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ABSTRACT:  

The plant pathogenic fungi are the greatest threat to agriculture in the world; to counteract its effect 
synthetic chemical fungicides are used, which cause adverse effects on human health and the 
environment. Physical methods to control pathogens are emerging as an alternative for managing 
crop diseases; however, they have been little explored. Tomato (Solanum lycopersicum) is the most 
frequently cultivated vegetable in the world and it grows in a wide range of climates, both field and 
greenhouse. One of the most limiting factors for tomato production is the foliar disease known as 
powdery mildew. The yield and quality of the fruit can be reduced because the disease can develop 
rapidly and severely affected leaflets die. In this paper, the effect of UV-C (254 nm) on the 
development of powdery mildew under greenhouse conditions was evaluated. The leaflets were 
submitted to different UV-C exposure times and with the acquisition of RGB images and image 
analysis the growth rate of the lesion was determined. The exposure times that did not cause visible 
injuries in healthy leaflets were used to measure the effect on leaflets with the disease. After natural 
infection, the lesion area, the number of total lesions and the growth rate with respect to the initial 
lesion area were determined. Comparing with non-treated leaflets, 30 s or 60 s applications of UV-C 
each 48 h for 10 days, significantly reduced powdery mildew severity on tomato leaflets. We also 
compared traditional growth rate determination using a caliper with a custom program based on 
image acquisition and analysis, reporting that the latest is a more complete system to follow 
accurately the disease evolution. This work is an important approach of applying light to agricultural 
problems noninvasively in preharvest conditions, which has been poorly explored in agriculture, and 
it demonstrates the application of image analysis in the study of important agricultural variables. 
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RESUMEN:  

Los hongos patógenos de las plantas son la mayor amenaza para la agricultura en el mundo; Para 
contrarrestar su efecto se utilizan fungicidas químicos sintéticos, que causan efectos adversos sobre 
la salud humana y el medio ambiente. Los métodos físicos para controlar patógenos están surgiendo 
como una alternativa para manejar las enfermedades de los cultivos; sin embargo, han sido poco 
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explorados. El tomate (Solanum lycopersicum) es el vegetal más frecuentemente cultivado en el 
mundo y crece en una amplia gama de climas, tanto en campo como en invernadero. Uno de los 
factores más limitantes para la producción de tomate es la enfermedad foliar conocida como mildeo 
polvoso. El rendimiento y la calidad del fruto pueden reducirse debido a que la enfermedad puede 
desarrollarse rápidamente y los folíolos gravemente afectados mueren. En este trabajo, se evaluó el 
efecto de UV-C (254 nm) sobre el desarrollo del mildeo polvoso en condiciones de invernadero. Los 
folíolos se sometieron a diferentes tiempos de exposición de UV-C y con la adquisición de imágenes 
RGB y el análisis de imágenes se determinó la tasa de crecimiento de la lesión. Los tiempos de 
exposición que no causaron lesiones visibles en folíolos sanos, se utilizaron para medir el efecto 
sobre folíolos con la enfermedad. Después de la infección natural, se determinó el área de la lesión, el 
número total de lesiones y la tasa de crecimiento con respecto al área inicial de la lesión. 
Comparando con foliolos no tratados, aplicaciones de 30 s o 60 s de UV-C cada 48 h por 10 días, 
redujo significativamente la severidad del mildeo polvoso en los folíolos de tomate. También 
comparamos la determinación tradicional de la tasa de crecimiento utilizando un calibrador con un 
programa personalizado basado en la adquisición y análisis de imágenes, indica que el último es un 
sistema más completo para seguir con precisión la evolución de la enfermedad. Este trabajo es un 
enfoque importante para aplicar la luz a los problemas agrícolas de manera no invasiva en 
condiciones de precosecha de plantas, lo cual ha sido pobremente explorado, y demuestra la 
aplicación del análisis de imágenes en el estudio de variables agrícolas importantes. 

Palabras clave: Mildeo polvoso; Análisis de imágenes; Control físico de enfermedades.  
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1. Introduction 
Physical methods such as electromagnetic radiation can be an alternative in the management of plant 
diseases, due to the direct effect on the pathogens or to the indirect effect through induction of plant 
defenses. It is known that UV-C radiation (200-280nm) has a germicidal action on microorganisms in 
water, on surfaces and in air [1,2]. UV can induce mutations or kill organisms once absorbed by DNA [3,4]. 
Oxidative effects and genetic alterations in plants could cause negative effects on plant growth [5]; 
however, depending on dose and wavelength, UV can act as a signal for regulation of growth, development 
and defense responses in higher plants [6]. UV-C has been used in agriculture, mainly for reducing 
postharvest diseases [7,8]. Physical methods such as UV-C treatments are an environmental friendly 
strategy for controlling plant diseases since it leaves no residues. Nevertheless, there is few information 
about its use in greenhouse or field conditions [9–11].  

