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Abstract  25 

Soil-borne vascular pathogens pose serious threats to agriculture with complex invasion 26 

strategies that remain poorly characterized compared to foliar pathogens1. While foliar 27 

pathogens like Magnaporthe oryzae employ specialized appressoria to penetrate plant 28 

surfaces through a combination of mechanical force and enzymatic degradation2, the 29 

invasion mechanisms of vascular pathogens that lack classical appressoria have remained 30 

largely theoretical. The nanoscale processes governing root penetration and colonization 31 

by these pathogens are particularly challenging to visualize due to technical limitations 32 

of conventional microscopy3-5. Here we show, using phase-contrast X-ray computed 33 

microtomography and advanced microscopy, that Fusarium oxysporum (Fo) employs 34 

distinct mitogen-activated protein kinase (MAPK) cascades to orchestrate root invasion 35 

through unprecedented morphological plasticity. We discovered previously 36 

undocumented appressoria-like structures that facilitate physical penetration, while 37 

demonstrating that Fo exhibits remarkable cellular adaptability, reducing hyphal diameter 38 

by more than 20-fold (from 5 μm to 220 nm) to navigate confined plant spaces6-7, a 39 

dramatic morphological transition previously thought impossible. By using cellulase-40 

deficient mutants8, we demonstrate that cellulolytic activity is dispensable for surface 41 

breach and submicrometric hyphal colonization, establishing that mechanical force 42 

generation rather than enzymatic degradation is the primary determinant of successful 43 

host penetration9-10. Three-dimensional reconstruction reveals a quantitative correlation 44 

between fungal proliferation and progressive embolism formation, with distinct MAPK 45 

pathways differentially regulating penetration force generation (Fmk1), osmotic 46 

adaptation during apoplastic colonization (Hog1), and directional growth toward vascular 47 

tissues (Mpk1). These findings provide a mechanistic framework for vascular wilt 48 

pathogenesis and reveal potential targets for controlling these economically devastating 49 

plant diseases. 50 

 51 

Main  52 

Soil-borne fungal pathogens cause devastating losses in global agriculture, yet the 53 

fundamental mechanisms of host penetration and colonization remain largely 54 

enigmatic1,11,12. Understanding invasion mechanisms requires detailed visualization of 55 

infection processes, but conventional microscopy approaches face significant technical 56 
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limitations in capturing these dynamics at the root interface where multiple tissue layers 57 

and air-filled spaces impede high-resolution imaging3-5,13.  58 

In stark contrast to well-characterized foliar pathogens such as Magnaporthe oryzae, 59 

which utilize specialized appressoria to penetrate plant surfaces through a combination of 60 

mechanical force and enzymatic degradation2, the invasion strategies of soil-borne 61 

vascular pathogens have remained largely theoretical until now.  62 

Fusarium oxysporum (Fo), a devastating vascular wilt pathogen affecting over 100 63 

different crops and causal agent of the recent Panama disease pandemics11,14, enters host 64 

roots through microscopic wounds, cracks, or nanoscale spaces between adjacent 65 

epidermal cells15. However, the cellular mechanisms underlying root penetration remain 66 

unclear since Fo lacks classical appressoria. 67 

Here we present the first comprehensive three-dimensional visualization of the infection 68 

process in a soil-borne vascular pathogen, revealing previously unobserved mechanisms 69 

of host penetration and colonization. By integrating phase-contrast X-ray computed micro 70 

tomography (micro-CT) with advanced microscopy, we reveal how Fo orchestrates root 71 

invasion and colonization through distinct MAPK signaling cascades. By optimizing 72 

micro-CT protocols16, we achieved unprecedented subcellular resolution (0.9 μm³ voxel 73 

size), enabling non-destructive, three-dimensional tracking of the infection process while 74 

preserving the structural integrity of the host-pathogen interface. This technical 75 

advancement overcomes key limitations of conventional microscopy, particularly the 76 

restricted probe penetration and light scattering in air-filled spaces that have historically 77 

precluded detailed analysis of belowground infection processes in their native spatial 78 

context5. 79 

Image processing of phase-contrast X-ray micro-CT data distinguished fungal cells from 80 

plant tissues while revealing key root anatomical structures in tomato samples (Fig. 1a). 81 

Furthermore, this high-resolution imaging approach captured the progressive stages of 82 

host invasion by Fusarium oxysporum f. sp. lycopersici in tomato roots, documenting 83 

clear colonization patterns within host tissues at 3 days post inoculation (DPI) with 84 

embolism formation increasing significantly by 5 DPI (Fig. 1b; Supplementary Video 1). 85 

Micro-CT analysis revealed previously undocumented infection structures in Fo: bulbous 86 

appressoria-like structures (ALS) generating needle-shaped invasive hyphae (IH) for 87 

plant penetration (Fig. 1c-e). This first visualization of such structures in a soil-borne 88 

vascular pathogen challenges the paradigm that specialized penetration structures occur 89 

exclusively in foliar pathogens. Orthogonal views documented IH emerging from ALS 90 
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initially penetrating epidermal cells (Fig. 1d-e), with subsequent colonization occurring 91 

predominantly through apoplastic spaces in subepidermal and cortical tissues (Fig. 1g,h). 92 

Notably, apoplastic invasion directly corresponded with the formation of air-filled spaces 93 

observed in close association with invading hyphae (Fig. 1f), suggesting a causal 94 

relationship between fungal colonization and air space generation. 95 

A fundamental challenge for Fo during host colonization lies in the dimensional 96 

mismatch between its normal hyphal diameter (4-6 μm)17,18 and the confined plant 97 

apoplastic spaces (50 nm-1 μm) or plasmodesmata (50-60 nm)6,7. To rigorously assess 98 

hyphal morphological plasticity under defined spatial constraints, we used custom-99 

fabricated PDMS microfluidic devices with nanochannels measuring 500-700 nm in 100 

width and 20 μm in length. These experiments demonstrated efficient hyphal growth 101 

through submicrometric passages for extended distances, comparable to the diameter of 102 

a typical plant cell19, with ALS consistently forming at channel entry points before 103 

initiating thin hyphal filaments (Fig. 2a; Extended Data Fig. 1). Using nylon-based 104 

artificial membranes with precisely defined pore diameters (ranging from 5 μm to 0.22 105 

