


Review Article

Trap cropping as a viable management option for plant-parasitic nematode problem: A review

Abstract
Plant-parasitic nematodes (PPNs) causes plant damage leading to a considerable yield loss in agricultural crop throughout the world. Plant-parasitic nematodes differ in mode of feeding like endo-parasite, semi-endoparasite and ecto-parasite. Root-knot nematodes and cyst nematodes rank as the most significant species economically because of their complex interactions with host plants, extensive host range, and the extent of damage caused by infection. Successful nematode management requires a variety of approaches, including resistant crop varieties, cultural practices, biological control methods, and chemical treatments. While chemical nematicides are often recommended, their expenses, limited availability, concerns for human health, and environmental factors position them as the least favorable choice in effective nematode management. Cultural practices involve altering the cropping system and soil management that reduces nematode populations. Among all the cultural management, trap cropping is an important method for controlling plant-parasitic nematodes. This review illustrates the method and principles behind trap cropping for reduction of plant-parasitic nematodes.
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1.Introduction
“Plant-parasitic nematodes (PPN) are microscopic, worm-like organisms that live in the soil and feed on plant tissues and cause significant damage to crops. Moreover, nematode damage can make them more susceptible to other diseases, leading to further losses. To date, around 4100 PPN species are described” (Decraemer and Hunt 2006), affecting all types of crops. “The estimated annual losses due to nematodes are around $US80 billion to $US157 billion globally” (Nicol et al., 2011). In India, PPN alone cause 10% cereal crop losses annually (Kumar et al., 2020). “This economic loss can be attributed to a range of factors, including crop damage, reduced crop yields, and increased production costs by requiring the use of costly management strategies, such as chemical control. Thus nematode infestations can lead to food shortages, price fluctuations, and reduced export earnings, all of which have influential socio-economic inferences” (Bernard et al.,2017). Plant-parasitic nematodesare obligate parasites; they are ectoparasites, endoparasites and semi-endoparasites depending on the feeding nature. Jones et al.,(2013) adjudged as the top 10 PPN in the world, are root-knot nematodes (Meloidogyne spp.), cyst nematodes (Globodera and Heterodera spp.), root lesion nematodes (Pratylenchus spp.), burrowing nematode (Radopholus similis), stem and bulb nematode (Ditylenchus dipsaci), pine wood nematode or pine wilt nematode (Bursaphelenchus xylophilus), reniform nematode (Rotylenchulus reniformis), dagger nematode (Xiphinema index), false root knot nematode (Nacobbus aberrans), and rice leaf nematode (Aphelenchoides besseyi). “Diagnosis of nematode problems is difficult because the symptoms vary with environmental conditions, type of host and the plant growth stage. Symptoms can be similar to those caused by other factors like underground insects, nutrient or water deficiencies. In tropical and subtropical environments, most observations are wilting, stunting, short internodes, small leaves,discoloration and general abnormal appearance; poor growth of replanted fruit trees; small root system, discoloured, poorly developed feeder roots leading reduced yields and in severe cases, plant death” (Abd-Elgawad,2021).   
2.Management strategies of plant-parasiticnematodes 
“Total eradication of plant-pathogenic nematodes population is invariably unattainable. Management of nematodes must focus on reducing nematode numbers to levels below the damage threshold. An assay of soil and plant tissue for nematodes and accurate diagnosis and population density estimation is essential. In annual crops, the higher the nematode population numbers at the time of planting, the lower the yield” (Abd-Elgawad,2021). “The initial numbers of nematodes are still important because they determine the early growth potential of the plant. However, even if numbers are low at planting, nematode populations will eventually increase and ultimately damage the plants. Thus not only must the initial populations at the time of planting be low, but also the populations must be kept at a low level if plant growth is to remain vigorous. In perennial crops, the relationship between plant growth and nematode populations is more complex. A well established management plan is necessary to ensure that the control practices selected can be effective, environmentally safe, and economical” (Abd-Elgawad,2021). Effective nematode management involves using a range of techniques, such as use of resistant crop varieties, cultural practices, biological control, and chemical control. 