Tomato (Solanum lycopersicum L.) is the most frequently cultivated vegetable in the world, with more 
than 161 million tons produced per year [12]. However, diseases are one of the major factors limiting 
tomato production worldwide [13]. Tomato crop yield losses may reach 31% by powdery mildew [14]. 
The fungi Oidium neolycopersici Kiss or Leveillula taurica (Lev.) Arnaud are the most causal agents of this 
disease [15,16]. Under favorable conditions for the fungi, a rapid increase of a foliar lesion is caused, 
reducing photosynthetic activity of the plant [17]. Traditionally, this disease is chemically controlled by 
fungicides [18], which causes negative effects on the environment [19] and increases cost of production 
due to fungicide resistance in fungal populations [20]. Other alternatives, like biological or by means of 
systemic acquired resistance (SAR) have been researched [21,22]. Tomato powdery mildew is constantly 
in pressing need for new alternatives to measure and manage disease for reducing negative effects on 
growers, consumers and the environment due to conventional disease management. Previous studies 
have shown the potential of UV in controlling severity and sporulation of a number of different powdery 
mildews [23,24], and indicate that UV may be used as a powerful strategy in management of these 
economically important diseases. For example, the application of UV-B irradiance with a broad spectrum 
UV source  significantly reduced powdery mildew severity in roses [24] and cucumber [23]. Studies with 
UV-C on powdery mildews in preharvest systems are few; a reduction of the disease on apple and 
strawberry comparable with specific fungicide treatments in field conditions was obtained with a UV-C 
[25], while 280 nm was the optimal wavelength for controlling tomato powdery mildew in in vitro trials 
[26].  

Optical techniques such as image analysis proved to be an effective tool in various fields and applications. 
Agriculture is one of these fields and nowadays it has become more than a way to feed people; it 
intervenes in energy production and several other industrial applications. Technological developments 
have had a great impact in its expansion and progress, but there still exist room for scientific and technical 
improvements. In agriculture, the study of changes in optical properties in relation to the severity of the 
diseases has been developed applying spectral reflectance techniques for cereal production including crop 
protection and weed control [27]. On the other hand, parameters like canopy, yield, product quality, and 
diseases characterization are important measurements from the farmer’s point of view, where image 
acquisition and analysis are especially useful. These techniques have helped in characterization of plants 
and fruits as well as to implement sorting techniques, due to rapid processing, non-physical contact with 
the specimens and its low cost [28,29]. Some diseases do not have any visible symptoms associated, in 
those cases; usually some sort of complex evaluation is necessary. However, most diseases exhibit some 
type of indication visible for humans and hence they are susceptible to be captured using commercial or 
industrial cameras [28,30]. Trained raters may be also efficient in recognizing and quantifying diseases, 
but this approach have some disadvantages. The main disadvantages are the necessity of training, high 
variability in assessment, and decrease in accuracy because of tiring and concentration loss [31]. These 
visual disease assessments rely on estimates of percent of leaf area covered by lesions. One typical 
strategy to increase accuracy and reliability from raters when assessing severity of damage is the use of 
standard area diagrams (SADs) [31–34].  These SADs have to be developed for each disease and they help 
raters to compare and evaluate the problems using SADs as scale of reference. But SADs implicitly have 
some inaccuracy involved due to the fact that severity of lesions is classified in percentage ranges, not 
absolute values. By the use of digital images and depending on the application, some of the mentioned 
problems can be reduced or even eliminated. Typical visual disease assessments rely on estimates of 
percent of leaf area covered by lesions that can be performed measuring the area of the leaves that are 
affected by the disease using calibrated systems of image acquisition [28]. Since lesions could be small, 
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accurate estimates of lesions are difficult to make only visually. Quantification by image analysis isolates 
the region of interest, in order to provide an estimate for the severity of the disease. Thus, image-based 
phenotyping can greatly enhance the data available for characterizing plant disease. 

The aim of this research was to study the effects of the UV-C light in order to control the fungal infection 
by powdery mildew on tomato leaflets. The experiments were implemented using commercially available 
elements for the UV-C lamp and the camera to acquire RGB images of the samples. Using image analysis, 
by means of a custom developed computational program, the severity of the disease was evaluated. The 
results show that the advance of the fungus infection was efficiently reduced by using UV-C radiation 
treatments. This study goes hand in hand with the latest trends in the area of sustainable farming, 
development of photonics methods in the applications of new technologies and higher precision data 
acquisition that can reduce the environmental impact of conventional technologies. 

