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              Tetranychus urticae Koch, is a major pest of many plants including 

greenhouse and field crops in the world. The development of resistance in T. 

urticae populations to pesticides has motivated the search for alternative 

control methods to suppress the pest. The control of T. urticae by ozonated 

water on pepper (Capsicum  annuum L.) was tested in greenhouse trials. Ozone 

at 43 g/m3 concentration with a flow rate of 12.87 g/h  ozone  was applied as 

aqueous form at different times (8 am, 2 pm and 8 pm) and different ages of 

the plant (4, 8 and 12 weeks old) for three  exposure  times (5, 10 and 15 

seconds). The results indicated that in all treatments, T. urticae was susceptible 

to 43 g/m3 ozone concentration. In all cases, differences in mortality 

percentage of control and ozone treatments were significant, but differences in 

the mortality percentage among either time of application or duration of 

exposure time and ages of plant treatments were not significant. Also, no 

symptom of injury (chlorosis, necrosis, yellowing, or malformation) was 

observed for any of the pepper's leaves after aqueous ozone spraying. Based on 

these results, aqueous ozone can reduce the population density of T. urticae 

without any visible damage on the pepper leaves. However, more research 

needs to be done before ozonated water can be deployed commercially as a 

pesticide. 

 

INTRODUCTION 

 

           Tetranychus urticae Koch (Acari: Tetranychidae) is an important pest all over the 

world (Tsagkarakou et al. 2002). T. urticae causes considerable damage to many horticultural 

and agricultural crops such as pepper, Capsicum annuum L. (Chaudhri et al. 1985). The 

importance of pepper is due to the nutritional value of its fruits, an excellent source of health-

related phytochemical compounds, such as carotenoids, vitamin C, and phenolic compounds. 

In Iran, the cultivation of pepper as a greenhouse vegetable is growing. Despite its economic, 
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food, and medicinal importance, its cultivation is facing many stresses including pests that 

cause severe yield losses. When growth conditions are appropriate, T. urticae can increase 

the reproductive rate very quickly, resulting in a decline of host plant quality (Fathipour et al. 

2006). In addition to serious damage and high yield losses; organophosphate-resistant 

populations of T. urticae have been reported in more than 40 countries (Tsagkarakou et al. 

2002). These problems have led to the search for alternative methods. One of these 

alternative strategies is aqueous ozone.  

            Ozone, a triatomic form of oxygen (O3), is an unstable gas with a half-life of about 20 

minutes (Isikber and Oztekin 2009). Ozone is generated on-site, so it needs no special 

storage. Ozone chemical reaction with organic material occurs very quickly, which prevents 

microorganisms from developing tolerance to ozone (Mendez et al. 2003). Ozone is a safe 

method because it decomposes to oxygen, thus leaving no undesirable residue. Ozone and its 

derivative radicals such as *O−
2,*HO2, *OH, *O−

3 through spiracles enter the pests 

respiratory system and cause damage (Ebihara et al. 2013).  

            Despite studies on the impact of ozone on stored product pests, few studies have been 

done about the greenhouse pests (for example; Hollingsworth and Armstrong 2005; 

Takigawa et al. 2011; Ebihara et al. 2013). This can be explained by many studies that have 

shown the negative effects of ozone gas on plants, may have inadvertently led to an oversight 

of the prophylactic use of aqueous ozone, to control of greenhouse pests. However, some 

researchers showed that the phytotoxic properties of gaseous ozone are altered when the 

ozone is in an aqueous form since aqueous ozone does not interact with plants in the same 

way as gas ozone (Fujiwara and Fujii 2002). Also, a low concentration of gaseous ozone can 

stimulate oxidative stress adaptation and systemic acquired resistance responses without 

visible injury (Pell et al. 1997; Kovalchuck et al. 2003). Due to a lack of practical 

information in the field, assessing the effect of aqueous ozone on insect-plant interactions is 

necessary (Trumble et al. 1987). 

           The extent of damage depends on some factors such as; ozone concentration, the 

duration of exposure, previous exposure (adaptation), environmental conditions (wind speed, 

humidity, temperature), water status, plant genetics, stomatal functioning, cuticular 

composition, and plant developmental stage.  

           Gaseous ozone through the stomata enters the leaf (Trumble et al. 1987; Malaiyandi 

and Natarajan 2014). Thus, it is expected that partial stomatal closure, in response to the 

photoperiod decreases the rate of foliar gas exchange at a different time of day. As a result, a 

reduction in susceptibility of plants to ozone injury is expected. 