Although synthetic chemicals are general recommended practices, yet their costs, insufficient availability, and environmental pollution are some of the disadvantages. Besides these, chemical nematicides cause chronic toxicity if it comes in contact with human body (Ahmad et al., 2024). As a result, different approaches are currently required to decrease nematode numbers. A sustainable and cost-effective nematode management strategy entails the integration of various practices, which might need to be complemented with nematicidal agents when a rapid decrease to minimal population densities is essential, particularly for highly susceptible or valuable cash crops, or for the early safeguarding of delicate plant stages through treatments of seeds or seedlings and nursery bed applications.

3.Cultural and soil management practices
“Cultural practices refer to a range of agricultural practices that involve altering the cropping system and soil managementthat can be used to reduce nematode populations” (Westphal,2011). Cultural practices have a profound influence on the survival, dominance and population dynamics of plant-parasitic nematodes. By employing a variety of cultural practices, farmers can reduce their reliance on chemical nematicides and promote long-term sustainability of their soil and crops. Trap cropping strategy focuses on using an alternative host crop to attract, interrupt, or capture targeted pests to reduce their damage to the main crop.
4.Trap cropping 
Trap cropping is an important method for controlling plant-parasitic nematodes (Hokkanen,1991).Carroll and McMahon (1939) introduced “the method of trap cropping for the first time. As the plant parasitic nematodes are obligate parasite, they cannot survive in absence of their host”. “All pests show a distinct preference to certain plant species, cultivars, or a certain crop stage. Manipulations of the stands in time and space so that attractive host plants are offered at the critical time in the pest’s and / or the crop’s phenology lead to the concentration of the pests at the desired site, the trap crop” (Reddy, 2017). Protection may be achieved either by using a susceptible plant to attract them, followed by destroying the trap plant before the nematodes can reproduce (LaMondia and Brodie, 1986; Mugniery and Balandras, 1984). “This disrupts the nematode life cycle by trapping them in the roots and preventing them from infesting the main crop, thereby reducing the overall nematode population in the soil. A harvestable crop is planted after termination of the trap crop. If a cultivar or plant species is resistant to nematode development but not resistant to nematode penetration that prevent the completion of a nematode's life cycle the cultivar or species may be used as a trap crop in rotation with a susceptible host crop or sowing a non-trap crop to reduce the nematode population density” (Koch and Gray,1997). “Some plants that are not actually susceptible to certain sedentary plant-parasitic nematodes produce exudates that stimulate eggs of these nematodes to hatch. The juveniles enter these plants but are unable to develop into adults and eventually they die. Such plants are also called trap crops. Mechanisms for trapping nematodes with plants vary depending on the interaction between the plant and nematode species. The trap crop can be a different plant species, variety, or just a different growth stage of the same species as the main crop, as long as it is more attractive to the pests when they are present. This practice can be particularly effective when used in combination with crop rotation and other integrated pest management strategies” (Reddy, 2017). For example, Scholte and Vos, (2000) observed reduction of infestation of M. hapla under fallow and under wild potato (Solanum sisymbriifolium ) but infestation increased under potato. However, soil infestation with the root-lesion nematode (Pratylenchus crenatus) under potato was not affected (Scholte, 2000a). Dabur et al., (2004), Shelton  and Badenes-Perez (2006)  and Sacchi et al.,(2021) advocated sequential trap cropping for the management of the rice root-knot nematode (M.graminicola) where three separate cycles of rice production where plants were sown and destroyed each time that were sown earlier than the main crop. Sugar beets grown after incorporating oilseed radish and white mustard forage in infested field of sugar-beet cyst nematode (H.schachtii) had significantly higher yields with higher sugar content compared with the fallow control (Kerr, 1994; Koch and Gray, 1997; Hemayati et al.,2017).
