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Summary 19 

• Visual estimates of plant symptoms are traditionally used to quantify disease severity. Yet, 20 

the methodologies used to assess these phenotypes are often subjective and do not allow 21 

for tracking the disease’s progression from very early stages. Here, we hypothesized that 22 

quantitative analysis of whole-plant physiological vital functions can be used to objectively 23 

determine plant health, providing a more sensitive way to detect disease. 24 

• We studied the tomato wilt that is caused by Fusarium oxysporum f. sp. lycopersici (Fol). 25 

Physiological performance of infected and non-infected tomato plants was compared using 26 

a whole-plant lysimeter functional-phenotyping system. Water-balance traits of the plants 27 

were measured continuously and simultaneously in a quantitative manner.  28 

• Infected plants exhibited early reductions in transpiration and biomass gain, which 29 

preceded visual disease symptoms. These changes in transpiration proved to be effective 30 

quantitative indicators for assessing both the plant's susceptibility to infection and the 31 

virulence of the fungus. Physiological changes linked to fungal outgrowth and toxin release 32 

contributed to reduced hydraulic conductance during initial infection stages. 33 

• The functional-phenotyping method objectively captures early-stage disease progression, 34 

advancing plant disease research and management. This approach emphasizes the potential 35 

of quantitative whole-plant physiological analysis over traditional visual estimates for 36 

understanding and detecting plant diseases. 37 

Key words:  38 

Early detection, Fusarium oxysporum f. sp. lycopersici, leaf hydraulics, lysimeter, plant disease, 39 

whole-plant physiology 40 
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Introduction 42 

Pathogens cause severe losses to agricultural production. Worldwide, an estimated 20–40% of 43 

crop yields are lost to pests and plant diseases (CABI, n.d.). Each year, plant diseases cost the 44 

global economy around $220 billion (Sarkozi, 2019). Therefore, monitoring plant health and 45 

detecting pathogens at an early stage are crucial for reducing pathogen establishment and spread, 46 

and for facilitating effective management practices in sustainable agriculture (Martinelli et al., 47 

2015).  48 

While in agriculture settings, disease severity is determined by yield or economic loss, in 49 

plant pathology research, the definition is more complex. Disease severity is the proportion of 50 

the plant unit exhibiting visible disease symptoms and is often expressed as a percentage value 51 

(Madden et al., 2007). The subjective visual estimations that are often used to quantify disease 52 

severity are prone to inaccuracy that can lead to incorrect conclusions (Bock et al., 2020; Stewart 53 

& McDonald, 2014). Accurate quantitative and objective assessment of plant disease severity is 54 

also critical for determining pesticide efficacy, correlating yield losses with disease damage, 55 

calculating damage thresholds and conducting reproducible experiments in any plant–pathogen 56 

interaction study. A quantitative method for studying disease progression would help us to 57 

understand the contribution of each determinant (plant, pathogen and environment) to the 58 

complex phenotype of a plant disease. 59 

Healthy plants growing under optimal conditions adapt to environmental variations in 60 

ways that optimize their productivity. For instance, a healthy plant adeptly adjusts its stomatal 61 

opening to maximize CO2 absorption when it is exposed to favorable ambient conditions, such as 62 

sufficient light, adequate soil moisture and optimal temperature. In contrast, a diseased plant will 63 

respond differently under identical conditions, potentially failing to exploit the environment to 64 

maximize its productivity potential. This disparity between a plant's inherent potential and its 65 

actual performance serves as the basis for our research hypothesis. 66 

Plant-pathogenic fungi can decrease hydraulic conductance or transpiration in plants 67 

through various mechanisms. One mechanism is the disruption of water uptake and transport 68 

associated with the clogging of the xylem vessels by fungal mycelia (reviewed by Nemec et al., 69 

1986). The secretion of polysaccharides and toxins by the fungus into the xylem, substances 70 

which are subsequently transported to the leaves, has been shown to reduce transpiration and 71 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 12, 2024. ; https://doi.org/10.1101/2024.02.11.579801doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.11.579801
http://creativecommons.org/licenses/by/4.0/


Page | 4 
 

induce other physiological perturbations (Singh et al., 2017). Specific substances contributing to 72 

these effects include chitin (Attia et al., 2020) and fusaric acid (Dong et al., 2012). 73 

We hypothesize that careful examination of subtle physiological changes (i.e., suboptimal 74 

functioning of the plant) that occur early in the infection process can provide insights into 75 

pathogen infection before the later emergence of visible symptoms. Furthermore, we hypothesize 76 

that suboptimal physiological parameters, such as transpiration, can signal failure resulting from 77 

the interaction with the pathogen in a more quantitative manner than visual assessment alone. 78 

However, this approach has not been widely used for early detection of disease (Bock et al., 79 

2020; Fang & Ramasamy, 2015; Martinelli et al., 2015). Some studies have focused on the 80 

assessment of water-balance parameters to quantify and compare disease severity; however, 81 

those studies involved laborious, less-precise and time-consuming techniques (Dong et al., 2012; 82 

Wang et al., 2015). Gaunt (1995) previously suggested that adopting a simpler way to measure 83 

disease, based on deviations from normal plant function, could potentially resolve many of the 84 

challenges faced in linking disease with yield (Gaunt, 1995). 85 

To test our hypothesis, we used high-throughput physiological phenotyping to detect 86 

early physiological responses to pathogen infection. Our whole-plant physiological monitoring 87 

approach provided detailed, simultaneous and continuous characterizations of whole-plant 88 

transpiration, biomass gain and other physiological traits at high resolution under dynamic soil 89 

and atmospheric conditions (Dalal et al., 2020; Halperin et al., 2017).  90 

In this study, we focused primarily on the Fusarium oxysporum f. sp. lycopersici (Fol)–91 

tomato pathosystem. Fol is a soil-borne fungus that spreads in the tomato plant through the 92 

vascular tissues, causing the plant to wilt. This phenomenon is assumed to be associated with 93 

both physical clogging of the xylem vessels and toxins secreted by the fungus into the xylem 94 

