there is a smooth "whiplash-type" flagellum [1,2].

Exogenous signals may bias zoospore motility such that the direction of movement is not random. Zoospores have sensory systems enabling them to respond to chemical gradients (chemotaxis), oxygen (aerotaxis), ionic fields (electrotaxis), gravity (negative geotaxis) and light (phototaxis). They target plant tissues by following gradients of various ions and compounds such as plant isoflavones, amino acids and sugars [3][4][START_REF] Morris | Chemoattraction of zoospores of the soybean pathogen, Phytophthora sojae, by isoflavones[END_REF]. For example, P. palmivora zoospores display anodal electrotaxis in electrical fields of at least 0.5 V/m, of similar strength to those found in the physiological fields around plant roots [START_REF] Van West | Oomycete plant pathogens use electric fields to target roots[END_REF]. When a zoospore reaches a potential infection site, the cell sheds its flagella, synthesizes a primary cell wall and generates a germ tube that penetrates the host tissue [1, [START_REF] Hardham | Cell biology of plant-oomycete interactions[END_REF][START_REF] Kebdani | Cellular and molecular characterization of Phytophthora parasitica appressorium-mediated penetration[END_REF][START_REF] Le Berre | Exploration of the late stages of the tomato-Phytophthora parasitica interactions through histological analysis and generation of expressed sequence tags[END_REF].
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Zoospores can control their motility in response to self-produced signals. They swarm even in populations composed exclusively of swimming zoospores, and they swim toward encysted spores, leading to auto-aggregation (autotaxis) [START_REF] Reid | Calcium-dependent, genus-specific, autoaggregation of zoospores of phytopathogenic fungi[END_REF][START_REF] Savory | Auto-aggregation in zoospores of Phytophthora infestans: the cooperative roles of bioconvection and chemotaxis[END_REF] or biofilm formation on plant surfaces [START_REF] Larousse | Microbial partnerships of pathogenic oomycetes[END_REF][START_REF] Larousse | Characterization of PPMUCL1/2/3, three members of a new oomycete-specific mucin-like protein family residing in Phytophthora parasitica biofilm[END_REF]. There is evidence to suggest that coordinated zoospore behavior may regulate plant infection through interspecific or intraspecific cell-to-cell signaling [START_REF] Larousse | Microbial partnerships of pathogenic oomycetes[END_REF][START_REF] Kemen | Microbe-microbe interactions determine oomycete and fungal host colonization[END_REF]. However, it remains unclear how zoospores perceive cell density, transduce signals and control their own auto-aggregation. Mathematical and experimental data indicate that the convective zoospore movement associated with plume formation and auto-aggregation is consistent with predictions for bioconvection [START_REF] Ochiai | Pattern swimming of Phytophthora citricola zoospores: an example of microbial bioconvection[END_REF]. Bioconvection has been reported for microorganisms swimming towards the liquid-air surface and aggregating at the top layer of the suspension. This leads to a higher cell density at the surface than in the bulk of the fluid. Gravity destabilizes the dense layer of cells formed at the fluid surface, creating convective plumes. Bioconvection modelling uses cell concentration in a continuous sense assuming that the cell concentration gradient drives the instability [16][START_REF] Kessler | Individual and collective fluid dynamics of swimming cells[END_REF][START_REF] Pedley | Hydrodynamic phenomena in suspensions of swimming microorganisms[END_REF]. P. infestans zoospores may also display sequential combinations of bioconvection followed by chemotaxis between plumes [START_REF] Savory | Auto-aggregation in zoospores of Phytophthora infestans: the cooperative roles of bioconvection and chemotaxis[END_REF]. Phytophthora zoospores have been reported to produce and use molecules to monitor cell density but no auto-attractant has been identified to date. P. parasitica zoospores produce an AI-2-like signal (but not N-acyl homoserine lactones) that could drive quorum sensing [START_REF] Kong | Zoospore density-dependent behaviors of Phytophthora nicotianae are autoregulated by extracellular products[END_REF]. They also secrete cAMP, a putative chemoeffector, during biofilm formation [START_REF] Galiana | Phytophthora parasitica biofilm formation: installation and organization of microcolonies on the surface of a host plant[END_REF].