μm) alongside poreless cellophane barriers, we documented the fungus's capacity to 106 

reduce its hyphal diameter by more than 20-fold, enabling passage through pores as small 107 

as 220 nm (Fig. 2b). 108 

To verify these observations and characterize the penetration mechanisms, we employed 109 

complementary analytical approaches. Confocal microscopy of fluorescently tagged Fo 110 

hyphae confirmed that specialized infection structures form during both artificial 111 

membrane penetration and plant colonization. Three-dimensional reconstructions 112 

revealed ALS and IH formation at sites of cellophane penetration (Fig. 2d), while similar 113 

structures were observed penetrating root epidermal cells (Fig. 2e; Extended Data Fig. 2). 114 

Further analysis of cellophane-associated fungal structures (Extended Data Fig. 3) 115 

demonstrated the remarkable attachment strength of these specialized infection 116 

structures. When colonies grown on cellophane were subjected to vigorous washing, 117 

bulbous ALS remained firmly anchored to the membrane surface, while surrounding 118 

mycelium was completely removed. High-resolution imaging revealed that these 119 

persistently attached ALS generated thin hyphal filaments that penetrated vertically 120 

through the cellophane matrix (Fig. 2d; Extended Data Fig. 3; Supplementary Video 2). 121 

This observation provides compelling evidence for the dual functionality of ALS in both 122 

substrate adhesion and generation of invasive hyphae, properties previously attributed 123 

primarily to the appressoria of foliar pathogens20
. To determine whether this invasion 124 
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mechanism depends on enzymatic degradation or physical force, we conducted 125 

penetration assays using clr-1Δ cellulase-defective mutants8. Both wild-type Fo and clr-126 

1Δ mutants successfully breached poreless cellophane membranes (Fig. 2c), 127 

demonstrating that cellulolytic activity is dispensable for penetration. These findings 128 

collectively challenge the long-standing paradigm that enzymatic breakdown of plant cell 129 

walls is essential for fungal invasion in non-appressoria-forming pathogens9,10. 130 

To elucidate the precise mechanisms underlying embolism development, we employed 131 

fluorescence microscopy of KOH-cleared roots stained with propidium iodide (PI) and 132 

FITC-wheat germ agglutinin (FITC-WGA). This analysis confirmed that Fo 133 

preferentially colonizes the apoplastic root space (Fig. 3a; Extended Data Fig. 4), with 134 

thin hyphal structures concentrated at intercellular junctions (Fig. 3b). This colonization 135 

strategy, also exploited by biotrophic pathogens to suppress host defenses during 136 

intercellular invasion21, appeared mechanically significant in the pathogenesis process. 137 

Quantitative fluorescence intensity profiles along defined transects validated the precise 138 

positioning of fungal hyphae between adjacent plant cell walls (Fig. 3c), providing 139 

evidence for a mechanical wedging mechanism. However, while fluorescence 140 

microscopy corroborated the linear growth patterns of hyphae within constrained 141 

apoplastic spaces, it failed to provide complete spatial context in central root regions due 142 

to poor probe penetration and light scattering in air-filled spaces. This technical limitation 143 

highlighted the advantages of micro-CT for comprehensive three-dimensional 144 

visualization of the host-pathogen interface throughout the infection process. 145 

Temporal analysis through three-dimensional micro-CT renderings documented the 146 

progression of tissue disruption from 3 to 5 DPI (Fig. 3d; Extended Data Fig. 5), revealing 147 

a predominant apoplastic colonization strategy with localized instances of symplastic 148 

invasion, particularly at sites of initial penetration and advanced infection stages. 149 

Quantitative volumetric assessment demonstrated a two-fold increase in fungal 150 

abundance between 3 and 5 DPI coinciding with a three-fold increase in air space volume, 151 

while root tissue integrity declined progressively (Fig. 3e-g). The temporal and spatial 152 

correlation between fungal proliferation and embolism development provides compelling 153 

evidence that Fo disrupts vascular function through mechanical interference rather than 154 

solely through induced host defense responses12,22. The quantitative relationship between 155 

fungal biomass increase (two-fold) and embolism expansion (three-fold) demonstrates 156 

that hyphal colonization physically disrupts cell junctions, creating air-filled cavities that 157 

compromise water transport infrastructure. This mechanical model of pathogenesis 158 
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directly contributes to the characteristic wilt symptoms observed during disease 159 

progression. Notably, to achieve this colonization strategy, Fo requires remarkable 160 

cellular adaptability, particularly considering the dimensional constraints within plant 161 

tissues. In fact, for successful colonization, Fo must undergo substantial cell wall 162 

remodeling during hyphal constriction, a significant challenge given that fungal cell walls 163 

normally constitute 40% of cell volume and range from 50-500 nm in thickness23,24. The 164 

dramatic morphological variations we documented reveal previously unrecognized 165 

mechanisms of cellular plasticity that enable Fo to navigate through the complex 166 

nanoscale architecture of plant tissues.  167 

To further elucidate the molecular mechanisms regulating the sophisticated physical 168 

processes of host invasion and colonization, we conducted a systematic analysis of 169 

conserved signaling pathways in Fo. Three distinct mitogen-activated protein kinase 170 

(MAPK) cascades coordinate fungal responses to environmental stimuli and cellular 171 

morphogenesis: Fmk1 (regulating invasive growth and adhesion), Mpk1 (maintaining 172 

cell wall integrity and mediating host signal perception), and Hog1 (orchestrating osmotic 173 

stress adaptation)25-27. These highly conserved signaling modules function as central 174 

regulatory hubs that translate external stimuli into precise transcriptional and post-175 

translational modifications, ultimately controlling the complex morphological transitions 176 

required for successful host colonization26. Three-dimensional micro-CT renderings of 177 

tomato roots inoculated with MAPK pathway mutants revealed distinct colonization 178 

phenotypes (Fig. 4a; Extended Data Fig. 6). Quantitative volumetric analysis 179 

demonstrated significantly reduced fungal colonization in both fmk1Δ and hog1Δ mutants 180 

compared to the wild-type strain, while mpk1Δ mutants showed a slightly reduced, 181 

however non significantly different, phenotype (Fig. 4b). Notably, fmk1Δ exhibited the 182 

most dramatic reduction in fungal colonization, indicating a severe invasion defect. 183 