 

2. Material and Methods 
2.a Plant production  

Tomato cv. ‘Chonto’ plants, highly susceptible to Powdery mildew, were grown in greenhouse conditions 
and were irrigated with a Hogland nutritive solution every week in an aeroponic system.  

2.b Application of UV-C 

The UV-C light was produced by a commercial UV Source Sylvania® (0.6m long and 0.04m wide). The 
lamp has a characteristic spectral emission over the UV-C region with a specific wavelength of 254 nm, 
typically encountered in low pressure germicidal lamps, according to manufacturer's specifications. For 
experiments, the UV-C lamp was housed in a wooden stand, wrapped in aluminum for easy handling and 
operator protection during irradiation. To have fully developed and physiologically active leaflets, plants 
of thirty days old were used. Irradiations with the UV-C lamp were performed on branches located in the 
middle third of the plant and the UV-C was applied on the adaxial side of leaflets with the lamp 0.1 meters 
parallel to the branch. We first established exposure times that did not cause phototoxicity in the plant. 
Then, we proceed to perform UV-C treatments in leaflets with the disease. The UV-C light was directed to 
an early state of powdery mildew defined as a lesion of approximately 0.2cm2 in area, expressed under 
natural conditions of the disease. Eight infected tomato leaflets from eight different plants were irradiated 
(with 30 or 60 seconds) every 48 hours for 10 days.  

2.c Characterizing UV-C effect on the disease  

In tomato plants, symptoms are initiated by small chlorotic lesions that turn yellowish and become visible 
on surface of the leaflet, which corresponds with the colonization of the fungus [35]. The growth of the 
lesion caused by the disease was measured calculating the growth rate of the lesion area through 10 days. 
The area of the lesion was determined classically [36–40] measuring the diameter of lesion with a caliper 
and assuming a circle-shaped lesion. 

We also acquired RGB images of the leaves in order to digitally measure the area of the lesions. We 
implemented a custom segmentation program in Matlab® platform that allowed us to estimate lesion 
area in an automatic way and more accurately than using the classical approach using a caliper. Fig. 1 
shows a snapshot of the program interface. The interface contains a screen to load and display the images, 
allowing the user to select one or several points that belong to the area of interest (i.e points outside the 
affected area or point inside of the lesion area). The program obtains the L*a*b* color values from the RGB 
images based on the calculations proposed in Kang [41]. With the L*a*b* color values the program 
calculates color differences (using CIEDE2000 formula [42]) with respect to mean color values of the 
previously selected points. Therefore, we defined a threshold value that allows the proper segmentation 
of the zone of interest. Fig. 1A shows the results of the area calculations in pixels and a text box that allows 
the conversion of pixels to metric scale (The relation between pixel size and metric units is obtained by 
using a reference line with known length over the background of the images). The bottom part of the Fig. 1 
shows a typical segmentation result of the unaffected area and the segmentation of the lesion region in a 
tomato leaflet.  
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Fig. 1. Program interface for unaffected and lesion area calculation implemented in Matlab®. A) Area calculation frame. B) Image 

uploading frame. C) Segmentation image of the unaffected leaflet area. D) Segmentation image of the lesion area.  

 
2.d Characterizing the UV-C effect on Fungus 

To understand the direct effect of the UV-C exposure times on fungus, conidia from eight to ten-day-old 
colonies of fungus (expressed on the leaflets), were deposited on the surface of water agar (3%) in 3.5 cm 
diameter Petri dishes by gently touching the diseased leaves to the agar surface. Immediately after 
conidial deposition, Petri dishes (without lids) containing conidia were exposed to the above mentioned 
UV treatments. After UV exposure, the Petri dishes were sealed and incubated at 22 °C in complete 
darkness. Thirty six hours after the start of the experiments, Conidia within 9 regions of interest per 
treatment were examined with a light microscope (200X). Conidia with clearly visible germ tubes were 
considered as germinated [26], and three repetitions were performed.  

2.e Statistical analysis 

A Complety random design, with 2 treatments and 8 repetitions (one leaflet per plant), was used. Means 
were compared using Tukey’s multiple range tests. The data analysis was performed in R program ® 
(version 3.0.1, 2013). Experiments were two times repeated. 