(Kashyap et al., 2021). Physical and chemical barriers contribute to vascular blockage, disrupting 95 

plant water-balance and promoting wilting (Kashyap et al., 2021). Given Fol's significant impact 96 

on water-related physiological traits, we hypothesized that these traits might serve as early 97 

markers of infection in the leaf and the whole plant. In addition to the Fol–tomato pathosystem, 98 

we also examined late blight disease (Phytophthora infestans Mont. DeBary) of potato (Solanum 99 

tuberosum). We aimed to test our method's capability for detecting disease in other plant–100 

microbe interactions. Simultaneously, we also investigated plant infection levels using traditional 101 

techniques. Traditional methods such as PCR, visual-symptom analysis and post-harvest tests 102 
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were utilized to confirm the presence of pathogens. This work might contribute to a broader 103 

understanding of plant–pathogen–environment interaction and help to improve the methods 104 

available for studying vascular wilt diseases. 105 

 106 

Materials and methods 107 

Plant material and growth conditions 108 

Plant material 109 

Tomato cultivars with different susceptibility to Fol race 2 were tested, including the industrial 110 

cultivar Lycopersicon esculentum cv. M82 (Eshed & Zamir, 1995) that is tolerant of the 111 

pathogen (Sela-Buurlage et al., 2001) and the cultivars  Rehovot-13 (Hazera Genetics, Brurim 112 

Farm, Israel) and Marmande Verte, which are susceptible to this pathogen. In addition, we used 113 

the nearly isogenic tomato cultivars Moneymaker and Motelle, which are susceptible and 114 

resistance to Fol race 2, respectively (Sarfatti et al., 1989). ‘Marmande Verte’ and ‘Motelle’ 115 

seeds were kindly provided by Y. Rekah (Hebrew University , Israel) and were originally 116 

obtained from H. Laterrot (INRA, France). In addition, wild-type potato cv. Desiree expressing 117 

chloroplast-targeted roGFP2 was also used in the study (Hipsch et al., 2021).  118 

Greenhouse conditions  119 

This work was performed in a greenhouse  located at the Robert H. Smith Faculty of Agriculture, 120 

Food and Environment, Hebrew University (Rehovot, Israel), which is an extension of the I-121 

CORE Center for Functional Phenotyping greenhouse 122 

(http://departments.agri.huji.ac.il/plantscience/icore.phpon) for plant disease research. The 123 

greenhouse allows natural day length and light conditions and has a desert cooler along its 124 

northern wall to prevent overheating. Continuous environmental data, such as PAR light, 125 

temperature, relative humidity and vapor pressure deficit, were monitored continuously and 126 

recorded every 3 min (Fig. S1). 127 

Plant physiological phenotyping  128 

Whole-plant, continuous physiological measurements were taken using load cells (lysimeters) 129 

which are specially designed for plant physiology screening (PlantArray 3.0 system; Plant-130 

DiTech, Yavne, Israel). (For more information, please see Dalal et al., 2020; Halperin et al., 131 

2017). In the greenhouse, there were 36–60 highly sensitive PlantArray units, which collected 132 

data and controlled the irrigation for each pot separately. The data were analyzed using SPAC-133 
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analytics (https://spac.plant-ditech.com), a web-based software program that allows analysis of 134 

the real-time data collected from the PlantArray system (Halperin et al., 2017). 135 

Tomato seeds were germinated in cavity trays in the greenhouse. Three- to 4-week-old 136 

tomato plants were inoculated (as described below) and then transplanted into 4-l pots filled with 137 

quartz sand 20/30 (min/max nm; Negev Industrial Minerals Ltd., Yeruham, Israel) or 138 

commercial growth medium (Matza Gan; Shacham, Givat-Ada, Israel). Pot, sand and plants were 139 

weighed ahead of the experiment and the tare weight was taken. On the day of transplanting, the 140 

soil was kept saturated to ensure the plants’ establishment and, from then on, irrigation was 141 

applied only at night. The pots were covered with a custom cover that only allowed the stem 142 

through it, to minimize evaporation. 143 

Transpiration, plant weight and E 144 

Transpiration, plant weight and transpiration rate and E (calculated in terms of water transpired 145 

per unit of plant net weight per min) values are essential water-relations kinetics and quantitative 146 

physiological traits (Dalal et al., 2020; Halperin et al., 2017). Plant weights were calculated daily 147 

after the pots were fully watered and drained, when the plants were at full turgor. Transpiration, 148 

referred to as ‘daily transpiration’ or ‘transpiration rate’, was calculated based on the weight loss 149 

during the day.  150 

Determination of leaf hydraulic conductance (Kleaf) 151 

Tomato plant leaflets that were approximately 1.5 to 2 months old (among the first three leaflets 152 

from top younger leaves of similar size) with no noticeable injuries or anomalies were excised 153 

before dawn and were immediately dipped in a 2-ml tube, with their petioles dipped in artificial 154 

xylem solution (AXS; Attia et al., 2020) with or without 10 μM abscisic acid (ABA) or 0.2 mg 155 

ml−1 of chitin [a 10 mg ml−1 stock solution was prepared according to Attia et al., 2020)], or with 156 

0.5% of the sterile concentrated fungal culture filtrate or control filtrate (described below), and 157 

exposed to a light intensity of 150 µmol m-2 s-2 at 26–28°C. Transpiration from each perfused 158 

leaf and its water potential were measured between 2–4 h of treatment using an Li-600 159 

porometer (LI-COR, Bnei Brak, Israel) and pressure chamber (Arimad-3000; MRC Ltd., Holon, 160 

Israel), respectively, as described previously (Grunwald et al., 2021). Leaf hydraulic conductance 161 

(Kleaf) was calculated as the negative of the ratio of transpiration to water potential (Grunwald et 162 

al., 2021). 163 
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Pathogen material and growth conditions 164 

Fungal strains and growth conditions 165 

Two isolates of Fol race 2 were used: Fol 4287 obtained from the American Type Culture 166 

Collection (ATCC) and fr2T obtained from Hazera Genetics. In preliminary experiments, Fol 167 

4287 was found to be a moderately virulent strain (mvF) and fr2T was found to be a highly 168 

virulent strain (vF). The fungi were grown on plates containing potato dextrose agar (PDA) with 169 

2% Bacto Agar (Difco, MD, USA). For formation of microconidia, the strains were grown in a 170 

liquid minimal medium (LMM) that contained 100 mM KNO3, 3% sucrose and 0.17% yeast 171 

nitrogen base without amino acids (R. Cohen et al., 2019). Fol was cultured in 500-ml 172 

