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Abstract: Powdery mildew, a disease caused by the biotrophic fungus Podosphaera 
xanthii, is one of the most destructive diseases affecting melon crops worldwide. This 
pathogen causes alterations in the physiology of the host plant even before visible 
symptoms appear, which in turn can be detected using non-invasive imaging 
techniques. In this piece of work, infrared thermography was used to evaluate the 
temperature dynamics of melon leaves infected with P. xanthii during the first 72 h 
after infection. Infected leaves showed a significant decrease in temperature 
compared to mock-controls from 18.5 hpi onwards, before the appearance of visible 
mycelium. This temperature difference between mock-control and P. xanthii-infected 
melon leaves remained significant throughout the experiment, suggesting a sustained 
disruption of water-balance regulation caused by the fungus. This imbalance could be 
linked to haustorium-mediated interference with stomatal function or epidermal 
osmotic homeostasis. Overall, these results highlight thermography as a powerful and 
sensitive tool for detecting early physiological responses during P. xanthii infection 
of melon leaves. Therefore, thermography could be used as a valuable complement to 
‘omics’ and other image-based phenotyping methods, helping to provide a 
comprehensive view of the responses that different diseases trigger in host plants.  
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1. Introduction 

Melon (Cucumis melo L.) is considered to be one of the most economically significant horticultural crops  
in Andalusia, Spain. It occupies a substantial cultivated area and contributes to both regional income and 
employment [1]. However, melon production faces major challenges, as those related to fungal pathogens. Thus, 
powdery mildew—primarily caused by Podosphaera xanthii or Golovinomyces cichoracearum—is considered 
one of the most damaging diseases affecting cucurbit crops worldwide [2,3]. In Andalusia, P. xanthii is the fungus 
responsible for powdery mildew in cucurbits, and its recurrent incidence causes significant losses in yield and 
quality [4]. 

P. xanthii is an obligate biotrophic fungus that produces a white, talc-like, powdery fungal mycelium that 
spreads epiphytically across the surface of leaves [5]. Its life cycle consists of several phases, starting with the 
arrival of conidia on the leaf surface. Then, a primary appressorium is formed, which penetrates through the cuticle 
and cell walls. Subsequently, a primary haustorium is formed. Haustoria are the true Trojan horse of P. xanthii, 
enabling the fungus to extract nutrients and manipulate the physiology of the plant. This process leads to the growth 
of the mycelium and, ultimately, to the formation of conidiophores and the production of new conidia to start a 
new life cycle [4,6–8]. 
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During the infection process, P. xanthii triggers strong differential gene expression in melon plants, leading 
to an extensive reprogramming of metabolic pathways within the plant. Consequently, a variety of physiological 
processes are influenced by the fungus, including primary metabolism, phenylpropanoid biosynthesis, cellular 
homeostasis and defence-related pathways [2,8]. Moreover, powdery mildew can alter the anatomical and 
functional properties of stomata, such as stomatal density, morphology and dimensions, contributing to disruptions 
in leaf transpiration and water balance [9]. 

Assessing plant physiology is a laborious task involving the use of numerous destructive techniques and 
methodologies, which are often time-consuming. However, there is an alternative approach, namely plant 
phenotyping using image sensors. These techniques have been proven to be reliable and non-destructive, providing 
results in a very short time. This makes it possible to detect plant stress (such as that caused by pathogens) before 
symptoms become visible [10]. A variety of imaging techniques can be applied to the study of plant physiology, 
with each technique yielding information on different metabolic processes in plants [11]. Among these, 
thermography, which measures the infrared radiation, provides information about the temperature of plants. As 
leaf surface temperature inversely correlates to leaf transpiration, thermal imaging is a powerful, non-invasive 
method for evaluating stomatal behaviour and transpiration in real time [12]. Moreover, stresses that disrupt the 
integrity of leaves can also be detected by thermography, as they can lead to uncontrolled water loss [13]. 
Consequently, thermography has become an essential component in high-throughput phenotyping platforms, 
enabling the assessment of stomatal regulation, plant stress responses, and water-use traits under both controlled and 
field conditions [14,15]. Several recent reviews summarize studies reporting pathogen infections detected using this 
approach [16,17]. A recent example shows that infection caused by the fungus Fusarium graminearum in wheat can 
be successfully detected using high-throughput phenotyping platforms incorporating thermal cameras [18]. 