The behavior of zoospores in response to changes in ionic conditions suggests that cationic fluxes may be involved in collective motion, but their nature and precise role remain unclear. Ca ++ plays a key role in autonomous encystment, adhesion, germination and auto-aggregation [START_REF] Reid | Calcium-dependent, genus-specific, autoaggregation of zoospores of phytopathogenic fungi[END_REF],
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We sought to characterize the signals altering the pattern of zoospore motility and initiating auto-aggregation or biofilm formation. Our findings suggest that the aggregation of P.

parasitica zoospores is elicited by the perception of monocationic gradients in a particular geometric arrangement. Using macro-and microfluidic systems together with time-lapse live-cell imaging to measure the fluorescence intensity of impermeant cation probes, we defined the 10 characteristics of the K + gradients and zoospore motion. 

Materials and methods

Preparation of the zoospore suspension

P. parasitica (isolate 310, Phytophthora INRA collection, Sophia-Antipolis) mycelium was routinely cultured on malt agar at 24°C in the dark. For zoospore production, mycelium was grown for one week in V8 liquid medium at 24°C, under continuous light. The material was then drained, macerated and incubated for a further four days on water agar (2%). The zoospores were released by heat shock treatment: incubation for 30 min at 4°C and then 20 minutes at 37°C. We added 10 mL (per Petri dish Φ100 mm) of 2 mM Mes [2-(N-morpholino) ethanesulfonic acid]-NaOH buffer pH 6.5 between incubations. Zoospore concentration was adjusted to 5 x 10 5 cells/mL.

Droplet assay

Three chemotaxis set-ups were used for zoospore motion studies. The first was a droplet assay (figure1). A controlled profile of the signal was generated by applying a [1 mM-1 M] gradient in a local oriented manner to a freshly prepared suspension of zoospores so as to achieve an essentially stable profile by diffusion. The basic operation involved the microinjection of putative chemoeffectors (1/200, V/V) at the periphery of droplets (200-500 µL) including zoospores deposited on glass sides or PDMS (polydimethylsiloxane) stamps. Various conditions (in terms of ionic composition and strength, pH, nutrient supply and cell density) were tested, and K + sensing was identified as a primary signal for zoospore aggregation. 

Passive dispersion system for the generation of ionic gradients

A passive dispersion system was used to generate a diffusion gradient for the simultaneous measurement of extracellular potassium concentration on one hand and tracking of zoospores distribution on the other hand. Cells were preloaded with 2 µM Asante Potassium

Green-2 (APG-2 TMA+ salt, Teflabs, 3622), a potassium-specific non-permeant fluorescent dye.

We placed 50 µL of cell suspension in a microchamber (µ-Slide VI -Flat, Ibidi size l:17 mm; w: 3.8 mm; h: 400 μm), to which we added 0.5 µL of 500 mM KCl. At various time points, the content of each chamber was observed with a confocal microscope (LSM 880-Zeiss) and the Tile Scan tool.

Images (1.2 mm x 1.2 mm) were generated from the point of application and along the length of the chamber. APG-2 was excited with a 488 nm argon laser and the fluorescence emitted was captured in channel mode (band pass 510-590 nm). The distance between the point of application and the highest position in the chamber allowing zoospore motion was determined with a transmission-photomultiplier. The 1.2 mm x 0.4 mm area corresponding to this position was divided into three technical replicates (0.4 x 0.4) for the measurement of mean APG-2 fluorescence intensity (FI) in each area. The highest ionic concentration allowing zoospore motion was calculated from the difference between the APG-2 FI measured at this position, before and after the addition of potassium, and relative to the FI values obtained with a range of discrete concentrations. Image analysis was performed with ZEN 2 software (Zeiss).

Microfluidic device

The third set-up used to capture the immediate response of zoospores at the single-cell level consisted of a PDMS microfluidic circuit in which the zoospores were subjected to a continuous flow presenting a gradient of potassium concentration. The main advantage of this approach is that it allows rapid and effective control over the conditions around the spores in the chamber.

This system is presented in figure 5A. Three channels (H x W = 0.05 mm x 0.1 mm) intersect as a cross, fusing into the final channel, which is much wider (HxW= 0.2 mm x 1 mm).