          In the present study, we tested the hypothesis that damage to ozone will be fewer if 

plants are exposed to ozone at night rather than during the day. The purpose of this study was 

to investigate the influence of ozonated water on (i) mortality of T. urticae at 43 g/m3 ozone 

concentration; (ii) the possible detrimental effects of ozonated water on morphological 

features of the host plant (C. annuum L.) at different usage times; (iii) to determine the proper 

ozone exposure time and (iv) the reaction of different ages of the plant to ozone spraying. 

MATERIALS AND METHODS 

 

T. urticae Stock Colony: 

           The two-spotted spider mite used in experiments were reared on pepper plants (C. 

annuum L. cv. Red chili) in the controlled environment (25 ± 4 °C; 50-60% RH and 16:8 

(L:D)) for several generations before conducting any experiment. These mites were originally 

collected from Cucumis sativus L. in a greenhouse at Ferdowsi University of Mashhad, 

Mashhad, Iran in 2016.   

Host Plant:  

           The pepper seeds (C. annuum L. cv. Red chili) were germinated in plastic trays (26 * 
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25 cm) with 50 cells containing vermicompost. After 3 weeks, individuals of small seedlings 

were transferred to plastic pots (12 * 12 cm) under controlled conditions at 25 ± 4 ºC; 50-

60% RH and 16:8 (L:D). The soil of pots was a mixture of field soil: perlite: peat: 

vermicompost at ratios of 1:1:1:1 and irrigated daily. After 8 weeks, plants were used for 

experimental purposes. 

Ozone Generation: 

             The experimental setup consisted of an ozone generator which was obtained from 

Ozoneab Company Inc., Iran (http://www.ozoneab.com under the license of Tech Trade 

International, Australia), an oxygen generator (Model: LFY-I-5F-WY from LONGFEI 

Company, China) and a container of ozone gas (from Ozoneab Company). Gaseous ozone 

was generated using a laboratory corona discharge ozone generator from the purified extra 

dry oxygen feed gas. Aqueous ozone was produced by forcing ozone into a filled water 

container of 2 liters volume at room temperature. The container was filled with distilled 

water with pH 7. Aqueous ozone through the outlet of the container enters the pump (with 30 

PSI pressure and 4350 cc per minute flow rate). The pump provides the required pressure to 

throw droplets through the nozzle. Following Ebihara et al. (2013) the distance between the 

ozone ejection nozzle and the plants was 50 mm. The ozone concentration was monitored by 

a portable ozone analyzer (was obtained from “A Teledyne Technologies Company”, San 

Diego, USA. Process Ozone Monitor, Model 454). 

Bioassays: 

Usage Times of Ozonation: 

             Experiments were carried out at 25 ± 4 ºC, 50–60% RH, 16:8 (L:D). Thirty adult 

female mites were transferred to each pot plant for oviposition. After 12 hours, all adult mites 

were removed. After 14 days, before conducting the experiments the number of adults and 

nymphs on each test plant was recorded. Infested test plants were exposed to 43 g/m3 ozone 

concentration with 12.87 g/h ozone flow rate, for 10 seconds at 3 different times (8 am, 2 pm 

and 8 pm) by sprayer. For each treatment, a separate control plant was considered to be 

sprayed only with distilled water. The experiment was replicated six times. 1 day after 

treatment, the mortality of mites was assessed. The mite that could not walk was considered 

as dead (Ay and Kara 2011).  

Exposure Times of Ozonation: 

             Infested plants exposed to 43 g/m3 ozone concentration with 12.87 g/h ozone flow 

rate for three different exposure times of 5, 10, and 15 seconds with 6 replications. The 

control plant was considered to be sprayed only with distilled water. The mortality of mites 

was assessed after 1 day. 

Age of the Exposed Plants:  

            Infested test plants (4, 8, and 12 weeks old) were exposed to 43 g/m3 ozone 

concentration with 12.87 g/h ozone flow rate, for 10 seconds by sprayer. The control plant 

was considered to be sprayed only with distilled water. The experiment was replicated six 

times. The mortality of mites was assessed after 1 day.  

           In all treatments, plants were assessed for visible damages (chlorosis and necrosis 

symptoms or malformation on leaves), before and 24, 48, 72 hours after the spraying 

treatment. 

Data Analysis:  

            Analyses were carried out using the statistical program, R 3.3.3 (R core team, 2017). 

