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Management of plant-parasitic nematodes through solar radiation -A review
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Plant-parasitic nematodes (PPNs) feed on plant tissues and cause yield losses in agricultural crops. Effective nematode management involves using a range of techniques, such as use of resistant crop varieties, cultural practices, biological control, and chemical control.Although chemical nematicides are general recommended practices, yet their costs, insufficient availability, and environmental considerations make them the last options in practical nematode management. Soil disinfestation treatments, primarily utilizing various forms of heat, are used by agricultural producers to reduce soilborne inoculum of crop pests. Soil solarization is a technique based on the increase of soil temperature using the sun’s radiation and the application of plastic films.This review illustrates the method and principles behind soil disinfestation for reduction of plant-parasitic nematodes.
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1.Introduction
Plant parasitic nematodes (PPNs) are soil dwelling organisms cause significant crop damage and cause major losses to many different agricultural crops (Mesa-Valle et al.,2020). They generally feed on plant roots, leading to stunted growth, wilting, and reduced nutrient and water absorption. The damage weakens plants, making them more vulnerable to other diseases and pests. Root rhizosphere is a complex system that contains thousands of microbial species having complex interaction with plant-parasitic nematodes. In order to mitigate the nematode-induced crop damage and promote sustainable agriculture certain strategies should be implemented. Historically, many nematode problems in commercial agriculture have been managed by fumigants and other chemical nematicides but there is a significant environmental risk, a negative impact on beneficial soil microorganisms. The adoption of safer and more selective PPN control strategies, such as bio-nematicides, plant resistance, and cultural methods is proving to be sound alternatives to the sole reliance on synthetic nematicides. Cultural methods such as crop rotation or selection of new sites can be effective for preventing soil borne diseases. However, where susceptible crops are repeatedly planted, soil borne disease problems often develop and persist. Soil disinfestation treatments, primarily utilizing various forms of heat, are used by agricultural producers to reduce soilborne inoculum of crop pests including fungal, bacterial, and nematode pathogens, weeds, and certain insects is a cheap and effective options to manage soilborne organisms. Heating of soil, planting material and agricultural materials through solar energy was a principal method for management of phytoparasitic nematodes (Stapleton  and  Heald, 1991; Stapleton, 2000). The mechanism is that the heat produced by solar radiation is lethal to pathogens and pests (Horowitz et al., 1983; Stapleton, 2000; Stapleton and DeVay, 1986). Thermal death points for certain nematode pests were determined as early as 1874, based on the mechanisms of heat sensitivity such as protein denaturation and enzyme deactivation. Soil solarization is a technique based on the increase of soil temperature using the sun’s radiation and the application of plastic films. Solarization occurs through a combination of physical, chemical, and biological mechanisms, and is compatible with many other disinfestation methods to provide integrated pest management. This technique enhances soil structure and nutrient availability that afford protection and stimulation of root growth and crop yield without leaving chemical residues (Chen et al., 1991). Its effectiveness against PPNs was first demonstrated in Israel and later in Australia, USA, Italy and South Africa. 
2. Methods of soil disinfestation
Deep summer ploughing is a method for soil disinfestations against soil microorganisms practiced in regions of intense sunlight, such as the tropics or arid regions that have little cloud cover. The practice brought surviving nematodes to the surface, where they were exposed to lethal doses of solar heat (Stapleton  and  Heald, 1991). Newhall mentioned that Heterodera radicicola (= Meloidogyne incognita) was controlled as early as 1930 in Texas and the Coachella Valley of California by repeated ploughing of soil during summer months. In order to expose the nematodes and afflicted tissues to solar heat and dehydration, two to three deep summer ploughings should be performed in May and June in India (Gaur and Dhingra,1991).Ufra disease in rice caused by Ditylenchus angustus is responsible for substantial yield losses in a most agricultural area in the world. Live D. angustus were recovered from dried seeds, mainly located in the germ portion, 3 months after harvest. Deep summer ploughing can help manage Ufra disease in rice by exposing the nematodes in stubble to the sun, which desiccates and kills them. This practice complements other management strategies like flooding or fallowing (Khan, 2015). 
Another method of soil disinfestation is the soil solarization by mulching with transparent polyethylene sheet. The method of polyethylene mulching of moist soil in the hottest period of the year for conserving moisture and raising the temperature to moderately high levels over periods long enough for effective pest control has been termed as polyethylene mulching or tarping, solar heating, solar pasteurization or soil solarization (Gaur and Perry,1991). The transparent film allows short-wave radiation from the sun to penetrate the plastic. Once the light passes through the plastic and is reflected from the soil, the wavelength becomes longer and cannot escape through the plastic. The trapped light facilitates heating of the soil to temperatures detrimental to a broad array of plant pests including weeds, nematodes, fungi, and insects (Linke, 1994; Rosskopf et al., 2005). 