Assessment of root tissue integrity confirmed that fmk1Δ-infected plants maintained 184 

significantly higher structural preservation compared to wild-type infected roots (Fig. 185 

4d), correlating with reduced colonization efficacy. While Fmk1 MAPK signaling is 186 

known to be essential for cellophane membrane or plant tissue penetration in Fo28,29, the 187 

precise molecular mechanisms linking this pathway to the physiological adaptations 188 

required for host colonization remain undefined26. Through membrane penetration 189 

assays, we demonstrate that genetic disruption of the fmk1 gene specifically impairs the 190 

fungus's ability to breach poreless cellophane membranes while maintaining the capacity 191 

to navigate through pre-existing nanopores in nylon membranes (Extended Data Fig. 7a). 192 
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This selective penetration defect persisted regardless of incubation duration, as 193 

comparative time-course experiments revealed that while wild-type, mpk1Δ, and hog1Δ 194 

strains successfully penetrated cellophane membranes, fmk1Δ mutants consistently failed 195 

even after extended incubation periods (Extended Data Fig. 8). This penetration 196 

deficiency correlates directly with the inability of fmk1Δ mutants to form appressoria-like 197 

structures and establish robust surface adhesion, demonstrated by fluorescence 198 

microscopy analysis where fmk1Δ mutants exhibited severely impaired attachment to 199 

cellophane membranes compared to the firmly adhering wild-type strain (Extended Data 200 

Fig. 7b). These adhesion and morphological defects culminate in compromised 201 

mechanical force generation during invasion attempts, evidenced by the absence of 202 

organized substrate deformation patterns beneath fmk1Δ colonies (Fig. 4e). While 203 

previous investigations associated Fmk1 with regulation of plant cell wall-degrading 204 

enzymes28,29, our comprehensive analysis challenges the paradigm that enzymatic 205 

digestion represents the primary penetration mechanism. The collective evidence from 206 

our cellulase-impaired clr-1Δ mutants, nanopore-containing membranes, and detailed 207 

microscopic examination of fmk1Δ mutants demonstrates that penetration is primarily 208 

driven by physical force generation rather than enzymatic degradation. Having 209 

established this critical role of Fmk1 in the initial penetration phase, we next examined 210 

the contribution of other MAPK pathways to plant infection. 211 

Micro-CT analysis revealed that mpk1Δ mutants induced significantly enhanced air space 212 

formation in infected roots compared to wild-type infections (Fig. 4c), while exhibiting 213 

reduced vascular colonization (Fig. 4a). This phenotype aligns with Mpk1's established 214 

role in mediating chemotropic responses to host signals25. In the absence of functional 215 

Mpk1, hyphae likely lose their ability to sense directional cues necessary for targeted 216 

xylem invasion, resulting in disorganized cortical proliferation rather than coordinated 217 

vascular colonization. Consequently, mpk1Δ strains cause increased tissue disruption 218 

despite reduced overall virulence27, demonstrating Mpk1's critical function in spatial 219 

orientation during pathogenesis. 220 

Our analysis of the third MAPK cascade revealed distinct functional specialization during 221 

infection. While hog1Δ strains successfully initiated penetration, they displayed 222 

significantly reduced colonization efficiency (Fig. 4a,b; Extended Data Fig. 6). Unlike 223 

fmk1Δ mutants, hog1Δ strains retained the capacity to form functional infection structures 224 

and generate mechanical force, as evidenced by successful cellophane penetration and 225 

substrate deformation assays (Extended Data Fig. 9a,b). However, these mutants 226 
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exhibited striking pore size-dependent osmosensitivity that directly correlated with the 227 

degree of hyphal constriction required. While hog1Δ efficiently traversed 5 μm pores 228 

across all osmotic conditions, penetration progressively declined with decreasing pore 229 

diameter, with complete failure to penetrate 0.22 μm membranes under non-isotonic 230 

conditions (Fig. 4f; Extended Data Fig. 9c,d). In contrast, wild-type strains maintained 231 

consistent penetration through 5 μm and 0.45 μm pores regardless of osmolarity, failing 232 

only at 0.22 μm under extreme hyperosmotic stress. This distinctive phenotype reveals a 233 

critical biophysical challenge: as hyphae undergo extreme diameter reduction (from 5 μm 234 

to 220 nm), substantial cell wall remodeling creates acute vulnerability to osmotic 235 

fluctuations. Such vulnerability requires precise Hog1-dependent osmoregulatory 236 

mechanisms30 particularly when the fungus must simultaneously navigate nanoscale 237 

passages while adapting to variable osmotic microenvironments as those encountered 238 

during apoplastic colonization. 239 

Overall our findings establish a model where three distinct MAPK cascades orchestrate 240 

sequential stages of root invasion (Fig. 4g,h): Fmk1 regulates appressoria-like structure 241 

formation and force-dependent penetration, Mpk1 governs chemotropic navigation 242 

toward vascular tissues, and Hog1 enables nanoscale apoplastic colonization through 243 

osmoregulation during extreme cellular remodeling. This functional specialization allows 244 

Fo to navigate the physically constrained, osmotically variable microenvironments 245 

encountered during plant colonization. The discovery that vascular wilt pathogens can 246 

reduce hyphal diameter by over 20-fold while maintaining cellular integrity represents a 247 

fundamental advance in understanding fungal invasion strategies. 248 

In addition, our results establish a novel mechanistic framework for vascular wilt 249 

pathogenesis that challenges the longstanding paradigm of enzymatic degradation as the 250 

primary invasion mechanism. Instead, we demonstrate that successful root colonization 251 

requires precisely coordinated mechanical force generation, directional growth control, 252 

and osmoadaptive responses, orchestrated via a precisely calibrated regulatory network 253 

of distinct MAPK signaling pathways. The identification of these pathway-specific 254 

contributions provides potential molecular targets for developing resistance strategies 255 

against these economically devastating plant diseases. More broadly, these findings 256 

reveal how soil-borne fungi have evolved sophisticated regulatory mechanisms to 257 

navigate the complex physical and chemical landscapes of plant roots, offering insights 258 

into the evolutionary adaptations that enable microbial pathogens to breach host barriers 259 

through non-enzymatic means. 260 
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Methods 261 