The spores are observed in this chemotactic chamber. Spores are injected into the middle inlet and the 100 mM KCl solution is injected into the two lateral channels. This device was produced by soft lithography techniques [START_REF] Mcdonald | Fabrication of microfluidic systems in poly(dimethylsiloxane)[END_REF], with all the steps performed in the clean room of the Institut de Physique de Nice. SU-8 molds exposed at a resolution of 50800 DPI were covered with 10:1

Sylgard PDMS for curation. They were unmolded and punctured for inlets and plasma bonding on clean glass slides was then used to seal the channels. Teflon tubing was directly inserted into the PDMS holes to connect the solution reservoirs (2 ml) to the system. Liquid flows were driven with a pressure controller (Fluigent), in the 0-100 mbar range between the three inlets and the outlet, which was at atmospheric pressure. A high-speed camera (Phantom v7.11) placed on a Zeiss Axiovert 200M inverted microscope with a x10 objective was used to film movies at a speed of 200 fps.

Microscopy for image acquisition along horizontal or vertical axes

Zoospore 

Image analysis

The dynamics of zoospore motion were first investigated by single-particle tracking with various image-processing algorithms available as plugins from the ImageJ or Fiji software libraries.

The initial processing of phase-contrast zoospore images involved TIFF format conversion, image inversion, threshold adjustment and binary conversion. Velocity_Measurement_Tool plugins were used to generate kymographs. We used MosaicSuite [START_REF] Sbalzarini | Feature point tracking and trajectory analysis for video imaging in cell biology[END_REF] to draw trajectories. The TrackMate plugin [START_REF] Tinevez | TrackMate: An open and extensible platform for single-particle tracking[END_REF] was used to track the zoospores in droplets. 

Results

Potassium induces zoospore aggregation in a concentration-specific manner

The droplet assay (figure 1) was used to evaluate specificity and to determine the optimal conditions for the detection of ion gradients by zoospores. Upright microscopes were used for observation in the horizontal plane (figure 1A). A microscope setup was adjusted so as to position the axis of the lens horizontally for observations of displacement in the vertical plane (figure 1B).

Three states were defined and reproducibly observed (figure2A): (i) a free state (FREE) corresponding to untreated cells, uniformly distributed throughout the droplet and displaying random motion; (ii) a swarm state (SWA), corresponding to ion-treated cells, with the upward migration of zoospores to form a swarm of increasing cell density in a progressively restricted area within minutes; (iii) an aggregate state (AGG) in which the zoospores formed a plume and migrated downward to collect together on the support surface.

The aggregation process occurred with potassium, regardless of the associated anion (Cl -, CH3COO -, MnO4 -, SO4 2-), over a pH range extending from 5 to 8, at a cell density of 10 5 to 4 x 10 6 zoospores/mL, and a quorum of 5 x 10 3 to 2x 10 4 cells. Aggregation peaked within 12 to 15 minutes when 0.5 to 3 µmoles of potassium was applied per 100 µl of cell suspension at the starting point (Movie S1, figure 2A-D). We tested several other cations (Table 1). Na + application also induced aggregation, but larger amounts of this cation than of K + were required. H + also affected the swimming behavior of zoospores but did not provoke aggregation, instead triggering a transient local gathering of zoospores (0.001 to 0.01 µmoles) or ring formation followed by high rates of cell death for larger amounts. For subsequent analyses, the assays were performed at pH

Comment citer ce document : Galiana, E. (Auteur de correspondance), Cohen, C., Thomen, P., Etienne, C., Noblin, X. (2019). Guidance of zoospores by potassium gradient sensing mediates aggregation. Journal of the Royal Society Interface, 16 (157), 1-45. , DOI : 10.1098/rsif.2019.0367 11 6.5, with the application of 0.5 µmole KCl per 100 µl of a suspension of 5 x 10 5 cells/mL. The objectives of this study were to explore the effects of K + ions, which induce various behaviors of interest in the particular case of Phytophthora, and, more generally, to develop a model for the biophysics of swimming for a large number of swimming cells based on these effects. K + has strong effects at low concentration (such as those found in natural environments), with weaker osmotic effects than Na + ions, which would need to be used at concentrations 10 times higher. We therefore performed droplet assay experiments on various ions, but we focused exclusively on the effects of K + ions in the milli-and micro-fluidic experiments.