Erlenmeyer flasks containing 50 ml LMM. The Erlenmeyer flasks were incubated for 6 d at 28°C 173 

with rotary shaking at 185 rpm. The resulting fungal cultures were filtered through a 40-µm 174 

strainer (Corning, Cell Strainer; Sigma-Aldrich, Rehovot, Israel) to remove the mycelia and then 175 

centrifuged at 3220 g for 10 min to pellet the conidia. The conidia were resuspended in sterile 176 

water and quantified using a Neubauer hemocytometer counting chamber (Mariefeld, Lauda-177 

Königshofen, Germany) under a Nikon H550S microscope (Nikon, Tokyo, Japan). Fol was 178 

stored for long periods at −80°C, in aliquots containing 30% glycerol and a million cells ml-1. 179 

FoI inoculation 180 

The plant roots were washed and trimmed to obtain more uniform and homogeneous infection. 181 

The roots were then submerged in a suspension containing Fol (107–106 conidial spores ml-1 182 

distilled water) for 5–10 min. The plants were then transplanted into well-irrigated pots. Control 183 

plants were treated similarly, except that sterile water was used instead of the conidial 184 

suspension.  185 

Phytophthora infestans inoculation  186 

Isolate 164 of Phytophthora infestans (genotype 23_A1, resistant to mefenoxam) was used in 187 

this experiment. This pathogenic oomycete was collected in March 2016 from a potato field in 188 

Nirim, in the western Negev, Israel (Y. Cohen, 2020). P. infestans was propagated in a growth 189 

chamber at 18°C by repeated inoculations of freshly detached potato leaves. For inoculation, 190 

freshly produced sporangia were collected at 5–7 days after inoculation (dai) from infected 191 

leaves by washing with distilled water (DW) into a beaker kept on ice (4°C). 192 

Potato (Solanum tuberosum cv. Desiree) plants were vegetatively propagated from 193 

cuttings or tubers and placed in moist soil in 26.82 × 53.49 cm pots within a controlled 194 
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environment greenhouse.  Four-week-old plants were cultivated from cuttings in 4-l pots filled 195 

with sandy soil and, for the experiment, 3- to 4-week-old plants were transferred from the 196 

controlled-environment greenhouse to the I-CORE facility. 197 

We inoculated the potato plants by spraying their foliage with a fresh suspension of P. 198 

infestans (genotype 23_A1) sporangia (1 × 105 sporangia ml-1). The plants were then wrapped in 199 

black plastic bags and incubated in the dark for 18 h until the next morning, at which point the 200 

bags were removed (Hipsch et al., 2023). Plants sprayed with DW served as the control.       201 

Preparation of fungal-culture filtrate toxin    202 

We prepared Fol filtrate toxin, to evaluate its impact on leaf hydraulics. The Fol strains were 203 

cultured in Czapek Dox media, as described in previous studies (Portal et al., 2018; Scala et al., 204 

1985; Sutherlandt & Pegg, 1992). Briefly, the strains were inoculated into 50 ml of Czapek Dox 205 

media, which was then incubated on an orbital shaker set at 130 rpm in darkness for 14 days at 206 

25°C. The culture filtrate (CF) was then filtered through Whatman filter paper and concentrated 207 

up to approximately 10% of initial volume by rotary evaporation at 25°C. The concentrated CF 208 

preparations were filtered through 0.45-μm sterile syringe filters, to remove any spores or 209 

mycelial fragments that might cause physical blockage during the petiole-fed treatments for the 210 

hydraulic experiment. For the control treatment, the same procedure was followed without any 211 

inoculation. In the hydraulic experiment, 0.5% of the sterile concentrated CF or control filtrate 212 

was used as the working concentration.   213 

Assessment of disease 214 

Mature-plant assays 215 

Disease severity was monitored continuously (daily) and was scored with the following symptom 216 

severity scale: 0, asymptomatic plants; 1, weakly infected plants (<25% of leaves chlorotic or 217 

wilted); 2, moderately infected plants (25–50% of leaves were chlorotic or wilted); 3, highly 218 

infected plants (>50% of the leaves wilted, but plants were alive); and 4, dead plants. The area 219 

under the disease progress curve (AUDPC) per pot was calculated. At the end of the experiment, 220 

3–4 weeks after inoculation, we measured both the fresh weight and the height of the plant 221 

shoots and, in some cases, the roots as well. 222 

Seedling assays 223 

Tomato seeds were sown in vermiculite V2U (Agrekal, Moshav Habonim, Israel) and seedlings 224 

were grown for 10–13 days in a temperature-controlled glasshouse with a maximum daytime 225 
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temperature of 25°C and minimum nighttime temperature of 18°C prior to fungal inoculation. 226 

Fol cultures were grown and filtered as described above. Seedlings were removed and their roots 227 

were washed with water, trimmed, and then dipped in a conidial suspension (16 × 106 conidia ml-228 

1) for 5 min before being replanted in a mixture of vermiculite with autoclaved soil (4 units 229 

vermiculite:1 unit soil). Roots of control plants were dipped in water for the purposes of mock 230 

inoculation, to ensure that disease phenotypes were a consequence of Fol infection rather than 231 

the inoculation process per se. Plants were grown in trays; each tray contained both susceptible 232 

plants (cv. Moneymaker) and resistant (cv. Motelle) controls to ensure infection. To ensure 233 

successful infection and development of disease symptoms, the seedlings were densely planted 234 

and covered with foil for 2 days, with no fertilizer applied. Plants were kept in a controlled-235 

environment growth room that was kept at 27°C, with a 16/8 h day/night cycle. 236 

After 18 or 21 days, wilt symptoms and vascular browning were recorded and used to 237 

calculate disease scores according to criteria similar to those described by Rep et al. (2007): 0, 238 

healthy plant; 1, one or two brown vascular bundles in hypocotyl; 2, at least two brown vascular 239 

bundles and growth distortion; 3, all vascular bundles are brown; plant either dead or very small 240 

and wilted (Supplementary Fig. 2). 241 

Pathogen-progress assays  242 

For each plant, stem pieces were collected 0, 5 and 15 cm from the soil surface. These stem 243 

pieces were then surface-sterilized by submerging them in 70% ethanol and exposing them to an 244 

open flame. A slice of each sterilized stem piece was put on a plate filled with PDA 245 

supplemented with 250 mg l-1 streptomycin or 100 µg ml-1 ampicillin to reduce bacterial 246 

contamination (van der Does et al., 2019). After 4 days of incubation in the dark at 28°C, fungal 247 

outgrowth was assessed  using a double-blind method, in which the people examining the sample 248 

did not know the treatment status of each sample and therefore were not biased. 249 