Fungal Strains and Growth Conditions  262 

The tomato pathogenic isolate F. oxysporum f. sp. lycopersici (Fo) race 2 isolate 4287 263 

(FGSC 9935) was used throughout this study. The cellulase-deficient mutant (Δclr1) and 264 

MAPK deletion strains (Δfmk1, Δhog1, and Δmpk1) were derived from the Fo 4287 265 

genetic background as previously described8,25,27,28. Generation of a Fo strain 266 

constitutively expressing three copies of the fluorophore Fo-mClover3 (Fo4287-Fo-267 

mClover3) under the control of the Aspergillus nidulans gpda promoter have been 268 

described elsewhere31,32. 269 

 For microconidia production, strains were cultured in Yeast extract Peptone Dextrose 270 

(YPD)33 at 28°C with orbital shaking (160 rpm) for 3-5 days. For selective growth of 271 

mutant strains, the culture media were supplemented with the following antibiotics: 272 

phleomycin (4 μg/mL) for Δfmk1, hygromycin B (55 μg/mL) for Δmpk1, Δclr1, and 273 

Fo4287-FomClover3, and a combination of hygromycin B (55 μg/mL) and iprodione (10 274 

μg/mL) for Δhog1.Conidia were collected by filtration through a nylon mesh (10 μm pore 275 

size) followed by centrifugation (5,000 rpm, 10 min). Fo gene data are available in 276 

Genbank under the following accession numbers: fmk1, FOXG_08140; hog1, 277 

FOXG_06318; mpk1, FOXG_05092; clr1, FOXG_ 08626. 278 

 279 

Plant Growth and Inoculation  280 

Seeds of the Fo susceptible Solanum lycopersicum cv., 'San Marzano Nano' (La Semiorto 281 

Sementi)34, were surface sterilized in 20% bleach for 20 minutes, followed by three 20-282 

minute washes with sterile water. Seeds were germinated on sterile filter paper at 28°C 283 

for 3-4 days until roots reached 1 cm length (Extended Data Fig. 10a). For inoculation, 284 

seedlings were transferred to sterile cellophane sheets overlaid on moistened filter paper. 285 

Root infection was performed by carefully spreading a 50 μL microconidia suspension 286 

(5×105 spores) directly on top of the root surface (Extended Data Fig. 10b). Plants were 287 

incubated at 28°C in darkness for 3-5 days before further preparation for X-Ray 288 

microtomography or fluorescence microscopy experiments. 289 

 290 

Phase Contrast X-ray computed Micro tomography  291 

 Root segments (2 cm length) were excised from inoculated plants using sterile razor 292 

blades and immediately immersed in 1% (w/v) iodine solution (Sigma) for contrast 293 
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enhancement in sterile 2 mL microcentrifuge tubes. Sample immersion was maintained 294 

for 30 minutes at room temperature. Using a sterilized metal inoculation loop, the stained 295 

root segments were transferred to sterile, heat-sealed 200 μL polypropylene pipette tips 296 

containing 100 μL of fresh 1% iodine solution. The upper openings of the pipette tips 297 

were sealed with wax tape (Parafilm M®, Sigma) and secured with beeswax in a custom-298 

fabricated aluminium sample holder for synchrotron imaging (Extended Data Fig. 10c). 299 

Phase Contrast X-ray computed Micro tomography (micro-CT) was performed at the 300 

SYRMEP (SYnchrotron Radiation for MEdical Physics) beamline at the Elettra 301 

synchrotron light source (Trieste, Italy; https://www.elettra.eu/)35 with the storage ring 302 

operating at 2.4 GeV. The white/pink beam setup was used for propagation-based phase-303 

contrast imaging with the following parameters: 1.5 mm silicon filter (average energy 304 

25.5 keV), sample-to-detector distance of 11 cm, and exposure time of 50 ms per 305 

projection. Images were acquired using a water-cooled Hamamatsu Orca Flash sCMOS 306 

detector (2048 × 2048 pixels, 6.5 μm x 6.5 μm physical pixel size) coupled to a 17 μm 307 

thick Gallium Gadolinium Garnet scintillator. An optical magnification system connected 308 

to the detector allowed for an effective pixel size of 0.9 μm × 0.9 μm with a field of view 309 

of 1.8 mm × 1.8 mm. 310 

For each sample, 1800 radiographic projections were collected over180°, along with 20 311 

flat-field (i.e. images without the sample) and 20 dark-field (i.e. images without the X-312 

ray beam) images, acquired at the beginning of each micro-CT scan, for normalization. 313 

Image reconstruction was performed using SYRMEP Tomo Project software36.  314 

Before reconstruction using filtered-back projections, Paganin’s single-distance phase 315 

retrieval37 was applied to all the flat-fielded projections with a δ/β ratio of 20. All these 316 

steps are part of the STP routine. Subsequent image analysis and segmentation were 317 

conducted using ImageJ38, VG Studio MAX (Volume Graphics GmbH, Heidelberg, 318 

Germany) or Dragonfly (Object Research Systems, Montreal, Canada) software. 319 

 320 

Micro-CT Data Processing and Analysis 321 

To standardize the tomograms for subsequent analysis, we converted them from 32-bit to 322 

16-bit using a value range of -0.003 to 0.005 as the minimum and maximum for the 323 

conversion in VG Studio MAX (v3.1.2). This ensured consistent gray-value ranges for 324 

cell walls, fungal hyphae, intercellular spaces, and cellular contents across all samples. 325 

To distinguish fungal structures from plant tissues, we then processed the X-ray micro-326 

CT datasets in ImageJ (NIH, version 1.53c). This involved generating Maximum 327 
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Intensity Projections (MIPs) from 32 Z-slices (1.075 µm Z-distance), followed by 328 

contrast inversion and thresholding to enhance feature discrimination. 329 

Following these initial processing steps, in order to analyze volumes of air-filled vessels 330 

and plant- or fungal-occupied spaces were quantitatively compared across time points 331 

and fungal genotypes using Dragonfly 2022.2 (Comet Technologies Canada Inc., 332 

Montreal, Canada; available at https://www.theobjects.com/dragonfly). This analysis was 333 

conducted on an Agando workstation (Intel Core i5-10600KF, 4.8 GHz, 64 GB RAM, 334 