Behavior of zoospores sensing potassium

In each state, we analyzed the distribution and displacement of zoospores in both the horizontal (figure 2E-J) and vertical (figure 2K-M) planes. In the FREE state, the projected velocities were 150 ± 34 µm/s in the horizontal plane, and 146 ± 39 µm/s in the vertical plane, and no preferential direction of cell trajectories was noted (figure 2B,E,H).

In the SWA state (figure 2C,F,I,L), the projected velocity in the horizontal plane was 115 ± 29 µm/s, decreasing at the periphery of the swarm, as illustrated on the kymograph by the weak slope of the lines at the edge of the swarm for this plane (figure 2I). There was no clear preferential direction for trajectories in the horizontal plane, but all trajectories were delineated within the swarm (figure 2C,F). The velocity in the vertical plane was 78 ± 32 µm/s, and swarm formation in this plane was correlated with a continuous upward migration (Movie S2) culminating in the accumulation of almost all cells at the air-liquid interface, with only a very small number of cells in the scanned area below (figure 2L). No such spectacular upward migration was observed for zoospores swimming freely in water (Movie S3, figure 2K).

In the AGG state and the horizontal plane (figure 2D, G, J), all zoospores migrated with centripetal trajectories (figure 2G), at very low velocity (VXY = 24 ± 11 µm/s), toward a restricted area (1 to 5 x 10 6 µm 2 ) in which they ceased moving linearly and formed an aggregate (Movie S1, figure 2D). The velocity in the vertical plane was 41 ± 19 µm/s (Movie S4, figure 2M). Once the plume had been formed, the cells abruptly began to migrate downward (plume velocity = 65 ± 23 µm/s; Movies S4 and S5). At the end of the sequence, the zoospores were alive and motile (Movie S6), and they bore flagella (figure S1), subsequently undergoing massive progressive encystment.

Based on the number of zoospores sedimenting on the lower surface at the end of the experiment and the size of the plumes observed on microscopy, the density of zoospores in a plume has been estimated at about 40 x 10 3 spores/µL.

Obviously, plume displacement included a large vertical component during downward migration (Movie S5; figure S2). This downward migration initially involved an almost rectilinear and vertical displacement for about 10s at a Vz of about 50 µm/s. The trajectory then became helical, with a large decrease in Vz, probably when the cells reached the threshold K + concentration range defined below (figure S2C,D).

In this assay, we also analysed the effect of zoospore motion on fluid velocity, by adding fluorescent microspheres to the cell suspension. By tracking the movements of zoospores and microspheres simultaneously, we showed that fluid velocity was unaffected by zoospores advection, but then these phenomena are linked and can be mutually supportive.

The distribution of potassium-sensing zoospores depends on the ionic gradient

The concentration gradient was heterogeneous and difficult to control in the droplet assay. This assay was not, therefore, suitable for analyses of the relationship between zoospore distribution and the extracellular K + concentration gradient. We investigated the behavior of zoospores in response to various concentrations of potassium, by generating a diffusion gradient in a millifluidic device (figure 4A). This device consisted basically of a single channel, with one inlet and one outlet. The cells were loaded into the channel (H x W x L = 400 µm x 3.8 mm x 1.7 mm) in the presence of APG-2, a K +-sensing probe, before a spot application of KCl at the inlet. We but their distribution was restricted. The cells displayed negative chemotaxis [4], with optimal conditions for swimming occurring away from the higher concentrations of potassium ions. The "no-swimming zone" expanded over time as the ions diffused away from the point of application.

We used the measurements of APG-2 fluorescence intensity obtained to determine the range of higher concentrations compatible with zoospore motion at various time points (figure 4A andC).

The cell distribution depended on local K + concentration. The difference in this concentration between the two sides of the border between the swimming and no-swimming zones lay in a narrow range (1-4-mM). This range did not change significantly over time. In the chemotaxis assay, we monitored the zoospores for a period of 30 minutes. We observed no change in the characteristics of zoospore motion in the swimming zone, except that the zoospores were unable to move into the areas of high potassium concentration. Thus, K + -mediated negative chemotaxis seems to have been initiated in these conditions, but was not sufficient to induce aggregation.