Molecular pathogen assays  250 

Fungal strains were grown for 5 days in PDA at 28°C under static conditions. Mycelia were 251 

harvested and ground with pestle and mortar with liquid nitrogen. Samples were stored at -20°C 252 

overnight. Genomic DNA extraction was carried out using either the Hi PurATM Fungal DNA 253 

Mini Kit (HiMedia, India), following the manufacturer's instructions, or the CTAB method 254 

(Muraguchi et al., 2003; Zolan & Pukkila, 1986).  255 
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The DNA samples were stored at −20°C for further use. Samples of genomic DNA (3 µl) 256 

were added to PCR tubes containing 22 µl PCR Mastermix with appropriate primers (as 257 

described below), PCR-grade H2O and RedTaq Ready Mix according to the manufacturer׳s 258 

instructions (Sigma-Aldrich, Rehovot, Israel). The amplified products were subjected to 259 

electrophoresis on 1.2% agarose gel containing agarose in 0.5 X TBE buffer and were stained 260 

with ethidium bromide. Gel images were captured using a C200 gel imaging workstation (Azure 261 

Biosystems; Dublin, CA, USA). 262 

The amplification protocol used for the PCR reactions included an initial denaturation at 263 

94°C for 1 min, followed by 25 cycles of denaturation at 94°C for 1 min, annealing at 58°C for 264 

30 s, extension at 72°C for 1 min and a final extension at 72°C for 7 min. 265 

The target genes amplified were the six5 gene for Fol (product size: 667 bp) and the ITS 266 

region (product size: 340 bp). The six5 gene primers were as follows: six5-f1 267 

(ACACGCTCTACTACTCTTCA) and six5-r1 (GAAAACCTCAACGCGGCAAA) (Taylor et 268 

al., 2016). The primers for the ITS region were: FOF (ACATACCACTTGTTGCCTCG) and 269 

FOR (CGCCAATCAATTTGAGGAACG) (Prashant et al., 2003). 270 

Statistical analyses 271 

We used the JMP® ver. 16 statistical packages (SAS Institute, Cary, NC, USA) for our statistical 272 

analyses. Student's t-test was used to compare the means of two groups and ANOVA was used to 273 

compare means among three or more groups. Levene’s test was used to examine the 274 

homogeneity of variance among the treatments. Differences between the treatments were 275 

examined using Tukey’s HSD test. Each analysis involved a set significance level of P < 0.05.  276 

 277 

Results 278 

Early detection and quantification of plant pathogen interactions: Insights from the 279 

PlantArray system 280 

This research focused on the use of the PlantArray system to detect and quantify early signs of 281 

disease in plant–pathogen interactions. This study primarily involved two strains of Fusarium 282 

oxysporum f. sp. lycopersici (Fol): a moderately virulent strain (mvF) and a highly virulent strain 283 

(vF) isolated from diseased tomato. The selection of strains was validated through a standard 284 

seedling infection assay (Fig. S2). The seedlings infected with vF exhibited significantly more 285 

severe symptoms than those infected with mvF (Fig. S3). It is important to note that these 286 
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assessments were terminal, as they required the physical cutting of plants for internal 287 

examination, and the severity of symptoms was subjectively scored in arbitrary units. 288 

Further investigation of the virulence of these strains was conducted using the PlantArray 289 

system (Fig. 1a). This involved assessing the effects of mvF and vF inoculation of the Fol-290 

susceptible cv. Rehovot-13 (R13) plants (Fig. 1b). Tomato plants that were 26 days old were 291 

inoculated with either vF or mvF and grown under well-irrigated greenhouse conditions. The 292 

PlantArray system was utilized for continuous monitoring of critical physiological parameters, 293 

including transpiration and plant biomass gain. Both Fol strains significantly reduced daily 294 

transpiration rates in the plants (Fig. 1c), leading to wilt symptoms in the R13 plants (Fig. 1d,e). 295 

The impact of vF was more pronounced than that of mvF, with a noticeable reduction in 296 

transpiration seen as early as 16 days after inoculation (dai), which was 6 days before similar 297 

observations in mvF-inoculated plants. This was coupled with a higher overall disease severity in 298 

the case of vF-inoculated plants (Fig. 1). 299 

We conducted several independent repetitions with these strains, inoculating different 300 

tomato cultivars (Table 1). However, in 11 out of 19 experiments (Table S1), no visible 301 

symptoms or alterations in transpiration were observed, despite successful infection that was 302 

confirmed by fungal outgrowth tests. In 7 out of 8 cases where symptoms were observed 303 

(reduction in daily transpiration, reduction in plant weight, or visual symptoms), the infection 304 

was first detected by a reduction in daily transpiration, followed by other parameters (Table 1).  305 

The first evidence of disease in the R13-inoculated plants was consistently a reduction in 306 

daily transpiration (6–22 dai), followed by a decrease in plant weight (19–32 dai) and, 307 

eventually, visible symptoms (21–60 dai; Table 1). No visible symptoms were evident when 308 

physiological symptoms first became significant (Fig. 1a). Inoculation of the more tolerant 309 

plants, M82, with strain mvF did not cause any visible or physiological symptoms. Nevertheless, 310 

the highly virulent vF did affect the M82 plants physiologically, as in all other cases, with 311 

infection first detected as a change in transpiration and later as an effect on plant net weight 312 

(Table 1), yet no visible morphological symptoms were detected over the course of the 313 

experiment. 314 

At the end of every experiment, we documented the  physical condition of the plants (Fig. 315 

2a,b). To validate Fol infection, we also conducted a series of post-harvest analyses. These 316 

included cutting the plant at the stem base to assess the browning of the vascular system (Fig. 317 
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2c), a typical symptom induced by Fol in tomato. Next, we performed fungal outgrowth tests, to 318 

assess whether the fungus was present in the stem. In the experiments presented in Table 1, the 319 

outcome matched the treatments (Fig. 2d). Finally, PCR tests were conducted on some of the 320 

fungal outgrowth colonies to verify Fol’s identity (Fig. 2e). The aforementioned assays provided 321 

evidence that the inoculum was successful and that the fungi colonized the inoculated plants 322 

independently of changes in physiological parameters. 323 

Fig. 1 Variations in transpiration corresponded to virulence levels prior to visible signs of disease. 324 