NVIDIA GeForce RTX3060 12GB GPU).  335 

Initial visualization, combining window level adjustment and histogram-based intensity 336 

profiling, enabled the precise identification of distinct gray-value thresholds. These 337 

thresholds, consistently applied across all images and samples, were used to create 338 

regions of interest (ROIs) corresponding to plant tissues, fungal structures, and air spaces, 339 

thereby minimizing bias. 340 

For volumetric analysis, a cylindrical ROI with dimensions 0.150 mm in diameter and 341 

0.180 mm in height (volume of 0.020 mm3) was precisely aligned along the root's Z-axis. 342 

This cylindrical ROI encompassed two-thirds of the root's cross-sectional area. Within 343 

this defined volume, volumetric analysis of segmented ROIs was performed to quantify 344 

the spatial distribution of air-filled intercellular spaces and tissue-occupied regions. For 345 

robust comparison across samples, total voxel counts for air-filled and tissue-occupied 346 

regions were normalized to their respective cylindrical reference ROI volumes. To 347 

achieve statistical significance and account for potential variability within each sample, 348 

volumetric analyses were conducted using four independent cylindrical ROIs per root.  349 

 350 

Fungal Penetration Assays 351 

Fungal penetration was assessed by placing autoclaved cellophane (colorless; 352 

Manipulados Margok) or nylon membranes (Poretics, pore size 5 μm;  CHMlab, pore size 353 

0.45 and 0.22 μm) on minimal medium (MM)39 supplemented with KCl (0.3-1.1 M) to 354 

generate defined osmotic pressures (1.38-5.06 MPa). Membrane centers were inoculated 355 

with a spore suspension of selected fungal strains (4 μL containing 5×104 microconidia) 356 

and incubated at 28°C for 3 days. Penetration was evaluated by removing membranes and 357 

imaging plates after 24 h additional incubation. Where specified, colonies were imaged 358 

both before membrane removal and after the additional incubation period.  359 

To test Fo invasion, we used previously published chemostat devices which consist in 360 

conidial culture chambers (50 μm x 50 μm x 10 μm, lxLxh), connected to feeding 361 
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chambers through a set of narrow channels (0.5 μm or 0.7 μm x 1 μm in cross section, 20 362 

μm in length). The polydimethylsiloxane (PDMS) devices were molded on silicon wafer 363 

made from classical photolithography, and plasma-bounded to #1 thickness glass slide as 364 

previously described40. In each experiment conidial culture chambers were loaded with a 365 

fungal suspension (2.5 × 106 conidia mL-1) and incubated at 28°C for up to 48 h before 366 

imaging.  367 

Osmotic pressures were calculated using van 't Hoff's equation (π = MRT, using the 368 

OMNI calculator software; https://www.omnicalculator.com/chemistry/osmotic-369 

pressure). Each experiment included three replicates and was performed three times. 370 

 371 

Force Propagation Analysis 372 

To assess fungal-generated mechanical forces, we monitored substrate deformation 373 

caused by Fo growth. Cellophane membranes overlaid on MM were centrally inoculated 374 

with a microconidia solution (4 μL containing 5×104 spores) from wild-type or MAPK 375 

mutant strains and incubated at 28°C for 4 days. After colony and membrane removal, 376 

substrate deformation was analyzed in 1-cm transverse sections using a THUNDER 377 

Imager 3D system (Leica DM6 B) with ×10/0.8 NA dry objective and K5 camera (Leica 378 

Microsystems). Composite images were generated from individual captures by using the 379 

LAS X 5.3.0 software. Each experiment included three replicates and was performed 380 

twice. 381 

 382 

Microscopy and image analysis 383 

Root samples were cleared according to previously described protocols with slight 384 

modifications41. Briefly, 2 cm root segments were immersed in 96% ethanol for 24–36 385 

hours, followed by treatment with a 10% KOH solution until imaging. The segments were 386 

then washed three times in PBS (pH 7.4) and then stained with a PBS based mix of 387 

propidium iodide (PI; 0.5 mg/mL; Sigma-Aldrich) and FITC-conjugated wheat germ 388 

agglutinin (FITC-WGA; 5 μg/mL; Sigma-Aldrich) to visualize plant cell walls and fungal 389 

chitin, respectively. Initial low-resolution imaging was performed using an Axio 390 

Zoom.V16 stereomicroscope (Zeiss) equipped with a 16×/0.25 NA objective. High-391 

resolution confocal imaging was performed using a Leica Stellaris 5 equipped with White 392 

Light Laser (WLL) and Acoustic-Optical Beam Splitter (AOBS). The WLL was tuned to 393 

488 nm and 561 nm for simultaneous excitation, with emission collected at 498-551 nm 394 

(FITC-WGA) and 661-796 nm (PI) using Power HyD S detectors. Z-stack images were 395 
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acquired with a HC PL APO 63x/1,40-0,60 oil objective and processed using LAS X 396 

software (version 5.3.0, Leica Microsystems), with brightness and contrast adjustments 397 

applied equally across samples. The acquired Z-stacks were rendered in 3D by using the 398 

LAS X software (version 4.2, Leica Microsystems). 399 

For penetration and fungal adhesion assays, cellophane membranes were spot-inoculated 400 

centrally as described above and incubated at 28°C for 3 days. Single Z-plane or Z-stack 401 

images were acquired either using the same confocal settings or on a THUNDER Imager 402 

3D Tissue system (Leica DM6 B) with K5 sCMOS camera using a HC PL APO 63x/1,40-403 

0,60 oil objective, before and after membrane removal or after vigorously washing under 404 

tap water while scraping off the mycelial mat. Image analysis was performed using 405 

ImageJ (NIH, version 1.53c) to quantify relative fluorescence intensities and assess 406 

fungal distribution patterns along plant cell junctions and within root tissues. 407 

 408 

Quantification and Statistical Analysis  409 

For quantitative volumetric analysis of micro-CT data, cylindrical regions of interest 410 

(ROI) (radius 0.15 mm, height 0.18 mm; volume 0.020 mm³) were consistently positioned 411 

along the root's Z-axis from tomographic datasets (n=4 independent regions per 412 

treatment). Root integrity was calculated as the absolute volume (in mm³) of intact tissue 413 

(sum of cytoplasm and cell wall volumes) within each ROI. Fungal colonization and air 414 

space distribution were similarly quantified through threshold-based segmentation, with 415 

total voxel counts for each component normalized to their respective cylindrical reference 416 