Changes in zoospore motion in response to K + in a microfluidic device

For the quantification of zoospore distribution and velocity following the application of a K + gradient, zoospores were subjected to different gradients of KCl in a microfluidic system (see methods). Zoospores were injected from the central inlet into a chemotaxis observation chamber, and the two side channels were perfused with KCl (figure 5A). Zoospores and KCl were first injected together, at t=0; the flow of KCl was stopped for time T (ranging from 5 s to 15 s) to In another experiment in the same set-up but without zoospores, the steps described above were performed with KCl mixed with the potassium probe APG-2, to obtain a spatiotemporal map of potassium concentration in the chamber. Due to the geometry of the microfluidic set-up, the KCl was concentrated towards the top and bottom (on the image) of the chamber, as shown in the snapshot presented in figure 5B (lower image).

We characterized the migration process, by tracking cells from t=T to t=T+20s, to extract their trajectories, calculate the local density of cells, and measure the velocity of individual cells.

The area used for this analysis was restricted to the red window shown in figure 5B. The same area was used for the calculation of spatiotemporal potassium concentrations. Both spore density and potassium concentration were determined by the sliding window method (see §2.4.), by calculating the mean values in rectangular windows sliding along the direction of the potassium gradient (the y coordinate in our set-up).

The results are shown in figure 6. After KCl was flushed out for 5s, the vast majority of zoospores rapidly adopted circular trajectories (figure 6A and Movie S8), moving at low speed, below 40 µm/s (figure 6D and6G). The residual concentration of potassium was therefore assumed to be higher than the threshold of 3-5 mM, resulting in the immediate "freezing" of cell motion. The concentration profiles in figure 6D and 6G are consistent with this interpretation:
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After KCl was flushed out for T=10 s, some zoospores initially moved toward the central zone (figure 6B and Movie S9), as expected, to escape the high concentrations of potassium towards the top and bottom of the device. These zoospores followed linear trajectories and moved at relatively high speeds (above 100 µm/s) after 4s (figure 6E). Nevertheless, some cells initially present in the zones at the top and bottom of the device immediately adopted low-speed circular trajectories (figure 6B and6E), suggesting that the concentration of potassium in these zones was too high for the cells to escape. After about 10 seconds, all the cells shifted to lowspeed circular trajectories (not shown), suggesting that the potassium had diffused into the central zone and had reached the threshold concentration there too. Unfortunately, we were unable to measure the potassium concentration during this cycle. After 16 s, cells were traveling at speeds of less than 40 µm/s in the central zone (figure 6H), consistent with a shift to low-speed circular trajectories.

Flushing out KCl for T=15 s resulted in behavior similar to that observed for T=10 s, except that the area in which the zoospores moved along linear trajectories at high speed was larger (Movie S10, figure 6C and6F), and, after 16 s, the cells continued to move along linear trajectories at high speed (figure 6I). This suggests that the concentration of potassium was sufficiently low We can compare the measured frontal velocity (section 3.2; 65 ± 23 µm/s) with a simple model, by assuming that the plume is a single sedimenting object. We can start by comparing an individual sedimenting spore and then move up to the level of a whole plume, assimilated to a .001, the viscosity of water. ∆ρ is assumed to be 80 kg/m 3 , corresponding to a spore density of 1.08, a typical value for yeast cells or bacteria. We obtained a value of 1.79 µm/s for Vss. For plume speed, Vsp, we used the same formula as for a spherical object falling, but using R=450 microns rather than Rs, the mass density being the mean density of the water/spore suspension (For N=4000 spores in the plume): ∆ρp= ∆ρ*N*Rs 3 /R 3 =0.12 kg/m 3 . Vsp=2*R 2 *g*∆ρp/(9µ) = Vss*N*Rs/R, and with Rs/R = 0.007, we obtain Vsp=51 µm/s. This provides us with an approximate order of magnitude close to the measured values, given that N is not precisely determined and the exact flow conditions between spores are not exactly known.

Based on the congruent results of the droplet (in the vertical and horizontal planes) and microfluidic (horizontal plane) assays, we can suggest the following scheme. If K + -treated cells are able to escape from high concentration areas, they follow a linear trajectory and head toward areas in which the potassium concentration is below the threshold of 1-4mM. When conditions restrict the cells to areas in which the potassium concentration is beyond this threshold, two drastic changes are observed: velocity decreases sharply and the cells switch from a linear trajectory to a helical one. The K + -induced aggregation phenomenon was observed when the motion of a quorum of zoospores (5 x 10 3 -2 x 10 4 ) explored territories delimited by the concentration field and its spatial distribution in the various set-ups used here. In both the droplet assay and the microfluidic device, the maximum density of zoospores was estimated at a few tens of thousands of zoospores per microliter. This may constitute a threshold value for the density of P. parasitica zoospores. However, zoospores seemed to be able to remain clustered for longer at The self-generation of K + by a net K + zoospore efflux seems highly unlikely. In freshwater, the osmolality of the zoospore cytosol is always higher than that of the external environment.