Polonio et al. [2] evaluated the effect of P. xanthii infection on susceptible melon plants, relating the 
quantified transcriptional changes caused by the infection with those observed by sensors providing information 
on photosynthesis and secondary metabolism. However, no thermal information was included. In order to expand 
the scope of that study, the compatible interaction of P. xanthii-melon leaves was evaluated by means of continuous 
measurement of leaf temperature using thermography. A substantial decrease in leaf temperature was observed 
following 18.5 h of interaction, prior to the formation of visible mycelium. The potential causes of this decline in 
temperature are examined in detail. 

2. Material and Methods 

2.1. Plant Cultivation 

Melon seeds (Cucumis melo cv. ‘Rochet Panal’; Semillas Fitó, Barcelona, Spain) were sterilised in a 20% 
bleach solution for 2 min. The seeds were then rinsed twice with sterile water for two minutes each time and left 
to germinate on filter paper moistened with sterile water at 24 °C in the dark for one week. The seedlings were 
then transferred to pots containing a 1:1 (v:v) mixture of soil and coconut fibre, and placed in the growth chamber 
under a 16/8 h light/dark photoperiod, at 22/18 ºC day/night temperature, and 65% relative humidity. The light 
intensity was set at 200 μmol m2·s−1 PAR (photosynthetic light radiation). Following a 14-day period under these 
conditions, the plants were inoculated with either a mock solution or the pathogen. 

2.2. Podosphaera xanthii Cultivation and Inoculation 

Podosphaera xanthii SF48 was cultivated on zucchini cotyledons (Cucurbita pepo L. cv. ‘Negro Belleza’; 
Semillas Fitó) that had been previously disinfected (following the same protocol used for melon seeds) and kept 
in Bertrand medium [4% sucrose, 1% agar, 3 mg·L−1 benzimidazole (Sigma-Aldrich, San Louis, MO, USA)] at 
22 °C for a period of one week. 

The third true leaf of three-week-old plants was inoculated with a mock solution or a solution containing 
conidia of P. xanthii, according to [2]. Firstly, conidia of P. xanthii were recovered by washing infected zucchini 
cotyledons with 50 mL of a 0.01% aqueous solution of Tween-20 (Scharlab, Barcelona, Spain). The spore 
suspension was then adjusted to a final concentration of 1 × 106 conidia·mL−1 for the purpose of inoculating the 
melon plants, by means of spraying. In the case of the mock-control leaves, 0.01% Tween-20 was used as the 
spraying agent. 

2.3. Thermal Imaging 

Infrared images and thermographic data were collected using a FLIR A305sc camera (FLIR Systems, 
Wilsonville, OR, USA), mounted in a vertical position above the leaf surface. The system produced images with 
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a spatial resolution of 320 × 240 pixels and a thermal sensitivity < 0.05 °C, operating within a spectral window of 
7.5–13 µm. Image acquisition and temperature extraction were carried out using FLIR Research & Development 
software (version 3.4). Thermal images were displayed with a false-colour scale and represent typical results 
obtained under standard experimental conditions. 

In the case of discrete time-points measurements, temperature leaf was captured at 24 and 72 hours post 
inoculation (hpi). Individual leaves were placed 30 cm below the thermal camera and measured one by one. Images 
were captured of a total of 9 leaves per treatment, and three different experiments were conducted with similar results. 

In the case of continuous measurements, 6 leaves (two rows of three leaves each; Figure 1) were placed at the 
same time 90 cm below the thermal camera, fixed with clips to avoid leaf movements, and temperature was recorded 
every 30 min from 0 to 72 hpi. Mock-control leaves were placed in the upper row; whereas P. xanthii-inoculated 
leaves were located in the lower row. Three different experiments were conducted yielding similar outcomes. 

 

Figure 1. Set-up for continuous measurement of leaf temperature. This image was taken at 24 hpi (hours post 
inoculation). Mock-controls were positioned in the upper row, while P. xanthii-infected leaves were arranged in 
the lower row. The thermal camera was vertically fixed at a height of 90 cm above the leaves and was set to take 
images every 30 min. 

2.4. Data Analysis 

In order to obtain the temperature values of the leaves (using FLIR Research & Development software), four 
regions per leaf were delineated and subsequently, the temperature values in each region were extracted and 
averaged. Thus, for discrete time-points leaf measurements, n = 36 (9 leaves × 4 regions); and for continuous 
measurements, n = 12 (3 leaves × 4 regions).  