ROI volumes. For fluorescence microscopy, relative intensities of FITC-WGA and PI 417 

signals were measured along cell wall junctions and within plant tissues using the line-418 

scan analysis function in ImageJ. Fungal colonization patterns were classified as 419 

intracellular or intercellular based on relative positioning of fungal hyphae to plant cell 420 

walls. Under osmotic stress conditions, fungal penetration efficiency through nylon 421 

membranes was quantified by measuring mean gray values in areas under fungal colonies 422 

at different KCl concentrations (0.3-1.1 M) using ImageJ. Statistical analyses were 423 

performed using GraphPad Prism. Data are presented as mean ± s.d. Significance was 424 

determined by one-way ANOVA with Tukey's post-hoc test (*P < 0.05, **P < 0.01, 425 

****P < 0.0001). 426 

 427 

Data Availability  428 
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Raw imaging data and analysis scripts are available from the corresponding authors upon 429 

request.  430 
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Figures 603 

 604 

Figure 1. Phase contrast micro-CT imaging of Fusarium oxysporum colonized plant roots. a, X-ray 605 

microtomography (microCT) cross sections of Solanum lycopersicum roots 3-days post inoculation (DPI) with Fo. 606 

Single Z slices or Maximum Intensity Projections (MIP) of a single stack (32 slices, 28.8 μm Z-distance) were contrast 607 

inverted (CI) to visualize sites of fungal growth and thresholded for discriminating fungal cells from background. EX, 608 

exodermis; CO, cortex; EN, endodermis. Scale bar, 100 μm. b, Segmentation of microCT cross sections of S. 609 

lycopersicum roots 3 and 5 DPI with Fo. Note the increased presence of air-filled vessels (white circles in CI and 610 

segmented images) prevalent in heavily colonized root cortex areas. Yellow arrowheads point to rare sites of symplastic 611 

fungal growth. Scale bar, 100 μm. c, An orthogonal view of the same subvolume shown in b (5 DPI) and magnification 612 

in d-g of key fungal colonization steps. Green arrowheads point to sites of symplastic fungal growth. Scale bars, 100 613 

μm (overview), 50 μm (inset). d, Visualization of appressoria-like structures (ALS). e, A penetration/invasive hyphae 614 

(IH) stemming from an ALS invades an underneath plant cell (green arrowheads). f, Colocalization of fungal hyphae 615 

with air filled spaces (black arrowheads). g, Fungal colonization of the plant apoplast (blue arrowheads). h, 3D 616 

rendering of a segmented microCT acquisition of a tomato root 5 DPI with Fo showing fungal colonization (green) of 617 

the apoplastic space. Root cell walls and plant cell cytoplasm are colored yellow and black, respectively. Scale bar, 50 618 

μm. 619 
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 620 

Figure 2. Fusarium oxysporum penetration relies on a non-enzymatic process. a, Fo hyphae expressing three copies 621 

of the cytoplasmic fluorophore Fo-mClover3 (green) traversing 0.7 μm nanochannels in a microfluidic PDMS device. 622 

Scale bar, 20 μm. b, Representative images of Fo invasive growth through pore-containing nylon membranes (5, 0.45, 623 

or 0.22 μm pores) or poreless cellophane. Penetration was evaluated by growing fungal colonies for three days on 624 

minimal medium (MM) plates overlaid with the corresponding membrane (Before). After membrane removal, plates 625 

were incubated for one additional day (After) to visibly detect the presence of penetrated fungal mycelium. c, Cellulase 626 

production is not required for Fo invasive growth on cellophane membranes. Cellophane penetration of the wt strain 627 

and of the cellulase-defective mutant clr-1Δ was determined after 3 days of incubation on MM plates as described for 628 

b. Images shown in b-c are representatives of three independent experiments each performed in triplicate. Scale bar in 629 

b-c, 1 cm. d, Confocal microscopic images of Fo hyphae expressing 3X-Fo-mClover3 imaged directly on a cellophane 630 

membrane after 3 days of growth on MM. Images show Z‐projections of the in‐plane fluorescence (X‐Y) and 631 

corresponding cross‐sections (X‐Z and Y‐Z) along the Z axis. Note the enlarged bulbous appressoria-like structure 632 

(ALS) in X-Y and thinner needle-shaped invasive hyphae (IH) in X‐Z and Y‐Z sections. Scale bar, 20 μm. e, Maximum 633 

projection of confocal Z-stack images and corresponding X‐Z cross‐section of a Fo-infected tomato root 3 days post-634 

inoculation. Arrowheads indicate sites of apoplastic fungal invasion (1) and epidermal root cell penetration (2), with 635 

ALS formation visible at the penetration site. Inter-cellular hypha is indicated by a white dotted circle. Scale bar, 20 636 

μm. 637 
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 638 

Figure 3. Colonization of tomato roots by Fusarium oxysporum primarily relies on apoplast occupancy. a-b, 639 

Maximum projection (MIP; 13 Z-sections) of confocal z-stack images of representative KOH-cleared and stained 640 

tomato roots 5 days post inoculation (DPI) after inoculation with Fo. Root samples were stained with a mix of 641 

Propidium iodide (PI; red) and fluorescein isothiocyanate-conjugated wheat germ agglutinin (FITC-WGA; green) to 642 

visualize plant cell walls and fungal chitin, respectively. Representative intra- (i) or inter-cellular hyphae (*) are 643 

indicated. An area where Fo hyphae grow through plant cell junctions is shown at higher magnification in panel (b), 644 

corresponding to the region marked by a white box in panel a. Scale bars, 20 μm (a), 10 μm (b). c, Analysis of relative 645 

fluorescence intensities in arbitrary units (AU) of plant cell walls (PCW) and Fo hyphae (Fol) along the dotted white 646 

lines in a (merged image). d, Magnified view of 3D renderings from Extended Data Fig. 5 showing tomato roots either 647 

mock-treated (H2O) or infected with Fo at 3 and 5 DPI. Yellow: cell walls; light blue: cytoplasm; black: air spaces; 648 

magenta: fungal hyphae. White and yellow arrows indicate sites of apoplastic and symplastic fungal growth; 649 

arrowheads show xylem vessel colonization. Scale bar, 0.1 mm. e-g, Quantification of fungal volume (e), air spaces 650 