 

3. Results 

 3.a Effect of the application of UV-C treatment on leaflets with the disease 

Firstly, healthy leaflets were exposed to 4 different UV-C treatments, 30, 60, 90 and 120 s. UV-C exposure 
times of 90 s and 120 s caused phototoxicity based on the apparition of necrotic lesions and disruption of 
foliar tissue, being 120 s the exposure time that harm the leaflets the most. On the other hand, exposure 
times of 30 and 60 s did not induced any damaged regions on the leaflet after 10 days (data no shown); 
therefore these exposure times were chosen for measuring the effect of UV-C on powdery mildew by 
classical and images methods. According to this, exposure of tomato plants having an initial lesion of the 
disease to UV-C reduced severely the proliferation of powdery mildew compared with non-exposed 
control plants (P < 0.01)(Fig. 2A). This result indicates that UV-C treatments stopped the further evolution 
of the disease defined as an increase of number of lesions, with 2.13 and 1.1 lesions per leaflet at the end 
of evaluation for 30 s and 60 s, respectively, while 7.0 lesions was observed in non-exposed plants (Fig. 
2A). Fig. 2B shows the growth rate (defined as: (Final area-Initial area)/Initial area) measuring the areas 
with a caliper. The disease in the leaflet was highly controlled for 30 s and 60 s augmenting its initial size 
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just 0.9 and 0 times, respectively (P < 0.01), whereas in control plants the initial size of the lesion 
augmented 6.22 times. 

 

 
Fig. 2. Biological effect of 30 s and 60 s applications of UV-C, each 48 h for 10 days, on early lesion of Powdery mildew of tomato 

under natural infection within greenhouse conditions. A) Total number of lesions of Powdery mildew per leaflet. B) Growth rate of 
lesion by Powdery mildew at the last day of evaluation measured with a caliper. (P < 0.01), n = 8, mean ± standard error. 

 
One of the important features of the image analysis is that it allows the comparison of the lesion area with 
the total area of the leaflet easily. Fig 3A shows the foliar affected area, by means of the percentage of the 
leaflet harmed by the disease. In the control case, 8.5% of the leaflet is affected by the disease while only 
0.9% y 0.4% of the leaflet is affected by the disease after five UV-C exposures of 30s and 60s, respectively.  

The growth rates calculated from the areas measured by the image analysis approach are depicted in Fig. 
3B, with an aument of 1.0 and 0 times with respect to the initial size of the lesion for 30 s and 60 s, 
respectively; while the control showed an increase of 8.7 times. Both conventional methods using caliber 
(Fig. 2B) and image analysis (Fig. 3B) for measuring the quantity of the disease showed similar results (P < 
0.01), however, a higher disease was observed when image analysis was used. Both UV-C exposure times 
30 s and 60 s were equally effective in controlling the disease, but UV-C application of 60 s fully inhibited 
the growth of lesion. 

 
Fig. 3. Biological effect of 30 s and 60 s applications of UV-C, each 48 h for 10 days, on early lesion of Powdery mildew of tomato 

under natural infection within greenhouse conditions. A) Percentage of lesion area by Powdery mildew on tomato leaflets, measured 
with a custom segmentation program in Matlab® platform. B) Growth rate of the lesion cuased by Powdery mildew at the last day of 

evaluation measured by with a custom segmentation program in Matlab® platform. (P < 0.01), n = 8, mean ± standard error. 
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3.b Effect of the application of UV-C treatment on fungus germination 

Fig. 4 shows images of conidia after treatment with UV-C. A significantly reduction of germination was 
found after 36 h after one irradiation with UV-C exposure times of 30s and 60s on fungus conidia on water 
agar. The germination percentage were 2.8 % and 0 % for exposure times of 30s and 60s, respectively, 
while in the control case the germination was 83%. 

  

 
Fig. 4. Biological effect of UV-C exposure on germination percentage of fungus conidia on water agar in Petri dishes 36 h after 

incubation. 270 conidia from each treatment were assessed for visible germ tubes with a light microscope (200X). A) Germination of 
conidia on control case. B) Germination after 30 s exposure to UV-C. C) Germination after 60 s exposure to UV-C. Scale bar = 10 µm. 