Data were analyzed by the generalized linear model (GLM) with an ANOVA table built up 

by sequentially deleting terms from the model. Since no significant interactions were found 

for the experiment of different usage times and age of the plant, we focused on the main 

effects. Data were transformed where appropriate to satisfy the assumption of normality and 

homogeneity of variance for ANOVA. 
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RESULTS  

 

Mortality of T. urticae  at Different Usage Times of Ozonation: 

         Data in table 1 show that T. urticae was susceptible to 43 g/m3 ozone concentration. 

Statistical analyses showed that no significant interactions were found, so data were analyzed 

separately for each main effect (Table 1). The results showed that differences in the mortality 

percentage of control and ozone treatments were significant. But differences in the mortality 

percentage of mites among usage time treatments at the same ozone concentration were  not 

significant (Table 1).  
 

Table 1. Summary of ANOVA results for effects of different usage times and ozone on T. 

urticae mortality. 

 
                      Significant P-values (P<0.05) are shown in bold-face type. 

 

 
           Fig. 1- The main effect of ozone and control on mortality rate of T. urticae 

 

 
          Fig. 2- The main effect of usage times on mortality rate of T. urticae 
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Mortality of T. urticae  at Different Exposure Times of Ozonation: 

          Mortality of T. urticae at 43 g/m3 ozone concentration and 3 exposure times (5, 10, and 

15 seconds) is summarized in table 2. Data show that the mortality percentage increased with 

increasing exposure time (Fig. 3). The results showed that differences in the mortality 

percentage of control and ozone were significant. But differences in the mortality percentage 

of each time treatments at the same ozone concentration were not significant. Statistical 

analyses showed that the interaction effect between ozone concentration and the exposure 

time was significant (table 2). 

 

Table 2.  Summary of ANOVA results for effects of aqueous ozone on T. urticae mortality at 

different exposure times. 

 
                     Significant P-values (P<0.05) are shown in bold-face type. 

 

 
Fig. 3. Effects of aqueous ozone on mortality (mean ±SE) of T. urticae at different exposure 

times. 

 

Mortality of T. urticae  at Different Age of The Exposed Plants: 
            Statistical analyses showed that no significant interactions were found, so data were 

analyzed separately for each main effect (table 3) (Fig. 4 and 5). The results showed that 

differences in the mortality percentage of control and ozone treatments were significant. But 

differences in the mortality percentage of mites among different  age of the exposed plants at 

the same ozone concentration were  not significant (table 3).  
 

Table 3.  Summary of ANOVA results for effects of different age of the exposed plants and 

ozone on T. urticae mortality. 

 
                Significant P-values (P<0.05) are shown in bold-face type. 
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               Fig. 4- The main effect of ozone and control on mortality rate of T. urticae 

 

 
               Fig. 5- The main effect of age of plant on mortality rate of T. urticae 

 

Damage on Plants: 

   Our result showed that, at controlled conditions and 43 g/m3 concentration, the time of use 

aqueous ozone is not important. Because no visible injuries or morphological disorders such 

as chlorosis and necrosis symptoms or malformation was observed for any of the plants 

during 3 different times (8 am, 2 pm and 8 pm), exposure times (5, 10 and 15 seconds) and 

the exposed plants (4, 8 and 12 weeks old) which they were assessed 24, 48, and 72 h after 

the spraying. 

 

DISCUSSION  

 

            This study showed that T. urtice was susceptible to 43 g/m3 ozone concentration. The 

results presented by others reported that ozonated water has the potential to control some 

pests. Takigawa et al. (2013) showed that when Uroleucon nigrotuberculatum was exposed 

to 86 g/m3, the survival rate of the aphids was 3.3% for 5 seconds of treatment time. Also, 

Ebihara et al. (2013) observed ozone-mist treatment (68 g/m3 for 30 seconds) for U. 
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nigrotuberculatum caused 98% mortality. Hollingsworth and Armstrong (2005) reported that 

200 ppm ozone for 30 minutes caused 47.9 and 98.0% mortality of Pseudococcus longispinus, 

and Frankliniella occidentalis, respectively. Keivanloo et al. (2013) found Plodia 

interpunctella was susceptible to 2, 3, and 5 ppm aqueous ozone concentration. 