Throughout the course of their displacement, one of the major challenges faced by wall-less zoospores is the removal of excess cytosolic water rather than ions to maintain homeostasis. The excess water collects in the contractile vacuole complex (CVC), the osmoregulatory organelle, and is discharged into the extracellular environment [START_REF] Hardham | Cell biology of plant-oomycete interactions[END_REF]. A calculation of the K + diffusion potential of cells also rules out the hypothesis of K + efflux from zoospores. If we consider high densities (10 6 -10 7 /mL) of zoospores (diameter of 10 µm), and an intracellular K + concentration range of 100-200 mM, then the relative volume expansion rate of the cell population ranges from 0.052 to 0.52%.

This would result in an extracellular K + concentration of between 0.05 and 1 mM if the entire potassium content of the cell were released by efflux. It would not, therefore, be possible to reach the threshold concentration of 1-4 mM identified here as the stimulus eliciting a pattern The extent to which K + release from the microbiota present in the same habitat as the zoospores can mediate zoospore aggregation remains to be evaluated. Potassium seems to play a key role in the displacement of bacteria, the physical composition of microbiota [START_REF] Humphries | Speciesindependent attraction to biofilms through electrical signaling[END_REF] and pathogenic processes [START_REF] Yost | Potassium is a key signal in hostmicrobiome dysbiosis in periodontitis[END_REF]. The electrical signaling mediated by potassium ion channels regulates cell-cell dialog within bacterial biofilms, with potassium driving the attraction of distant cells of different species [START_REF] Humphries | Speciesindependent attraction to biofilms through electrical signaling[END_REF]. The range of bacterially generated gradients effective for prokaryote attraction in vitro, is of the same order of magnitude as that affecting zoospore movement in our experiments. Such gradients may, therefore, affect the distribution of P. parasitica propagules through repulsion.

In terms of rhizosphere activity and exchange dynamics in the soil, any area in which strong K + gradients are generated will tend to repel P. parasitica zoospores. The total K + content of soils generally ranges between 0.4 and 30 g kg -1 [START_REF] Sparks | Potassium dynamics in soils Advances in Soil Science[END_REF], and has two components. Soil particles, which bind about 98% of the total K + content, may constitute a major obstacle to zoospore tracking. The film of water surrounding these particles (2% of total K + content) has a potassium concentration in the range of 0.2-15mM, reaching 5-10 mM in the most highly fertigated agricultural soils [START_REF] Sparks | Potassium dynamics in soils Advances in Soil Science[END_REF]. It is therefore reasonable to speculate that K + exchange dynamics in the soil constitute a major parameter determining zoospore distribution and aggregation. At the scale of an infected host plant, zoospores repelled by soil particles and subject to constraints on their 22 movement in the water film would be likely to move toward host tissues. This tendency would be enhanced by root K + uptake, which would result in a zone of potassium depletion around the root surface [START_REF] Maathuis | Mechanisms of potassium absorption by higher plant roots[END_REF], and by root exudates, which attract zoospores [1,[START_REF] Gow | New angles in mycology: studies in directional growth and directional motility[END_REF]. Thus, the physical and chemical distribution of K + at the soil-root interface is a parameter that may contribute to the constitution of a high-density inoculum or biofilm formation on the plant surface. However, the importance of this contribution relative to other ion exchange dynamics, such as soil acidification by roots, remains to be determined. A more holistic view of the relationships between the concentrations of various ions and zoospore distribution is required to determine the influence of K + .