In order to compare the leaf temperature of mock-control leaves and P. xanthii-infected leaves, Student’s t-
test was applied to the data obtained from the thermal images using Excel 2016 (Microsoft Corporation, Redmond, 
WA, USA). Statistically significant differences were considered at p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***). 
The graphs were prepared using the Microsoft Excel 2016 software. Mean ± standard errors are displayed. 

3. Results 

3.1. Symptomatology 

To confirm the successful establishment of a P. xanthii infection on melon leaves, the experiments were 
maintained in the growth chamber until the characteristic white, talcum powder-like fungal mycelium appeared 
on the leaf surface. However, thermal measurements were taken up to 72 hpi, while the symptoms remained 
invisible to the naked eye (Figure 2, RGB panels). It is therefore interesting to note that all alterations caused by 
the fungus in leaf temperature were presymptomatic. 
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Figure 2. Real (RGB) and thermal images (temperature) of both mock-control and P. xanthii-infected leaves after 
24 and 72 hours post inoculation (hpi). A false colour scale has been applied to the thermal images, and the 
temperature scale is displayed in the image. Representative images of each treatment are shown. 

3.2. Leaf Temperature after 24 and 72 h Post Inoculation 

To determine the effect of P. xanthii on melon leaves transpiration, temperature of the leaves was obtained 
by means of a thermal camera after 24 and 72 hpi (Figure 2, Temperature panel; Figure 3). 

 

Figure 3. Temperature values of mock-control (white bars) and P. xanthii-infected (black bars) melon leaves after 
24 and 72 hours post inoculation (hpi) obtained from images recorded by the thermal camera. Significant 
differences were displayed at p < 0.05 (*) and p < 0.001 (***), according to a Student’s t test. N = 36. Mean ± 
standard errors are shown. 

Significant differences in leaf temperature were recorded between P. xanthii-infected melon leaves and the 
mock-controls at both 24 and 72 hpi (0.28 °C and 0.87 °C, respectively), confirming a sustained cooling effect in 
the infected leaves. 

3.3. Continuous Measurement of Melon Leaf Temperature 

To try to elucidate when exactly the decrease in temperature occurred in melon leaves infected with P. 
xanthii-infected melon compared to the mock-controls, experiments were designed in which the leaf temperature 
was measured every 30 min immediately after inoculation (Figure 4). 
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Figure 4. Temperature difference (ΔT) between leaves of mock-control plants (TC) and leaves from plants infected 
with Podosphaera xanthii (TPX) during 72 hours post inoculation (hpi), as shown in X-axis. The plants were placed 
in the growth chamber, where periods of light (white boxes) and darkness (grey boxes) followed each other, 
simulating day/night conditions. Plants were inoculated at 10 a.m. (corresponding at 0 hpi) in the day 0. Night 
conditions started at 11 p.m. every day (black arrows), whereas day conditions started at 7 a.m. every day (white 
arrows). Open symbols (◊) denote non-significant differences, whereas black symbols (♦) indicate significant 
differences at p < 0.05. 

Figure 4 shows the temperature difference (ΔT) between the mock-control and P. xanthii-infected leaves of 
plants placed in the growth chamber. Temperature was registered every 30 min from 7 hpi until the end of the 
experiment at 72 hpi. In the growth chamber, daytime conditions began at 7 a.m. (white boxes, Figure 4), while night-
time mode began at 11 p.m. (grey boxes, Figure 4). Plants were inoculated at 10 a.m. on day 0; this time of day 
corresponds to 0 hpi. As the leaves were inoculated by spraying the spore vehicle solution, and the evaporation of the 
inoculum droplets caused an artefactual decrease in temperature of both the mock-control leaves and those infected 
with P. xanthii, the first 6.5 h (the time it took for the inoculum to evaporate) are not shown in Figure 4. Until 18 hpi, 
no significant differences in leaf temperature between treatments were found; however, from 18.5 h onwards, the leaf 
temperature was significantly higher for the mock-control leaves than for the leaves infected by the fungus, as the 
values of ΔT were positive. During nights 1 and 2, ΔT is lower than during days, because the plants actively close 
stomata during nights. Despite this, the differences between the mock-control and P. xanthii-infected leaves remained 
significant, suggesting that another factor is involved in the process of water balance regulation. 