2.1.Types of polyethylene sheet
Different types of plastic sheets are available, mainly differing in their thickness (insulation) and ability to let light through (transparency). Black, opaque, or translucent plastics are not suitable for solarization because instead of letting radiation pass through and heating the underlying soil, solar energy is absorbed and radiated back into the air and only slight warming of the covered soil occurs. Thin (0.5 - 4.0 mil), transparent plastic sheets appear to achieve the best results. Thinner (0.5 to 1 mil) films conduct more heat, but are more susceptible to tearing and have a shorter life than thicker films. The highest reduction percentage of total nematode population and reproduction rates of Meloidogyne spp., were occurred in transparent sheet compared to the others (Bakr et al., 2013). In the Jordan Valley, populations of M.javanica were reduced significantly when black plastic was used for solarization and subsequently as soil mulch after planting, whereas the transparent film was later covered with perforated black mulch for 10-weeks. The respective increase of yield as a result of solarization with transparent was 79%, 50% and 21%  in tomato, eggplant, and cucumber, respectively (Abu-Gharbieh et al.,1990). Often growers use two layers of thin plastic sheeting separated by a thin insulating layer, increases soil temperatures and the overall effectiveness of a solarization treatment. After 3-4 days the soil is ploughed by rotavator and then covered by a 30-50 µm plastic film (PE, LDPE, PVC or EVA) closing the plastic film laterally. To obtain better results, it is useful to apply preventive soil irrigation which contributes to the optimum field capacity. 
2.2.Factors effecting efficacy of solarization
The efficacy of soil solarization is based on the sensitivity of PPNs to relatively high temperatures. The efficacy of solarization to control PPNs depend on soil temperature and duration of solarization -the time of exposure to sun irradiation (sunshine hours). Soil solarization time can range between 4 to 8 weeks depending on solar irradiation and its intensity (the best period is between June and August), geographical area and the type of soil.  Ham et al., (1993) reported that soil temperatures averaged 6°C greater under the clear polyethylene mulch than in non-covered seedbeds, depending on depth in the soil profile. At the depth of 30-40 cm, the temperature can range between 38 and 52°C. The technique is effective against root-knot nematodes (Meloidogyne spp.) especially in plastic houses where soil temperatures in the top 30 cm of mulched soil can be 3-5oC higher than those in mulched soil in open field conditions, thus causing higher nematode mortality (Wang and McSorley, 2008). A single soil solarization treatment was shown to be effective for a long-term sustainable management of weeds, whereas the time-limited effectiveness against root-knot nematodes (Meloidogyne spp.)  can be enhanced through two or three-year repeated treatments (Candido et al.,2008). 
2.3.Effectiveness of solarization against plant-parasitic nematodes (case studies)
Under the appropriate conditions, the results obtained by soil solarization can be comparable with those obtained by the widely used chemical disinfestation. Control of stem bulb nematodes (D. dipsaci) with a 2-8 weeks mulching period was similar to that of 300 l/ha of DD (Greco et al.,1985). Nematode egg Globodera rostochiensis, on potato survival was 6.8-17, 27.8 and 6.1% in plots treated with soil solarization, dazomet and 1,3-D, respectively (Greco et al.,2000). Soi1 solarization of nursery-beds for eggplant (Solanum melongena) by mulching with clear thin polythene sheet for 6 weeks in summer reduced the population densities of Meloidogyne incognita and Rotylenchulus reniformis significantly more than non-mulched fallow northern India The decline in population was greatest in the 0-10 cm deep soil layer where the temperature frequently exceeded 40oC (Gaur and Dhingra 1991). Devitalization of cyst nematode