Rehovot-13 (R13) susceptible plants infected with either mvF (common strain) or with vF (virulent 325 

strain) were compared with control (mock-infected plants). (a) Plants at Day 18 in the PlantArray 326 

system. (b) At the end of the experiment, stem pieces were incubated on PDA plates. The 327 

outgrowth of fungi was transferred to new plates; mvF fungi were pink while vF fungi were violet. 328 

All infected plants showed stem browning and fungal outgrowth, while none of the controls did. 329 

(c) Daily transpiration of the whole plants (mean ± SE), different letters indicate a significant 330 

difference between treatments; p ≤ 0.05. (d) Plants at the end of the experiment (Day 39 after 331 

inoculation). (e) Disease progress curve, error bars indicate SE. Average of wilt symptoms 332 

evaluated using the disease-severity index mentioned in the Materials and Methods. n = 6.  333 
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Fig. 2 Tests to confirm infection. (a) Visual symptoms of a Fol-inoculated Rehovot-13 plant, 334 

including wilting and typical chlorosis at 68 dai. (b) Control Rehovot-13 plant. (c) Browning of 335 

the vascular system in an inoculated plant, indicating fungal colonization. (d) Fungal outgrowth 336 

from stem cutting of an inoculated plant observed on a PDA plate. (e) Representative fungal 337 

outgrowth was subjected to PCR analysis to confirm the presence of Fol using the Six5 gene (667 338 

bp) and FO ITS region (340 bp). 339 

Table 1 Summary of Fol–tomato experiments: Transpiration, weight and morphology symptoms 340 

Experiment Treatment Symptoms   

Exp. Months Fusarium Tomato Transpiration1 Weight1 Morphology2 
End 

exp. 

2 May-Jun mvF M82 - - - 25 days 

6 Dec mvF M82 - - - 39 days 

5A Oct-Nov vF M82 18 days 31 days - 39 days 

6 Dec vF M82 24 days 35 days - 39 days 

11 Apr vF MM 13 days 17 days - 19 days 

5B Oct-Nov mvF R13 6 days 19 days 21 days 75 days 

4 Aug mvF R13 11 days 25 days 60 days 34 days 

6 Dec mvF R13 22 days 32 days 32 days 39 days 

6 Dec vF R13 16 days 25 days 28 days 39 days 

9 Jan vF MV 22 days 7 days  35 days 42 days 
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The plants tested included M82 (tolerant), R13 (susceptible), Mv (susceptible) and MM 341 

(susceptible). Plants were inoculated with either the moderately virulent strain (mvF) or the 342 

highly virulent strain (vF). 343 

1 “Transpiration” and “weight” columns indicate the point in time (dai) at which a t-test revealed 344 

a significant difference from the control; p < 0.05. 345 

2 “Morphology” column indicates the point in time (dai) at which 50% of plants exhibited 346 

chlorosis or wilting. 347 

To assess the tolerance of tomato cultivars to Fol (vF), we compared inoculated and non-348 

inoculated R13 and M82 plants, to quantify their overall physiological responses to Fol. The 349 

analysis of these quantitative parameters allowed us to calculate relative losses (as depicted in 350 

Fig. 3a,b). We found that M82 plants exhibited a relatively high level of physiological tolerance, 351 

experiencing only a 15% decrease in weight, as compared to non-inoculated controls. In contrast, 352 

the R13 plants displayed a more susceptible physiological response, with markedly pronounced 353 

losses, resulting in a 67% decrease in weight compared to controls. Additionally, we observed 354 

disparities in basic vigor traits between the two varieties, with the R13 plants exhibiting faster 355 

growth and accumulating more biomass than the M82 plants (Fig. 3b). 356 

Subsequent tests were carried out on various tomato cultivars, to evaluate the efficacy of 357 

the system across varieties differing in their levels of resistance to Fol. We specifically examined 358 

the performance of cv. Motelle (MT), a cultivar known to be highly resistant to Fol, cv. 359 

Moneymaker (MM), which is nearly isogenic to MT yet susceptible to Fol, and the Fol-360 

susceptible cultivar Marmande Verte (MV). Consistent with our earlier findings, we observed a 361 

reduction in transpiration in infected MV plants (Fig. 3c). Moreover, the decrease in 362 

transpiration, expressed as a percentage of the daily maximum transpiration (Fig. 3d), provided a 363 

clear and quantitative measure of the functional losses among the different groups. Specifically, 364 

the MV plants infected with vF transpired only 10% of the daily maximum.  365 
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Fol-inoculated MM plants transpired significantly less and also gained less biomass than 366 

non-inoculated MM plants (about 20% less transpiration; Fig. S4). Non-inoculated MM plants 367 

showed a trend of increased productivity relative to MT plants, but that difference was not 368 

significant (Fig. S4). As expected, the resistant MT plant did not exhibit a significant change in 369 

weight or transpiration despite Fol inoculation. 370 

Fig. 3 Differential impact of inoculation on water balance in resistant and susceptible plants: 371 

Profiling plants’ responses to Fol inoculation. Plants were inoculated with virulent Fol strains (vF) 372 

or mock-inoculated (control). (a) This box-and-whisker plot represents the cumulative 373 

transpiration, which indicates the total water lost by the plants over the course of the experiment. 374 

Tolerant M82 plants are represented in gray, while susceptible Rehovot-13 (R13) plants are 375 

depicted in black. (b) Plant weight (mean ± SE) over the experimental period. M82 is shown in 376 

gray; R13 is shown in black; circles indicate inoculated plants, while squares indicate non-377 
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inoculated, control plants. The differences between each set of plants and the M82-control (dashed 378 

line) at the end of the experiment are presented as arrows and percentages. (c) Daily transpiration 379 

(mean ± SE) over the experimental period. Resistant cv. Motelle (MT) plants are shown in gray 380 

and susceptible cv. Marmande Verte (Mv) plants are shown in black. Dashed lines indicate 381 

inoculated groups. Using the same data, we calculated the (d) daily transpiration relative to the 382 

daily maximum values (mean ± SE). Different letters indicate statistically significant differences 383 