4.1. Types of trap crops
“Trap cropping is a practice for nematode control that has been used since the late 1800s” (Sikora et al.,2005). “Two types of trap crops are there i.e. susceptible trap crop and poor or resistant host trap crops. The susceptible trap crop strategy employs good host plants that are mulched before the nematodes inside the root tissues reach maturity and start reproduction” (Vestergård, 2019). “A susceptible host is planted, and larvae of a sedentary parasitic nematode, such as root-knot, are induced to enter and establish a feeding site. Once this has occurred, and the female begins to mature, it is unable to leave the root. The plants are then destroyed before the life cycle of the nematode can be completed, trapping nematodes within the root. Carrot, beans, sesame, sugar beet, tomatoes, and resident weeds are some of the trap crop in a vegetable field infested with root knot nematode (M. javanica)” (Westerdahl, 2021). Dead-end trap crops are poor hosts or resistant crops that are infected by Meloidogyne spp., but restrict the development and reproduction of the nematodes inside the roots.  Sunhemp (Crotalaria juncea; C.  spectabilis ) is a common green manuring crop which allow invasion by, but do not support development of root-knot nematode (Meloidogyne spp.) can serve as good trap crop. Brassica plants, arugula, Eruca sativa possess biofumigant and trap crop qualities in M. hapla infested field (Melakeberhan et al.,2006). Canola, B.G. pumpkin, mustard, and vetch cv. 976 are some of the trap crop in RKN infested lettuce field (Samara,2022). Sesbania (Sesbania rostata), Safflower(Carthamus tinctorius), Sunhemp (Crotalaria juncea), Marigold (Tagetes patula) were suitable trap crop in root knot nematode infested jute field (Haque et al.,2008). Hafez and Sundararaj (1998) observed the cultivars of oilseed radish ('Adagio' and 'Colonel') and white mustard ('Luna' and 'Accent') are attractive to sugar-beet cyst nematode (H.schachtii) for invasion but may lack nutritional requirements for females development and lay eggs. 
4.2. Trap crop cultivars vary in their differential reaction
“Trap crop cultivars vary in their differential reaction either susceptible to infection or having antagonistic ability to reduce nematode populations for managing plant-parasitic nematodes. Some plant-parasitic nematodes have evolved a dormancy mechanism as a survival strategy” (Evans, 1987; Yen et al.,1995). “The eggs of these nematodes specifically cyst nematodes may not hatch without hatching factors from hosts or non-host plants. A plant species that can stimulate cyst nematode egg hatching to J2, which won’t survive for more than a few weeks in the soil, also may be used as a trap crop. Potato cyst nematodes (PCNs) G. pallida and G. rostochiensis are among the most important pests of Solanaceous crops such as potatoes, tomatoes, and eggplants” (Mugniery and Balandras,1984; Jones et al., 2013). “Each swollen female may contain up to 300- 500 eggs containing second-stage juveniles (J2), and its body wall hardens as it dies to form a cyst. Root exudates from growing potato roots could induce more than 80% hatch. Spontaneous hatch occurs when host plants are not grown, and may reach 30% per annum” (Mkandawire et al.,2022). “When the trap crop was alternated with a susceptible potato cultivar as a main crop, soil infestation increased slightly, but the degree of control (96%) was more when compared with no trap crop” (Whitehead and Turner. 1998; Scholte, 2000a). “Early research focused on the use of potatoes as trap, allowing PCN juveniles to invade the roots, but fail to complete their life cycle by destroying or ploughing the plants” (Halford et al., 1999). “G. rostochiensis Roi egg population was greatly reduced when potatoes (cv. Pentland Crown) grown for 6 weeks and then pulled out of soil” (Whitehead, 1977). “Susceptible potato cultivar Marfona, tomato and the resistant potato cultivar Agria, weeds of Solanum nigrum and S. villosum as well as non-Solanaceae plants, wheat, corn and barley showed considerable hatching of potato cyst nematode” (Fatemy and Ahmarimoghadam, 2025). Bélair et al.,(2016) showed that “several plant species from Solanaceae family have a high degree of resistance to PCN and could stimulate its hatching”. “Wild potato (Solanum sisymbriifolium) and black nightshade plants (S. nigrum ) strongly stimulated the hatch of PCN compared with the non-host white mustard (Sinapis alba)” (Scholte and Vos, 2000). Second-stage juveniles penetrate S. sisymbriifolium roots and establish the syncytium, but further nematode development is inhibited. Two S. nigrum varieties ‘90-4750-188’ and ‘88-4750-061’ showed resistance to G rostochiensis and G pallida (Scholte,2000b; Scholte, 2000c; Varandas et al.,2020).