eggs requires higher soil temperature than that of eggs of Meloidogyne spp. because they are protected in the cysts (Onditi and Whitworth, 2025).Heating of moist cysts to 50°C for 20 minutes in wet sand resulted in death of the encysted J2. Presoaking cysts in potato root diffusate to initate hatching did not increase the thermal sensitivity of encysted J2 (LaMondia  et al.,1984; LaMondia and Brodie ,1990). Heterodera schachtii egg mortality starts at 16 h exposure at 45°C; to kill 50% of the nematode egg population 7 h of exposure  period  at 45°C were necessary (D’Addabbo et al.,2005). Population densities of the nematodes, viz., Helicotylenchus spp., Tylenchorhynchus spp., Tylenchus spp., Heterodera ciceri, and Pratylenchus thornei were reduced by 83 to l00% by 40 days of soil solarization. However, P.thornei could re-establish its population density in one year (Sauerborn et al.,1990). Di Vito et al.,(1991) observed that soil populations of Heterodera ciceri and Pratylenchus thornei were greatly reduced in all solarized plots. Plant growth of chickpea were significantly increased in plots solarized for 6 or 8 weeks. Barbercheck and Von Broembsen, (1986) observed that a mixed population of Paratrichodorus lobatus , P. minor, Pratylenchus pratensis, Rotylenchus incultus, Criconemella xenoplax were reduced by 37 to 100% of their original levels by soil solarization. Growth of grapevines (cultivar Jacquez) and tomatoes (cultivar Moneymaker) was enhanced in soil treated with solarization for 6 weeks. Columns of moist soil were inoculated with fungal pathogens and nematode (Meloidogyne javanica, Pratylenchus penetrans and Tylenchulus semipenetrans) and then treated for 4-6 weeks covering soil with transparent polyethylene sheets in mid-summer, pathogens were killed by temperatures within the range 38-55°C. Effects were apparent to a depth of 16cm and most pathogens were not recovered from 0 to 6cm (Porter and Merriman, 1983). Bursaphelenchus seani and Belonolaimus longicaudatus and Hoplolaimus galeatus in soil died when exposed to 48 +/- 2ºC for 2 hours. The soil was exposed to sunlight for 6 days in May buried 7.5 cm deep in Margate fine sand (Giblin-Davis and Verkade , 1988). Solarization by covering the soil with transparent polyethylene sheets during the summer months significantly reduced the population densities of nematodes (Heterodera cajani, Rotylenchulus reniformis, Helicotylenchus retusus, Pratylenchus sp., and Tylenchorhynchus sp.) parasitic to chickpea and pigeonpea. Population density reductions of 93% of Heterodera cajani eggs and juveniles, 99% of Helicotylenchus retusus, 98% of Pratylenchus sp., and 100% of R. reniformis were achieved by solarization (Sharma and Nene, 1990). Similarly, solarization reduce viability of cysts (Globodera rostochiensis, G. pallida, Heterodera carotae (Greco et al.,1998) and H. schachtii multiplication (El Hajji et al., 2012; Hajji-Hedfi et al., 2017; Abdelkader et al., 2022). 
2.4.The use of solarization 
The major use of solarization appears to be in greenhouse culture for disinfestation of seedbeds, containerized planting media, and cold-frames. The ability of greenhouse operators to close up greenhouses during the hot summer months allows higher solarization temperatures than achievable in treatment of open fields. The soil of the seedbeds to be solarized should not have large clods or other debris on the soil surface. Moistened seedbeds are covered with clear polyethylene mulch and remain covered for an extended period of time. During the solarization period, 85-95% of radiation from sunlight penetrates the clear mulch and heats the soil (Lamont, 2005). Water droplets accumulate on the under-surface of the clear mulch which retain heat and insulate the seedbed. Since individual areas to be treated are small, soil temperature can be greatly increased, the cost of application is low, the value of the plants produced is high. In addition to commercial use, the importance of solarization in home gardening and subsistence production is widely recognized.