Concluding remarks

We show here that the sensing of a potassium gradient induces synchronized zoospore behavior (due to negative chemotaxis) and the aggregation of P. parasitica zoospores. In all the in vitro experimental set-ups used (droplet assays, milli-and micro-fluidic devices), the zoospores displayed the same behavior, with a clear, consistent response to potassium. The use of these different set-ups shed light on particular aspects linked to the size and geometric effects of each of the set-ups used. Bioconvection patterns followed by aggregation were observed only in droplet assays. Nevertheless, in millifluidic devices, clear and quantitative response to potassium gradients were demonstrated, and the zoospores aggregated, reaching a density of the same order of magnitude as that observed in droplets. The microfluidic devices allowed faster spatiotemporal variations of potassium concentration, making it possible to observe the Comment citer ce document : Galiana, E. (Auteur de correspondance), Cohen, C., Thomen, P., Etienne, C., Noblin, X. (2019). Guidance of zoospores by potassium gradient sensing mediates aggregation. Journal of the Royal Society Interface, 16 (157), 1-45. , DOI : 10.1098/rsif.2019.0367
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clustering process, which appeared to be stronger than the response expected on the basis of quasi-static negative chemotaxis. Thus, even when the potassium concentration fell to low values compatible with zoospore movement, the zoospores remained clustered, at least transiently.

Future studies should try to identify the signals released by zoospores in the presence of K + responsible for promoting autoaggregation behavior. More complex microfluidics devices and a modeling approach are being developed with this aim in mind, for future studies.
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24 coordinates of each of the three trajectories with the Gaussian kernel density tool of PAST3 [START_REF] Hammer | PAST: Paleontological statistics software package for education and data analysis[END_REF].

Table 1-Effect of the anisotropic application of cations on zoospore pattern formation

Scaling provides an estimate of the number of points per unit area and illustrates the low point density during downward migration. Bar sizes: 100 µm.

Movie S1

Sequences of events leading to zoospore aggregation observed by dark-field microscopy and on an upright microscope (observation in the horizontal plane). The movie shows six sequences: (1) FREE state, (2) and (3) SWA state in the periphery of the swarm, (4) SWA state, [START_REF] Morris | Chemoattraction of zoospores of the soybean pathogen, Phytophthora sojae, by isoflavones[END_REF] and ( 6) AGG state.

Movie S2

Upward migration (SWA state) observed with a vertical mounted microscope (observation in the vertical plane) following the application of K +

Movie S3

Motion of zoospores swimming freely (FREE state) before K + application, captured in the vertical plane 

Movie S5

Vertical displacement of plumes during downward migration (the width of the central plume is ~800 µm).

Movie S6

Cell population observed 30 min post K + -treatment on the bottom surface of the sample, with motionless cysts and zoospores moving mostly in an anticlockwise rotation.

Movie S7

Displacement of zoospores and fluorescent microspheres visualized in the horizontal plane during downward migration of the plume. The particles were successively captured in the same sequence: first by dark-field microscopy for zoospores (from 1 to 8 s) and then by fluorescence microscopy for microspheres (from 10 to 16 s).

Movie S8

In the microfluidic device, zoospore behavior in the chemotactic chamber following KCl flushing for 5 s

Movie S9
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  Comment citer ce document : Galiana, E. (Auteur de correspondance), Cohen, C., Thomen, P., Etienne, C., Noblin, X. (2019). Guidance of zoospores by potassium gradient sensing mediates aggregation. Journal of the Royal Society Interface, 16 (157), 1-45. , DOI : 10.1098/rsif.2019.0367 13 swimming freely or in a swarm at the time and spatial scales studied (data not shown). By contrast, during aggregation, zoospores migrating downward from the surface of the fluid caused microsphere advection (Movie S7). This finding was confirmed by PIV analysis, providing a picture of the local streamlines of the fluid velocity fields, which closely resembled the geometry, orientation, and magnitude of zoospore movement (figure 3A, B). Further confirmation was provided by the variation of local velocities calculated from zoospores and microspheres located within and outside the plume (figure 3C). Taken together, these data indicate that the downward migration of zoospores correlates with fluid advection. At the beginning migrations causes fluid