(p = 0.05; Tukey-Kramer test).  384 

Reduction in transpiration due to Fol infection may be due to fungal hyphae clogging the 385 

xylem vessels, thereby reducing their hydraulic conductance. Yet, the relatively rapid reduction 386 

in transpiration symptoms that we observed (Table 1) suggests that fungal toxins and/or chitin 387 

released into the vascular system could be involved, potentially triggering a signal transduction 388 

pathway that reduces hydraulic conductance at an early stage of infection. To assess the effect of 389 

isolated culture-filtrate toxins on leaf hydraulic conductance (Kleaf), we compared the impact of 390 

fungal culture filtrate, perfused into the leaf vascular system, with control treatments of chitin 391 

and ABA. Both the susceptible MM and the resistant MT plants exhibited similar reductions in 392 

Kleaf when exposed to control stress-treatments of chitin and ABA (Fig. 4a; 48% and 89%, 393 

respectively). These results are consistent with findings reported in previous studies (Attia et al., 394 

2020). However, the susceptible MM cultivar showed a significantly greater decrease in Kleaf in 395 

response to the highly toxic-treated group (vF ; 65%), as compared with the moderately toxic 396 

group (mvF; 42%), and a significant reduction in Kleaf as compared to the MT cultivar in 397 

response to both of these treatments (Fig. 4b). Specifically, MT plants showed a 25% reduction 398 

in Kleaf when infected with mvF and a 35% reduction when infected with vF. This decrease in 399 

Kleaf suggests a strong response to the presence of fungal toxins, which may implicate these 400 

toxins in the mechanism that reduces Kleaf. 401 

Additionally, we observed substantial reductions in the leaf transpiration rate (E) and leaf 402 

water potential (Ψleaf) following treatment with stress-controls chitin and ABA in both MT and 403 

MM plants (Fig. S5). Furthermore, similar to our whole-plant results, the MM cultivar exhibited 404 

a significant reduction in leaf E under the mvF treatment, which became even more pronounced 405 

under the vF treatment (24% and 43%, respectively). In contrast, the MT cultivar did not show 406 

any reduction in leaf E under the mvF treatment and its reduction of E under the vF treatment 407 

was less pronounced than that of the MM plants (18%, Fig. S6). 408 
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We also tested the potential of the PlantArray system for early detection of disease in 409 

potato caused by P infestans. The initial symptoms of this disease are irregular spots that are 410 

light to dark green in color, moist in appearance and necrotizing. These lesions appeared 4 to 5 411 

dai (Fig. 5e, Day 7). The daily transpiration and plant net weight were significantly different at 5 412 

dai (Fig. 5a,b). However, it took only 3 days from infection for significant differences in 413 

transpiration and E (transpiration normalized to weight) at midday to develop between the 414 

control and the infected plants (Fig. 5c,d). These findings suggest that transpiration changes can 415 

also be indicative of non-vascular diseases, further underlining their utility as a broad-spectrum 416 

indicator of plant health issues. Moreover, these findings strengthen the claim that transpiration 417 

is a highly sensitive physiological trait that could be used to detect early disease symptoms and 418 

assess plant health.  419 

Fig. 4 Effects of chitin, ABA and fungal toxins on leaf hydraulic conductance (Kleaf). Detached 420 

leaves from cv. Moneymaker (MM) and cv. Motelle (MT) tomato plants were treated for 2–4 h 421 

with: (a) chitin (0.2 mg/ml) or ABA (10 μM) or (b) toxins released to the medium during fungal 422 

growth from both moderately virulent and virulent Fol strains. Control groups were fed with AXS 423 

alone. MVF and VF: Treated with toxins from the moderately virulent and virulent Fol strains, 424 

respectively. Different letters indicate significant differences between treatments according to the 425 
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Tukey-Kramer HSD test (P < 0.05). Data points are means (± SE) from 3 to 5 distinct experiments, 426 

including 12–30 biological repetitions. 427 

 428 
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Fig. 5 Quantitative early detection of Phytophthora infestans in potato. Potato plants inoculated 429 

with P. infestans were compared with control (mock-infected) plants. Inoculation day was 28-Feb; 430 

Day 1 after inoculation was 1-Mar. (a) Daily transpiration of the whole plants, means ± SE. (b) 431 

Plant net weight over the entire experimental period, means ± SE. (c) Daily average E between 432 

11:00–14:00. At this time of day, E is usually at its highest. (d) E values throughout the third day 433 

from inoculation, means ± SE. The orange arrow and bracket are pointing at the same data 434 

represented as point or continues data, respectively. Each treatment had 18 plants, asterisks 435 

indicate significant differences between the inoculated and control groups (t-test; p < 0.05). (e) 436 

Pictures of inoculated plants at different points in time after inoculation.  437 

Prediction of disease symptoms in infected plants: Biotic and abiotic interplay 438 

To identify the factors influencing the occurrence of disease symptoms in infected plants, we 439 

examined various internal and external factors (Table S1). Our automated system efficiently 440 

collected this information, enabling the generation of a detailed dataset encompassing 441 

environmental conditions, infection parameters and plant properties. We entered these data into a 442 

model to predict the occurrence of disease events with symptoms. Specifically, we focused on 443 

the interaction between cultivar and fungal strain, as well as plant properties on the date of 444 

inoculation, such as weight and age. Additionally, we examined the impact of the environmental 445 

parameters at 3 dai that were automatically collected from the PlantArray system, including 446 

temperature, relative humidity (RH) and daily light integral (DLI). We only included 447 

experiments in our analysis where the infected plants showed fungal outgrowth at the post 448 

experiment analysis, indicating successful infection (Table S1, “Fungi test”). By employing 449 

logistic regression analysis and a backward elimination approach, we identified the best model 450 

for predicting whether disease symptoms would appear (Model S1). The model demonstrated a 451 

high degree of accuracy (R2 = 1, Pv < 0.0001). The significant variables in this model include the 452 

interaction between the plant cultivar and fungal strain (Pv = 0.011), plant initial weight (Pv < 453 

0.001), RH (Pv < 0.001) and DLI (Pv < 0.001). Furthermore, our findings suggest that smaller 454 

plant weights (coefficient of -52.64, not significant), higher RH (coef. 58.24, n.s.) and higher 455 

DLI (coef.  34.1, n.s.) during the initial 3 days are associated with an increased likelihood of the 456 

development of disease symptoms in infected plants. However, it is important to note that the 457 

observed coefficients had high chi-square values (ChiSq = 0), but lacked statistical significance 458 