 
4. Discussion 
 
The current study highlights the potential of the preharvest application of UV-C to control powdery 
mildew and validates image acquisition and processing as a powerful tool to assess disease severity 
evolution in tomato plants. In general, the data show that short exposure times of UV-C irradiation 
significantly reduced the growing rate of powdery mildew on greenhouse-grown tomato plants post 
natural infection by fungus, without negative effects on plant growth, which few times has been tested 
directly on whole plants, since almost all studies have been carried out on harvested plant products. 
Biologically, it is known that UV-C light has a direct effect on the pathogen by killing its mycelium [25], 
besides the absorption of high-energy UV photons by fungi DNA bases induces DNA damage provoking the 
conformation of dimers [43] that block the action of DNA polymerase and thereby prevent genome 
replication and cell cycle [4]. Inhibition of mitochondrial activity also occurs, which constrains cell wall 
biosynthesis, followed by impaired or reduced conidial germination [44]. The last results presented here 
and obtained directly on the fungus; suggest that UV-C treatment inhibited conidial germination. Previous 
investigations, indicated  that 60 s of UV (280 nm) did not kill conidia nor completely inhibit their 
germinability; rather, it delayed the conidial germination processes [45]. However, in contrast, in our 
work, a shorter wavelength (254 nm) with a exposure time of 60s did cause fully reduction of 
germination, in comparison with 12 and 24 min reported by Suthaparan et al. [45]. Furthermore, the 
wavelength we chose did not cause any phototoxicity symptoms in tomato leaflets. A difference of UV dose 
could explains these different results; since it had been demonstrated that biological effect of UV depends 
on dose and wavelength [3,46]. UV-C in vitro testing showed that one irradiation was enough to impair 
fully the fungus germination; however, due to polycyclic nature of the disease, a regular application over 
time is better than using higher dose rates with longer intervals between applications [25].  

Comparing with the control, 30s or 60s applications of UV-C, each 48h for 10 days, significantly reduced 
powdery mildew growth rate on tomato leaflets. Until the extent of our knowledge, this result is the first 
achieved in preharvest condition for controlling powdery mildew on tomato plants after natural infection 
by the fungus. Reports of UV-C effect in agriculture, are mainly related with postharvest diseases 
management [8,47–50]; and the use of UV-C for controlling diseases in preharvest condition has been 
poorly achieved, particularly on powdery mildew diseases. Van Hemelrijck et al. [25], showed that UV-C, 
on apples and strawberries with powdery mildew, significantly reduced the disease without negative 
effects on plant performance in field conditions. In a similar study, UV-C application was used as a 
complementary treatment to fungicide applications to reduce significantly the disease severity of B. 
cinerea (up to 82 %), demonstrating the possibility of combining UV-C with fungicides for improving 
disease management [11]. The effectiveness of UV-C founded in this study, could be also supported by the 
fact that it is likely that the reduction of development of new lesions after UV-C treatment observed in our 
work could be also due to that this light can induce defense in plants [51,52]. In addition, most powdery 
mildews grow superficial on leaves, making them easier to be reached by UV-C light [25].  
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Another milestone feature of the current study is the use of image acquisition and processing as an 
approach to assess disease evolution. Traditionally, assessment of plant disease severity relies on visual 
inspection of plant tissue by trained raters [36–40,53], who categorize disease severity according to a 
discrete scale [31]. Disease symptoms often result from physiological changes that may alter the spectral 
pattern of the plant [54]. We have shown that image acquisition and processing offers a feasible 
alternative to the more classical visual assessments of disease severity evolution and quantification in 
plants [55]. In our work, we implemented the capture of RGB images and from them we measured the 
areas of lesions and areas of complete leaflets. Using image acquisition for determining these areas have 
proven a reliable method in other cases, but to our knowledge it has not been considered in combination 
with UV-C when evaluating this radiation effects over the tomato crops themselves and over the powdery 
mildew infecting the leaflets. One of the advantages of the digital determination of these areas is that no 
need for any sort of diagram development like SADs has to be made [32], in our case no comparison 
against this kind of reference is needed, actually as in other works [32], these measurements are 
considered as reference. We compared the areas measured digitally with those made manually with a 
caliper and assuming a round shaped lesion, fact that is a reasonable approximation, but measurements of 
total area of the leaflet using this manual method can be more tedious and less accurate if any geometrical 
shape easy to estimate the area is used.   
Our approach takes advantage of the current development and ubiquity of technology in imaging and 
illumination to establish a scheme that provides alternatives to the conventional methods in agriculture. 
Overall, this approach in combination with UV-C treatment shows that photonic methods in agriculture 
can be helpful, reliable, safe and, in our case, of low cost due to the use of commercial parts. 
 

5. Conclusions 

We have demonstrated that the use of UV-C is effective in controlling powdery mildew on preharvest 
conditions in tomato leaflets. This study is the first to examine the effect of preharvest UV-C treatment in 
combination with image acquisition and processing for a precise assessment of disease evolution in 
greenhouse-grown tomato plants. 
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