(f), and root tissue integrity (g) from four independent root regions (n=4). Data are mean ± s.d. **P < 0.01, ****P < 651 

0.0001 by one-way ANOVA with Tukey's post-hoc test. 652 
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 653 

Figure 4. MAPK pathways differentially regulate F. oxysporum tissue invasion and root damage. a, 3D 654 

synchrotron X-ray micro-CT renderings of tomato roots 5 days post inoculation (DPI) with F. oxysporum wild-type or 655 

MAPK mutant strains. Yellow: cell walls; light blue: cytoplasm; black: air spaces; magenta: fungal hyphae. White 656 

arrows indicate apoplastic colonization; arrowheads show xylem vessel invasion. Scale bar, 0.25 mm. b-d, 657 

Quantification from equal-sized root regions (n=4) showing: b, fungal volume; c, air space volume as measure of tissue 658 

damage; and d, root integrity. Data are mean ± s.d. *P < 0.05, ****P < 0.0001 by one-way ANOVA with Tukey's post-659 

hoc test; ns, not significant. e, Cross-sections of the growth substrate following cellophane penetration assays at 4 DPI, 660 

showing differential substrate deformation beneath wt and fmk1Δ colonies. Scale bar, 1 mm. f, Membrane penetration 661 

under osmotic stress in wt and hog1Δ strains. Colonies were grown on media with increasing KCl concentrations (0.3-662 

1.1 M, generating osmotic pressures from 1.38-5.06 MPa) and imaged 24h after membrane removal. Note progressive 663 

loss of penetration with increasing osmotic pressure in hog1Δ but not in the wt strain. Scale bar, 1 cm. g, Schematic 664 

representation of MAPK signaling pathways in Fo showing Fmk1 regulation of force generation/penetration and Hog1 665 

control of osmotic adaptation required during apoplastic colonization. h, Comparative illustration of wt, fmk1Δ, and 666 

hog1Δ invasion phenotypes depicting the distinct mechanical and physiological colonization defects in each mutant. 667 
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Extended Data Figures 668 

 669 

Extended Data Fig. 1. Fusarium oxysporum hyphae efficiently explore submicrometric spaces. a-b, Lower (a) and 670 

higher magnification (b) views of the microfluidic device used to track fungal growth through nanometric pores. In b, 671 

the conidial loading chamber (LC) is connected to two exit chambers (EC), each by an array of nine 700 or 500 nm 672 

wide by 20 μm long nanochannels (NC). A single conidium can be captured by the constricted shallow channel above 673 

the LC by flowing a fungal suspension containing 2.5 × 106 conidia mL−1. Scale bar, 50 μm. c, Representative 674 

fluorescence microscopy images showing the growth of fungal hyphae (green) from a 3X-Fo-mClover3 expressing Fo 675 

mutant colonizing the ECs (arrowheads) after crossing the adjacent nanochannels following 40h of growth at 28°C. 676 

Note that fungal growth is visible in all ECs. Scale bar, 100 μm. d, Maximum projection of confocal Z-stack images 677 
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showing 3X-Fo-mClover3 Fo hyphae (green) traversing a set of 700 nm wide nanochannels from the microfluidic 678 

device in a-c after 40 hours of incubation. Enlarged bulbous cells (appressoria-like structure; ALS) are indicated by 679 

white arrows. Scale bar, 5 μm. e-f, Maximum projection of representative confocal Z-stack images of a Fo hyphae 680 

expressing 3X-Fo-mClover3 (green) crossing 500 nm wide nanochannels (e) and magnification of it (f). Scale bar, 20 681 

μm in e and 5 μm in f. 682 

 683 

 684 

 685 

 686 

 687 

 688 

 689 

 690 

 691 

 692 

 693 

 694 

 695 

 696 

 697 

 698 

 699 

 700 

 701 

 702 

 703 

 704 
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 711 

 712 

 713 

Extended Data Fig. 2. Fusarium oxysporum differentiates appressoria-like structures and needle-shaped hyphal 714 

filaments on epidermal root surfaces. Maximum projection of confocal Z-stack images showing fungal cell wall 715 

(FITC-WGA, green) and plant cell walls (PI, red) of a representative Fo hypha penetrating a tomato root epidermal 716 

cell. Tomato tissues were imaged 3 days post inoculation (DPI) after root clearing and staining with a PI/FITC-WGA 717 

mix. In the merged image (right panel) and inset (white box), a highly polarized hyphal segment emerges from a 718 

depolarized hyphal segment (appressoria-like structure) and crosses through the plant cell wall to breach the host 719 

epidermal cell surface at the infection point. Scale bar, 20 μm (overview), 10 μm (inset). 720 
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 721 

 722 

 723 

 724 

 725 

 726 

 727 

Extended Data Fig. 3. Fusarium oxysporum penetrates cellophane membranes by differentiating appressoria-728 

like and needle-shaped hyphal structures. Maximum projection (MIP of 80 Z-sections; 0.4 μm step size) or single 729 

plane of confocal Z-stack images of a 3X-Fo-mClover3 expressing Fo colony (green) grown on top of a cellophane 730 

membrane after 3 d of incubation on a MM plate. Before imaging, one half of the cellophane sheet was vigorously 731 

washed under tap water (bottom right) or left unwashed (top left) by scraping off the mycelial colony. Note the presence 732 

of enlarged bulbous cells (squared and magnified inset) strongly attached to the cellophane sheet, from which needle-733 

shaped hyphae emerge (arrows) in the washed area. Numerous fluorescent dots (circled and magnified inset) correspond 734 

to needle-shaped hyphae vertically penetrating the cellophane membrane. Scale bar, 100 μm (overview), 10 μm (insets). 735 
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 736 

 737 

 738 

 739 

Extended Data Fig. 4. Colonization of tomato roots by Fusarium oxysporum primarily relies on apoplast 740 

occupancy. Representative fluorescence microscopy images showing the outer root surface (upper view), internal root 741 

tissues (inner view), and a maximum intensity projection (MIP; combining 35 Z-sections) of cleared tomato roots 5 742 

days post inoculation (DPI) with Fo. Root samples were stained with a mix of Propidium iodide (PI; red) and 743 

fluorescein isothiocyanate-conjugated wheat germ agglutinin (FITC-WGA; green) to visualize respectively plant cell 744 

walls and fungal chitin. Representative intra- or inter-cellular hyphae are indicated by white dotted line squares or white 745 

arrowheads, respectively. Experiments were repeated three times with similar results. Scale bar, 100 μm. 746 
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 748 