           Although previous studies have shown the negative effects of gaseous ozone such as 

reduced photosynthetic capacity, foliar reddening, and necrosis (Heagle 1989; Fuhrer and 

Booker 2003; Fiscus et al. 2005), surprisingly, at present study no symptoms of injury were 

found on pepper's leaves. Our findings indicate that when ozonation is performed under 

controlled conditions, the pepper leaves do not show any visible damages at 43 g/m3 aqueous 

ozone, and this may be explained by either low ozone concentration or short time of ozone 

exposure. More concentration or more exposure time spraying may cause visible damage, but 

the effects of these conditions were not investigated in this study. On the other hand, the 

appearance of foliar symptoms of damage does not necessarily lead to decreases in 

measurable growth or yield. It has been shown in some plants such as; Glycine max, 

Lycopersicon esculentum, Medicago sativa, and Triticum aestivum (Tingey et al. 1973; 

Oshima et al. 1975; Tingey and Reinert 1975; Heagle et al. 1979). 

          The present results support those of Heagle et al. (1986) and Heagle et al. (1987) who 

showed that no visible acute foliar injury occurred in soybean and tobacco respectively. 

Graham et al. (2009) reported that 62.5 μmol.L–1 (or greater) ozonated water was a negative 

effect on the growth parameters; but, 31.2 μmol.L–1 (or less) ozonated water did not have any 

risk to plant growth. Also, Fujiwara et al. (2011) observed no visible damage to seedlings 

with 4.0 and 8.0 mgL−1 aqueous ozone.  

           In different studies, there was a variation in an exposure time of aqueous ozone. In the 

study of Graham et al. (2009) aqueous ozone was used for 7.5 minutes daily for 6 weeks. 

Takigawa et al. (2013) sprayed ozone on U. nigrotuberculatum for 5 seconds. Keivanloo et 

al. (2013) found that mortality percentage was increased with an increase in exposure time. 

In their study, P. interpunctella was exposed to ozonated water for 30, 60, 90, and 120 

minutes. Ebihara et al. (2013) sprayed on the leaves for 30 and 60 seconds. Malaiyandi and 

Natarajan (2014) used 15 minutes twice a day. Heagle (1989) observed that the concentration 

factor is more important in causing plant response than the exposure time. But Schreiber 

(1978) showed that long exposure times to lower gaseous ozone concentrations were more 

injurious than short exposures to higher ones in Phaseolus vulgaris. 

         Ebihara et al. (2013) reported that the ozonation treatment caused serious injury on the 

stomata. On the other hand, Malaiyandi and Natarajan (2014) found that when Vigna 

unguiculata exposed to up to 60 ppbv, the number of epidermal cells and stomata increased. 

Our study showed that usage time of ozonation did not have the negative effect on the pepper 

plant. 

         Based on some studies, young plants are more susceptible to gaseous ozone damage 

than older plants. Therefore, it is expected to be more susceptible to ozonated water spraying 

in the early growth stages than in the later growth stages (Fujiwara  et al. 2011). Whereas at 

present study, 4, 8- and 12-weeks old plants did not show any injury symptoms. Keen and 

Taylor (1975) reported that primary leaves of 9-day-old plants were relatively tolerant to 

ozone injury. 13-day-old plants showed greater toxicity, whereas 16-day-old plants were 

injured less. Costa et al. (2001) reported that old leaves showed greater injury than young 

leaves. In contrast to these results, Ebihara et al. (2013) observed remarkable damage to 

young seedlings of tomato and eggplant. However, large eggplant did not show a noticeable 

injury.  

   Overall, according to these results, it seems that ozonated water can be used in management 

programs of some agricultural pests in some conditions. Also, the application of aqueous 

ozone can reduce agricultural chemicals. However, many questions still remain regarding 
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stomatal controlled mass transfer, the internal distribution of ozone, direct versus indirect 

effects, and physiological systems affected within the leaf and plant proper (Graham et al. 

2009). More experiments with higher ozone concentrations or different exposure times may 

increase effectiveness against T. urticae and the other pests.  

           The authors acknowledge the Ozone Tajhiz Company of Mashhad for providing ozone 

facilities, Dr. Jafar Nabati of Research Center for Plant Sciences, Ferdowsi University of 

Mashhad, and Amirali Sadeghi of Agronomy Department, Ferdowsi University of Mashhad, 

for providing facilities to the evaluation of N, C, photosynthesis, and chlorophyll. The results 

presented here are part of the Ph. D thesis of the first author carried out at Ferdowsi 

University of Mashhad, Mashhad, Iran. 
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