“Heterodera glycines is one species of which some eggs undergo dormancy” (Hill and Schmitt, 1989; Yen et al.,1995). “Exudates from soybean may break the dormancy and stimulate H. glycines eggs to hatch during vegetative growth of the host, but the activity declined with plant senescence” (Tefft and Bone,1985). “Exudates of pea, a poor host of H. glycines (Sortland and MacDonald, 1987), also may stimulate H. glycines eggs to hatch” (Chen et al.,2001). “H.glycines race 5 developed to low levels on pea, and did not develop on alfalfa, corn, lamb's-quarters, oat, pigweed, sugar beet, sunflower, or wheat” (Sortland and MacDonald,1987). “Sowing of soybean or pea may stimulate H. glycines egg to hatch and reduce egg density if a susceptible soybean cultivar is planted and killed before H.glycines reproduction occurs, or if a resistant soybean cultivar or pea is used either with or without killing the plants” (Chen et al., 2001). 
“Tobacco cyst nematodes (Globodera tabacum tabacum) invaded roots of resistant and susceptible tobacco, nightshade, and tomato. Soil populations of tobacco cyst nematodes were reduced up to 80-96% by destroying nightshade or susceptible or resistant tobacco, tomato within 3 to 6 weeks” (LaMondia, 1996).
[bookmark: _GoBack]“Trap crops for reniform nematodes (Rotylenchulus reniformis) include brown mustard (Brassica napus), sorghum (Sorghum bicolor), sunn hemp (Crotoalaria juncea) and marigolds (Tagetes erecta)” (Wang et al.,2001). 
4.3. Trap crops in mixed population of plant-parasitic nematodes
“Sometimes root-knot nematodes (Meloidogyne spp.) are found coexisting with PCNs. Pathogenicity studies with four S. sisymbriifolium cvs (Domino, Pion, Sis 4004 and Sharp) and five Meloidogyne species showed that all cultivars of S. sisymbriifolium  were resistant to M. chitwoodi and hyper susceptible to M. arenaria and M. hapla. For M. hispanica only cv Pion was susceptible. M. javanica induced different responses: cvs Pion and Sharp were susceptible; cv Domino resistant and Sis 4004 hyper-susceptible. The studies of the hatching effects of root exudates from these cvs showed that they had an influence on the hatching inhibition of second stage juveniles of the five Meloidogyne species tested” (Dias et al.,2012). Waisen et al., (2019) observed reduction of soil populations of Meloidogyne spp. under brown mustard in two trials and R. reniformis in one trial, wheras oil radish did not suppress the target nematodes in all trials. 
4.4. Factors effecting efficiency of trap crop in reduction of plant-parasitic nematode population 
The efficiency of trap crops for reduction of plant-parasitic nematode population depends on the effects of planting date and growing period of the main crop. Crops planted in June provided reductions up to 95% in PCN population with cv. Santé. A shorter growing period (around six weeks) is optimal for population reduction. Population reductions from the August planting were only slightly less than from planting in June but the tuber yields obtained were much greater (Halford et al.,1999). Removing the plants after this period prevents the nematodes from completing their life cycle and producing new cysts (Hancock,1996). More eggs hatched in H. glycines occurred on pod-producing soybeans than on those that remained vegetative (Hill and Schmitt, 1989). For cereal cyst nematode (H.avenae) sowing of wheat cv.C306 as a trap crop early in October and ploughing under late in November performed better than aldicarb @ 2 kg a.i./ha (Bhatti and Dahiya, 1992).
5. Disadvantages
(a).Does not work for ectoparasites or migratory endoparasites that are not trapped in roots.
(b).Selection of right trap crops for the target pests can be challenging, as different plant-parasitic nematodes have different host preferences. It may require trial and error to determine the most effective trap crops for a specific situation.
(c). Trap crops require regular monitoring and management to ensure their effectiveness. This can be time-consuming and may require additional resources, such as labor and equipment.
(d). If not managed properly before females laid eggs  may result in population build-up.
6. Conclusion
Use of trap crop as cultural management practice helps in managing plant-parasitic nematode populations is an attractive option for integrated pest management systems that maintain ecological balance of the ecosystem. Most potential trap crops are only briefly more attractive than the crops they are intended to protect, so sequential plantings are necessary. Moreover, unless the trap crop can be destroyed promptly, it may act as concentrated source of nematode inoculums. To select the most successful trap cropping method, the knowledge of the host range, biological race, biology, biotic and abiotic factors of multiplication, spread and survival strategies, of the nematode and overall understanding of the dynamic and complex nature of plant-nematode interactions are required.
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