  followed the fluorescence dynamics of APG-2 upon ion binding and the change in zoospore distribution along the channel by confocal microscopy (figure 4A). Fluorescence intensity was measured to determine K + concentration, which is plotted in figure 4B. The fluorescence intensity profile obtained indicated that the dynamic range of K + concentration that could be resolved in Comment citer ce document : Galiana, E. (Auteur de correspondance), Cohen, C., Thomen, P., Etienne, C., Noblin, X. (2019). Guidance of zoospores by potassium gradient sensing mediates aggregation. Journal of the Royal Society Interface, 16 (157), 1-45. , DOI : 10.1098/rsif.2019.0367 14 this device was [0-17 mM]. A small minority of the zoospores in the population could not swim, and these zoospores were mostly located in the immediate vicinity of the application spot. Most of the zoospores displayed no change in motion (velocity and random trajectory, data not shown),
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  to allow the cells to move. The concentration profiles obtained after 4 s and 16 s (figure GF and 6I) are consistent with this interpretation, as the concentration of potassium ions remained below 3 mM. Interestingly, we found that: (i) between 4 s and 16 s, the cells tended to migrate toward Comment citer ce document : Galiana, E. (Auteur de correspondance), Cohen, C., Thomen, P., Etienne, C., Noblin, X. (2019). Guidance of zoospores by potassium gradient sensing mediates aggregation. Journal of the Royal Society Interface, 16 (157), 1-45. , DOI : 10.1098/rsif.2019.0367 17 the central zone, despite the very low concentration of potassium; (ii) after 16 s, zoospore density peaked whereas the concentration profile appeared to be flat. These observations suggest that motion leading to aggregation can be triggered by a cue other than potassium concentration.Further investigations are required to shed light on this behavior. In the last 12 s, the density of zoospores swimming in a central area of the chamber (a 400 µm X 100 µm window) was estimated at 20 x 10 3 (SD=1.10 3 ) zoospores/µL. Comment citer ce document : Galiana, E. (Auteur de correspondance), Cohen, C., Thomen, P., Etienne, C., Noblin, X. (2019). Guidance of zoospores by potassium gradient sensing mediates aggregation. Journal of the Royal Society Interface, 16 (157), 1-45. , DOI : 10.1098/rsif.Phytophthora auto-aggregation has been associated with bioconvection patterns[START_REF] Ochiai | Pattern swimming of Phytophthora citricola zoospores: an example of microbial bioconvection[END_REF] or 2 a combination of bioconvection and positive chemotaxis[START_REF] Savory | Auto-aggregation in zoospores of Phytophthora infestans: the cooperative roles of bioconvection and chemotaxis[END_REF]. Potassium sensory cues regulates 3 the behavior of Phytophthora potassium zoospores[3, 4]. In this report, we present in vitro 4 evidence that potassium gradient sensing by P. parasitica zoospores is a primary stimulus, 5 inducing synchronized zoospore behavior and cell aggregation. The resulting macroscopic pattern 6 resembles auto-aggregation. Cell behavior changes during a single biphasic temporal sequence 7 different from that previously described for auto-aggregation.

8 4. 1 . Negative chemotaxis and bioconvection 9 Negative

 819 chemotaxis in response to the sensing of potassium initially causes the cells to move into a region in which potassium concentration is below the threshold range of 1-4 mM.The arrangement of the cells results in their spatial concentration. Within a droplet, negative chemotaxis increases cell concentration through upward migration toward the upper surface of the suspensions. The simultaneous accumulation of cells in the horizontal plane suggests that positive chemotaxis may also occur. Upward migration increases local mass density in the uppermost regions of the suspension, which become denser than the regions below them. This leads to the development of overturning instability, analogous to bioconvection, resulting in the formation of descending plumes of dense cell suspension, with fluid flow advection in their wake.

  Comment citer ce document : Galiana, E. (Auteur de correspondance), Cohen, C., Thomen, P., Etienne, C., Noblin, X. (2019). Guidance of zoospores by potassium gradient sensing mediates aggregation. Journal of the Royal Society Interface, 16 (157), 1-45. , DOI : 10.1098/rsif.2019.0367 21 reminiscent of autoaggregation. Instead, as in most prokaryotic and eukaryotic cells [25], depolarization due to the increase in extracellular potassium concentration may lead to fluctuations of the membrane potential of zoospores, potentially modifying the beating of the flagella, cellular responses, such as osmoregulation, and/or cell-to-cell signaling.
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 6S1S2 Figure 6: Trajectories, density profiles and the speed of the zoospores in the chamber,
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  heavier liquid falling into water. The sedimentation speed of a passive zoospore is about Vss=2*Rs 2 *g*∆ρ/(9µ), where Rs is the average radius of the spore (3.2 µm), g=9.81m/s 2 , and µ=0
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