(Pv = 0.99), likely due to the limited number of repetitions within each plant–pathogen group.  459 
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Discussion 460 

Visual estimation is the main method used to detect and assess plant diseases. However, the fact 461 

that visual estimation often relies on subjective assessment and the late appearance of visible 462 

symptoms limit the efficiency of that approach. To overcome these limitations, we present a 463 

physiological functional method that provides objective and quantitative measurements of 464 

disease progression, enabling both early detection and precise measurements for research 465 

applications. This method allowed us to (1) quantify the virulence and pathogenicity levels of 466 

two Fol strains, as well as (2) to compare the susceptibility levels of different tomato cultivars. 467 

Notably, we were also able to (3) detect Fol infection at an early stage, before the appearance of 468 

visual symptoms.  469 

Quantification of disease severity: Host susceptibility and pathogen virulence 470 

Our study provides a new approach for quantifying pathogen aggressiveness in plants by using 471 

transpiration decrease as a comparative test for Fol virulence. We found that vF caused a 472 

significantly greater decrease in transpiration than mvF (Fig. 1c), indicating a higher level of 473 

pathogen aggressiveness. This was confirmed by traditional methods such as visual assessment 474 

of plants when symptoms appeared (Fig. 1d) and visual ratings of the level of infection in 475 

seedlings (Fig. S3). However, visual ratings of Fol were challenging due to the difficulty in 476 

comparing, assessing and scoring the disease severity. Stewart and McDonald (2014) 477 

demonstrated the divergences between scorers’ visual assessments and the accurate values 478 

(Stewart & McDonald, 2014). Other researchers have also recognized the need for quantitative 479 

measures of pathogen aggressiveness, as visual estimation alone is insufficient (Bock et al., 480 

2020; Gale et al., 2003; Ilgen et al., 2009). To the best of our knowledge, this is the first study to 481 

use whole-plant transpiration and continuous biomass assessments to assess pathogen virulence. 482 

Our results suggest that this approach could be a valuable tool for comparative testing of Fol 483 

strains. 484 

The literature defines the M82 tomato as moderately resistant (Sela-Buurlage et al., 2001) 485 

or tolerant of Fol, race 2; whereas R13 is known to be susceptible to Fol, race 2 (Sarfatti et al., 486 

1989). Despite these dichotomic definitions used to categorize a plant as either tolerant or 487 

susceptible to a pathogen, there remains a need for more quantitative, reliable and effective 488 

measurement techniques to improve our understanding of tolerance levels (as reviewed by Robb, 489 

2007). Additionally, for vascular wilt disorders, disease severity is usually scored in a semi-490 
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quantitative fashion using a disease index (Robb, 2007), as presented in Figure 1e. Although 491 

measuring disease severity can be challenging, yield is considered less controversial and is a 492 

reliable test for plant health (Scott, 2005). Our functional phenotyping method allows the 493 

classification of resistance-susceptibility on a percentage scale, as opposed to a dichotomous 494 

terminology. For instance, infected M82 plants exhibited a 15% decrease in plant weight; 495 

whereas infected R13 plants exhibited a weight decrease of 67% (Fig. 3b). Thus, the quantitative, 496 

objective nature of our functional phenotyping method significantly refines the evaluation of 497 

plant tolerance level, which could provide valuable insights into cultivar–pathogen dynamics and 498 

the risks and opportunities associated with those dynamics. 499 

We posit that our findings likely correlate with plant performance in agricultural settings. 500 

Transpiration is intrinsically linked with CO2 absorption, photosynthesis, plant growth and yield. 501 

The correlation between transpiration and crop yield is complex, as both factors are influenced 502 

by a multitude of environmental and physiological processes. Nevertheless, in many modern 503 

crops, whole-plant transpiration has been found to be linearly correlated with yield (Gosa et al., 504 

2019). This relationship is particularly evident in tomato (Chaka Gosa et al., 2022), indicating 505 

that our functional phenotyping method may serve as a reliable prediction for productivity in that 506 

crop. 507 

The cost of resistance  508 

Constitutive activation of defense mechanisms might negatively affect plant productivity in the 509 

absence of pathogen infection (Zhao et al., 2017). In all of our experiments, the susceptibility or 510 

tolerance level of the plant was calculated as the difference between each infected line of plants 511 

and its non-inoculated control. Interestingly, these controls revealed a resistance cost: Non-512 

inoculated M82 was less productive than non-inoculated R13 (19% less biomass, Fig. 3b) and 513 

non-inoculated MT was less productive than non-inoculated Mv (24% less transpiration, Fig. 3c) 514 

and MM (n.s., 17% less biomass, Fig. S4). At this point, since MM and MT (the isogenic lines) 515 

were not significantly different from one another, we cannot fully conclude that the lower yields 516 

of the pathogen-free tomato plants are the result of a tolerance cost. A similar resistance penalty 517 

was reported by Shteinberg et al. (2021), who found that tomato lines that were susceptible to 518 

Tomato yellow leaf curl virus performed better under optimal conditions than a resistant line 519 

(Shteinberg et al., 2021).  520 
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This penalty might be related to plant defense mechanisms. These mechanisms are 521 

considered costly as they divert energy and resources away from other plant processes (e.g., 522 

growth and reproduction). Thus, in the absence of pathogens, plants that activate fewer or less 523 

intense defense mechanisms are likely to be more productive than their well-defended 524 

counterparts (Cipollini et al., 2014; Herms & Mattson, 2015). This implies that the tolerant or 525 

resistant plants pay some potential yield penalty under optimal growth conditions. Our approach 526 

allows us to quantify and highlight these costs of resistance, as well as to quantify their spectrum, 527 

which could be considered from an economical perspective. We suggest that this quantification 528 

may be useful for breeders and farmers, helping them to fine-tune their selections and to invert 529 

their dichotomic scope of resistance-susceptible terminology to levels of productivity, risk and 530 

cost. 531 

Early detection of disease 532 

Our findings suggest that transpiration serves as an early indicator of Fol and P. infestans 533 

infection. Notably, in the case of Fol, this indication came up to 49 days before the manifestation 534 

of visual symptoms (Table 1, Row 7) and an average of 35.2 days before any morphological 535 

symptoms were observable. Other studies have reported a decline in vascular flow or water loss 536 

slightly before the appearance of wilt symptoms in infected plants (Feng et al., 2022; Street & 537 