 749 

 750 

 751 

Extended Data Fig. 5. Phase contrast micro-CT imaging reveals progressive colonization, tissue damage and 752 

embolism in Fusarium oxysporum infected tomato roots. Representative 3D renderings of synchrotron X-ray micro-753 

CT scans showing tomato roots either mock-treated (H2O) or infected with Fo at 3- and 5-days post inoculation (DPI). 754 

Yellow: cell walls; light blue: cytoplasm; black: air spaces; magenta: fungal hyphae. Scale bar, 0.25 mm. 755 
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 756 

 757 

 758 

 759 

 760 

 761 

Extended Data Fig. 6. Phase contrast micro-CT imaging reveals differential colonization patterns by Fusarium 762 

oxysporum MAPK mutants in tomato roots. Representative 3D renderings of synchrotron X-ray micro-CT scans 763 

showing tomato roots infected with Fo MAPK mutant strains (fmk1Δ, mpk1Δ, and hog1Δ) at 5 days post inoculation 764 

(DPI). Yellow: cell walls; light blue: cytoplasm; black: air spaces; magenta: fungal hyphae. Scale bar, 0.25 mm. 765 
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766 

Extended Data Fig. 7. Fmk1 MAPK governs surface attachment and force-mediated substrate invasion in 767 

Fusarium oxysporum. a, Penetration assays through nylon membranes (0.45 or 0.22 μm pores) or cellophane (poreless) 768 

comparing wt and fmk1Δ strains. Fungal colonies were grown on minimal medium (MM) and imaged on top of the 769 

indicated membranes (Before) and again 24h after membrane removal (After) to assess penetration. Scale bar, 1 cm. b, 770 

Differential interference contrast (DIC) and maximum intensity projection (MIP; combining 80 Z-sections) images of 771 

wild-type and fmk1Δ strains stained with fluorescein isothiocyanate-conjugated wheat germ agglutinin (FITC-WGA; 772 

green) after growth on a cellophane membrane. After 3 d of incubation on a MM plate, one half of the cellophane sheet 773 

was vigorously washed under tap water (bottom right) or left unwashed (top left), stained and imaged. Note the presence 774 

of enlarged bulbous cells strongly attached to cellophane in wt but not fmk1Δ. Scale bar, 50 μm. 775 
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 777 

 778 

 779 

Extended Data Fig. 8. Comparative cellophane penetration by Fusarium oxysporum wild-type and MAPK 780 

mutant strains at different time points. Penetration assays through cellophane membranes comparing wt and MAPK 781 

mutant strains (fmk1Δ, mpk1Δ, and hog1Δ). Fungal colonies were grown on minimal medium (MM) and imaged on 782 

top of cellophane membranes (Before) after 72h or 96h of incubation, and again 24h after membrane removal (After) 783 

to assess penetration. Note the progression of penetration capacity between the two time points in the wt, mpk1Δ, and 784 

hog1Δ, but not in the fmk1Δ mutant strain. Scale bar, 1 cm. 785 
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 786 

Extended Data Fig. 9. Hog1 MAPK is required for submicrometric hyphal adaptation to osmotic stress in 787 

Fusarium oxysporum. a, Penetration assays through nylon membranes (5, 0.45 or 0.22 μm pores) or cellophane 788 

(poreless) with the hog1Δ mutant. Fungal colonies were grown on minimal medium (MM) and imaged before (Before) 789 

and 24h after membrane removal (After). Scale bar, 1 cm. b, Cross-sections of the growth substrate following 790 

cellophane penetration assays with the hog1Δ mutant at 4 days post inoculation (DPI). The image reveals organized 791 

substrate deformation patterns beneath the hog1Δ colony, indicating preserved mechanical force transmission despite 792 

impaired osmoadaptive capacity. Scale bar, 1 mm. c, Quantification of penetration efficiency through nylon membranes 793 

(0.22 μm pores) at different KCl concentrations. Mean gray values (in arbitrary units) were measured in areas under 794 

fungal colonies 72h after inoculation. Note, the wild-type strain shows significantly higher penetration compared to 795 

hog1Δ at both hyperosmotic and hypoosmotic conditions. d, Membrane penetration under osmotic stress in wt and 796 

hog1Δ strains. Colonies were grown on MM with increasing KCl concentrations (0.3-1.1 M, generating osmotic 797 

pressures from 1.38-5.06 MPa) and imaged 24h after membrane removal. Note progressive loss of penetration with 798 

increasing osmotic pressure in hog1Δ but not in the wt strain. Scale bar, 1 cm. 799 
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 806 

 807 

 808 

Extended Data Fig. 10. Experimental setup for analyzing fungal-root interactions using X-ray 809 

microtomography. a, Seed germination: surface-sterilized S. lycopersicum seeds were germinated on sterile filter 810 

paper (moistened with sterile distilled water) in 90-mm Petri dishes under controlled conditions (28°C, darkness). b, 811 

Root inoculation system: four-day-old tomato seedlings were transferred onto sterile cellophane membranes overlaid 812 

on water-saturated filter paper. Roots were spot-inoculated with 50 μL of Fo microconidia suspension (5 × 105 conidia). 813 

c, Sample mounting configuration at the SYRMEP beamline: the inoculated root segment, contained within a sealed 814 

polypropylene pipette tip, was secured in a cylindrical aluminum holder positioned on high-precision translation and 815 

rotation stages for phase contrast synchrotron X-ray microtomography imaging. 816 
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Extended Data Tables 817 

 818 

Extended Data Table 1. Fusarium oxysporum strains used in this study.  819 

Strain Genotype Gene function Reference 

FGSC 4287 wild type  42 

fmk1Δ fmk1::PHLEO MAPK 28 

mpk1Δ  mpk1::HYG MAPK 25 

hog1Δ hog1:: HYG MAPK 27 

4287-3X-Fo-

mClover3 
3X-Fo-mClover3::HYG 

Fluorescent cytoplasmic 

reporter 
31,32 
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