4. Discussion 

A key challenge in plant–pathogen interaction research is to understand how pathogens reprogram host 
physiology during the earliest stages of infection [19]. In the case of compatible interactions, physiological and 
molecular changes frequently occur prior to the appearance of visible symptoms, but they may be difficult to 
identify as these responses are often subtle, spatially restricted, and overlap with general stress- and homeostasis-
related processes [19,20]. Non-invasive imaging techniques allow these early alterations to be captured in real 
time and linked to the underlying physiological processes [10]. In this regard, thermography is an effective way 
of detecting changes in the water relations of leaves associated with pathogen colonisation. Thermography has 
been extensively validated as a reliable, rapid indicator of transpiration and stomatal conductance, as leaf 
temperature shows an inverse correlation with both processes [13]. For this reason, thermal imaging was used in 
this study rather than other techniques, such as infrared gas analyser measurements, to determine whether P. xanthii 
manipulates the water balance of melon leaves to its advantage. 

When analysed by means of thermography under ambient controlled conditions, such as those used in the 
experiments, P. xanthii-infected melon leaves displayed a decline in temperature respecting to the mock-controls. 
This decrease was significant from 18.5 hpi, well before the appearance of visible white mycelium. Similar 
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presymptomatic thermal signatures have been reported for powdery mildew and other fungal diseases in different 
host species, supporting the use of thermal imaging as an early indicator of plant–pathogen interactions [13,21–23]. 

Early cooling caused by water loss is consistent with a presymptomatic physiological disturbance associated 
with P. xanthii colonization. Water balance, a key determinant of plant homeostasis [24], is mainly controlled by 
stomata, whose behaviour is finely tuned [25]. Nevertheless, some pathogens have been found to manipulate the 
stomatal apparatus to their own advantage [26]. For instance, rust fungi use stomata to penetrate and feed on the 
host plant. The penetrating hyphae form a physical barrier that prevents the stomata from closing properly, 
resulting in water loss and cooling of the leaf in the earliest phases of infection [27,28]. However, it is well known 
that P. xanthii does not use stomata to penetrate host cells, suggesting that no physical barriers disturb the degree 
of aperture of melon leaf stomata. Instead, P. xanthii develops a haustorium: a specialised feeding structure 
surrounded by a plant-derived extrahaustorial membrane that enables nutrient uptake and effector delivery while 
keeping the host cell alive [2,7]. Furthermore, although haustorial penetration involves substantial remodelling of 
the host cell membrane, ultrastructural and cell biological studies have demonstrated that host cell integrity is 
largely preserved during the formation of the extrahaustorial membrane. Therefore, extensive passive water 
leakage due to physical damage is an unlikely explanation for the observed cooling [7,29]. 

Plants have developed defence mechanisms to control water loss through transpiration caused by pathogens 
[30,31]. For instance, abscisic acid-mediated responses are commonly associated with stomatal closure during 
biotic stress [32]. In the case of a P. xanthii infection, the expression levels of genes related to the response to the 
abscisic acid stimulus are increased in infected melon plants [2]. On the other hand, biotrophic pathogens have 
been shown to interfere with or fine-tune plant signalling networks, potentially altering the functional outcome of 
hormone activation at the stomatal level [31,33]. In this case, haustoria of P. xanthii would act as potent metabolic 
sinks, depleting solutes from the host epidermis and disrupting the osmotic balance required for stomatal control. 
This manipulation may override the plant’s stomatal closure signals, resulting in an atypical increase in 
transpiration during the compatible interaction [26], even at night, when stomata naturally close. However, further 
experiments will be required to elucidate the specific mechanisms underlying the observed thermal effects, such as 
microscopic observations, biochemical analyses of defence-related enzymes, metabolomics, and other approaches.  

5. Conclusions 

The decrease in temperature of P. xanthii-infected leaves compared to the mock-controls was detected 
presymptomatically from 18.5 hpi onwards, suggesting that P. xanthii could disrupt the water balance of melon 
leaves at an early stage. This could be a consequence of alterations in the osmotic balance of the leaf epidermal 
surface caused by of haustoria. However, further experiments will be required to determine the physiological basis 
of this response. 

This study underscores the value of thermography as a highly sensitive, non-invasive approach for early 
disease detection. Nevertheless, detecting presymptomatic powdery mildew in the field using thermography can 
be challenging due to uncontrolled ambient conditions and varying infection stages. One possible approach to 
overcome this limitation involves using high-throughput phenotyping platforms or drone-based thermographic 
imaging combined with artificial intelligence algorithms trained to classify leaves as healthy or infected. Subsequent 
selective validation via visual inspection or molecular assays would allow accurate field-scale detection. 
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