Cooper, 1984; Wang et al., 2012). To document this, Wang et al. (2012) and Feng et al. (2022) 538 

used a Li-6400 gas exchange system (Li-Cor Inc.); whereas Street and Cooper (1984) used a 539 

Scholander pressure bomb. In contrast to the simple assessment using the PlantArray system, the 540 

aforementioned methods are time-consuming and laborious. 541 

The decrease in the transpiration of the infected plants could be due to hydraulic blockage 542 

resulting from physical clogging of the xylem by insoluble fungal materials, such as spores, 543 

mycelia and polysaccharides. It also could be due to a signaling response pathway activated by a 544 

soluble fungal toxin that may have traveled through the vascular system to the leaves. Our 545 

observation that transpiration, Kleaf and water potential were all reduced following the exposure 546 

of leaves to fungal filtrate (Fig. 4) highlights the considerable impact of the signaling pathway on 547 

the plant’s overall water balance. Researchers have tested the effects of the crude fungal toxins 548 

on wilting (Madhosingh, 1995), the death of leaf protoplasts (Sutherlandt & Pegg, 1992) and 549 

callus growth in culture media (Scala et al., 1985). However, to the best of our knowledge, this is 550 

the first study to examine the effect of fungal toxins on actual leaf hydraulic conductance. Our 551 
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findings suggest that the signaling pathway plays a crucial role in the plant’s early response, 552 

affecting it even before any physical clogging occurs.  553 

Interestingly, the vF toxins secreted into the media had a more severe effect than the mvF 554 

toxins, and leaves with high levels of immunity were less affected than susceptible leaves. This 555 

aligns with previous research involving culture filtrates, in which plant lines capable of tolerating 556 

or resisting toxins as seedlings or protoplasts also exhibited resistance under greenhouse 557 

conditions (Hartman et al., 1984; Mcleod & Smith, 2012; Sutherlandt & Pegg, 1992). Therefore, 558 

the impact of these toxins on plant hydraulics is similar to the effect of fungal infection. As 559 

documented previously, Fol increases xylem hydraulic resistance (Duniway, 1971). The plant 560 

cellular regulation mechanism for fungal detection has been suggested to involve specific 561 

receptors, AtCERK1, AtLYK4 and notably AtLYK5, which have been shown to play key roles 562 

in the plant's response to chitin. This mechanism has been shown to be important in regulating 563 

Kleaf, particularly within the vascular bundle sheath and mesophyll cells (Attia et al., 2019). 564 

Impact of environmental factors and plant–fungus interactions on disease progression 565 

Our research underscores the significant effects of environmental factors and plant–fungus 566 

interaction in disease progression in the Fol–tomato pathosystem. Through the analysis of 567 

multiple experiments (Table S1) involving plant properties and environmental conditions, we 568 

gained valuable insights into the generation of optimal disease conditions (Model S1). Our 569 

findings suggest that smaller plants have a greater likelihood of exhibiting wilting symptoms 570 

within 30–70 days after inoculation. Similarly, early infected plants with Tomato spotted wilt 571 

virus (TSWV) displayed a greater percentage of leaves with symptoms than later infected ones 572 

(Rowland et al., 2005). Environmental factors such as high DLI and high RH were also observed 573 

to promote disease development, as expected. These findings emphasize the significance of 574 

considering early post-infection environmental factors and the interaction between plant type and 575 

fungal strain, as well as the initial plant weight when predicting the development of wilt 576 

symptoms. However, it is crucial to note that, despite the overall significance of our symptom-577 

occurrence prediction model (Model S1; R2 = 1, Pv < 0.001), the observed coefficients 578 

(directionality of the parameters) were not statistically significant (ChiSq = 0, Pv = 0.99). This 579 

lack of significance is likely due to the small number of repetitions within each plant–pathogen 580 

group. Therefore, these findings should be approached with caution and future studies with 581 

larger sample sizes are necessary to validate and further explore these potential associations. 582 
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Conclusions  583 

Our study revealed that a high-throughput physiological monitoring system is suitable for the 584 

early detection and quantification of Fusarium wilt disease in tomato caused by Fol. 585 

Fundamentally, we found that whole-plant transpiration is a reliable indicator of plant health. 586 

Furthermore, the examined system also allows for simultaneous real-time analysis, which 587 

enables a quality comparison between pathogen virulence and host susceptibility. Indeed, the 588 

high-throughput monitoring of the physiological responses of tomato plants following infection 589 

with Fol revealed a spectrum of plant–pathogen interactions. This system may help breeders and 590 

researchers to evaluate plant tolerance and pathogen virulence on a quantitative scale, thereby 591 

making plant–pathogen research more efficient and more accurate. Further studies should be 592 

done to assess whether this system may be applied to other pathosystems. In addition, this 593 

approach generates large, annotated datasets of plant–pathogen–environment interactions, which 594 

could potentially be integrated into computer-based models for predicting plant reactions and 595 

estimating plant losses using machine learning and artificial-intelligence tools. Overall, this non-596 

destructive, high-throughput method for monitoring plant health and disease progression has 597 

great potential for improving research in the field of phytopathology. Additionally, our study 598 

demonstrates the applicability of this physiological monitoring system for early detection and 599 

quantification of P. infestans infection in potato, offering a versatile tool for plant-health 600 

assessment in diverse pathosystems.  601 
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Fig. S1 Weather properties continually monitored in the greenhouse.  793 

Fig. S2 A classic seedling disease assay confirmed the resistance of MT and the susceptibility of 794 

MM, R13 and M82 to Fol.  795 

Fig. S3 A classic seedling disease assay confirmed that vF is more virulent than mvF.  796 

Fig. S4 Plants of susceptible (MM, gray) and resistant (MT, black) near-isogenic lines were 797 

inoculated with vF (dashed line).  798 

Fig. S5 Effects of chitin and ABA on the hydraulics of leaves detached from MM and MT 799 

plants. 800 

Fig. S6 Effects of toxins released from the moderately virulent and virulent Fol strains on leaves 801 

detached from MM and MT tomato plants.  802 

Table S1 Summary of experiments with different Fol strains and plants of varying levels of 803 

susceptibility.  804 

Model S1 Logistic regression model of symptom occurrence.   805 
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