2.5.Integration with other methods
Zasada et al., (2010) has proven inadequate for parasitic nematode control in many areas of the United States through soil solarization only. Therefore, combining soil solarization with other techniques to improve nematode control over solarization alone has been proposed. Stepleton and De Vay, (1983) observed significant population density reductions of 42-100% of Meloidogyne spp., Heterodera spp., Pratylenchus spp., Paratrichodorus spp., Criconemella spp., Xiphinema spp., and Paratylenchus spp., total phytoparasitic nematodes, and total phytoparasitic plus free-living nematodes following treatment by solarization and solarization plus 1,3-D . Reduction in nematode population levels achieved by soil solarization and nematicides in nursery beds resulted in significantly improved health of the rice seedlings. Application of nematicides phorate or carbofuran after soil solarization gave greater reduction in nematode infection and increased weight. Further application of the nematicides in the solarized main field gave 53.2% higher yield over untreated control which was only 3.8% higher than that from untreated main field (Chandel et al.,2002). Anaerobic soil disinfestation (irrigated with 5 or 10 cm of water) combined with solarization may provide an alternative to chemical soil fumigation for control of soilborne plant pathogens (Fusarium oxysporum f. sp. lycopersici and Phytophthora capsici) and root-knot nematode (Meloidogyne incognita) in Florida raised-bed vegetable production systems (Butler et al.,2012).Soil disinfestations can be combined with other agronomic methods such as the use of organic amendments or biofumigation or anaerobic soil disinfestation. Sacrificing the use of a troublesome field for a summer and using a system of solarization and fallow tillage is a viable means by which PPNs can be managed in the absence of fumigants. M. incognita was greatly reduced in population in brinjal by fallowing and summer ploughing throughout the hot summer months (Singh, 2013). Normal (10 cm) or deep (20 cm) ploughing was performed in June and was followed by a fallow period of roughly two months reduced the root-knot nematode population from 78.2 to 92.3% (Jain and Gupta, 1990). Excellent control of Cyperus esculentus in plots planted to turnip green and reduced densities of plant parasitic nematodes was observed in field, USA using solarization and fallow tillage(Johnson et al.,2007). El Hajji et al., (2012) tested soil solarization and use of cattle manure and found them to improve potato grown in PCN infected fields by increasing the yield by 26.53% in Tunisia. Soil solarization by using a photoselective polyethylene mulch reduced populations of Paratrichodorus minor, Rotylenchulus reniformis, and Criconemella spp. similar to those achieved by fumigation with a 67:33 mixture of methyl bromide and chloropicrin (448 kg/ha) on the tomato cultivar Solar Set. ( Chellemi et al.,1993). Wang et al., (2006), who reported that soil solarization for 6 weeks following a cowpea cover crop suppressed nematode communities equivalent to that treated with methyl bromide fumigation. Integration of sunn hemp cover cropping with soil solarization should allow the solarization heat to target the active vermiform stage of R. reniformis thus should be a more efficient nematode management strategy as compared to either method used alone (Marahatta et al.,2012). The effects of soil solarization for a period of 54 days, with clear polyethylene (200 μm) in combination with biofumigation with organic cabbage crop residues and sheep manure showed a positive effect in controlling Pyrenochaeta lycopersici (corky root) and nematodes Meloidogyne spp infection, reducing the damage on the tomato's roots.  Soil temperature at 10 cm depth increased on average 10.7°C with soil solarization. At 20 cm depth, only the biofumigation with cabbage residues treatment achieved soil temperatures ≥37°C (Moura et al.,2012). Combinations of the amendments (broiler litter, cottonseed meal, feather meal or soybean oilcake) with soil solarization were more effective than the amendments or soil solarization alone in reducing nematode populations  Meloidogyne incognita and M. javanica and galling indices in organic farms(Oka et al.,2007).
3.Considerations in Solarization
(a). Soil disinfestation is mainly applied in protected cultivation or in small-scale intensive field crops.
(b). Solarization is dependent upon high air temperatures, is most effective near the soil surface, does not consistently control certain heat-tolerant pests should be done during the hottest part of the year (possibly interfering with planting schedules), and requires disposal of plastic film (Katan, 1987;Stapleton and DeVay, 1995; Stapleton, 1997). 
( c). There is a negative impact on beneficial soil microorganisms since they will meet the same outcome as their harmful counterparts. 
(d). Shady areas should be avoided because temperatures likely will not reach lethal levels.
(e). Translucent mulches do not allow sufficient light to penetrate and heat the soil surface and are generally unsuitable for solarization (Patterson, 1998).
(f). During fallow period nematodes may enter into an anhydrobiotic state which is more difficult to manage compared to their active state. Therefore, conducting soil solarization in a field that has been fallowed for a long period of time may not suppress R. reniformis efficiently (Marahatta et al., 2012).
(g). Inability for the solar heat to penetrate deep into the soil (25-cm) even in sandy soils (97% sand). High clay content (68-76% by mass) might have contributed to low heat accumulation deeper in the soil after solarization .
(h). Effects of soil moisture on heat conduction in soil could explain additional causes of the ineffectiveness of soil solarization .
4.Conclusion
Effective control of soil borne plant pathogens (plant parasitic nematodes, fungi, and some bacteria) is a serious challenge to farmers. The practical value of soil solarization is judged by end users according to several criteria, including its efficacy, effect on crop growth and yield, economic cost/benefit, and acceptance by growers. It has been mainly used for commercial production in areas where air temperatures are very high during the summer and much of the cropland is rotated out of production due to excessive heat. By reducing the nematode population during field preparation through solar radiation will help in minimizing the economic impact of nematode infestations on crop yields and contribute to the long-term sustainability of agricultural practices. Knowledge about the PPN identification , disease diagnosis method as well as biology and ecological interaction is instrumental in devising and application of soil disinfestation method.
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