Effect of climate change on plant-parasitic nematodes of Cereal crops
Abstract:
Cereals are staple foods, mainly cultivated in tropical and subtropical regions of the world. Climate change, particularly rising temperatures and altered rainfall patterns, is negatively impacting cereal crop productivity and could result in the invasion of pest and pathogen. Plant-parasitic nematodes (PPNs) or herbivorous nematodes are one of the most important destructive pests of cereal crops. Extreme environmental factors have a great impact on plant-parasitic nematode biology and physiology. Above or below optimum environmental condition may aggravate the plant-parasitic nematode (PPN) damage by aiding to abundance, distribution, reproduction, number of generation, and reduced plant defense and ultimately slow down food production. As the food production needs to be increased with increasing population, certain strategies should be undertaken to increase crop yield under adverse climatic condition. The present work overviewed the impact of climate change on plant-parasitic nematodes and its implications to cereals while addressing developing alleviation or adaptation strategies. 
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1. Introduction
Cereals and cereal-based products have constituted the major component of the human diet and animal feed throughout the world. The globally prominent grain species mostly used as staple crops, in the Gramineae family include wheat, rye, barley, oat, rice , millet , corn , sorghum , and triticale, which is a hybrid of wheat and rye. These crops are rich in carbohydrates and proteins and play an important role in global good production. Each of the cereal crops, although originating from different locations, now extensively cultivated in a broad range of climatic conditions. The global production of cereals was estimated to be 2,853 million tonnes for the 2024 season [1]. Climate change, particularly rising temperatures and altered rainfall patterns, is negatively impacting cereal crop productivity leading to decreased yields and could result in the invasion of weed, pathogens, and pests, influencing food security [2-3]. Tropical and subtropical areas of Africa, the Middle East, South and Southeast Asia, are considered more vulnerable to the negative impacts of climate change on cereal production[4]. Plant-parasitic nematodes (PPNs) or herbivorous nematodes are one of the most important destructive pests of cereal crops (Table1). Climate change is expected to significantly impact plant parasitic nematodes, primarily by increasing their population and crop damage through factors like rising temperatures, altered precipitation patterns, and elevated CO2 levels. The specific impacts can vary depending on the nematode species and local environmental conditions [5]. However, uncertainty about the impact of pests on crop yield has been a key limitation in assessing the potential impacts of climate change on agriculture with the vulnerability of cereal crop to increased nematode pest pressure posing particular concern [6]. Understanding the impact of climate change on nematodes is important to predicting changes in ecosystem functions and formulating a climate-smart package to tackle the adverse situation for better growth and yield of agricultural crops.
2. Global climate scenario
Climate change refers to long-term changes (over a 30 year period) in weather patterns on Earth that occurs naturally and by anthropogenic causes. The most persistent consequence of climate change is reflected through changing abiotic conditions mainly global warming on Earth. The Inter-govermental Panel on Climate Change’s (IPCC) Sixth Assessment report in 2023 highlighted that the global temperature has arises due to the combined effect of air and sea surface temperature by 1.09oC since the late nineteenth century and is predicted to rise 1.5oC by 2040 and 4.4oC by 2100 . Human-induced warming has reached ~ 1℃ above the pre-industrial level in 2017, the global mean temperature would rise between 0.9℃ to 3.5℃ by the year 2100 [7]. The concentration of atmospheric CO2 from the ends of the last glaciations to till now (280µmol/mol - 380 µmol/mol) is increasing, and expected to reach at a level of about 550 µmol/mol in 2050 [8]. The growth rate of atmospheric CO2 concentration is quickly increasing more since the year 2000 than in the previous decades. The permanent and aggressive alterations in the abiotic factors eventually affect the Earth’s biome specifically agriculture [9].
3. Impact of global climate change on plant-parasitic Nematodes infesting cereal crops
In the soil, nematodes represents at various trophic and ecological groups, which could be directly associated with the ecosystem and plays a vital role in soil-food web system. There are over 4100 species of herbivorous or plant-parasitic nematodes (PPNs) described to date infesting different crops [10]. These PPNs cause an annual loss worth of US $157 billion worldwide [11]. They establish themselves as a fundamental group in the agro-ecosystem which needs to be studied from the viewpoint of climate change impacts [12]. There are several genera and species of plant-parasitic nematodes are associated with different cereal crops. The relationship between initial nematode density and crop yield is important in determining the economic impact of plant-parasitic nematodes [13]. Selection of cultivar and inherent environmental conditions affect crop loss at a specific population density and geographical distribution. The overall impact of climate change on agriculture is the reduced water availability, increased frequency of drought and flood conditions over a period, inequality of rainfall and imbalances in temperature which in cumulative instigate the PPNs population in soil and further worsen the nematode problems in crop production [14]. It has been observed that the root-knot nematode (RKN) population densities in many crops have gone up and the incidence of Meloidogyne incognita has increased spatially and quantitatively in the last 4-5 years. Similarly, Heterodera spp., and Pratylenchus spp. have also been found in high population densities than before. The existing nematode species are likely to gradually adapt over generations to climate change and thus persists. The emergence of desiccation and heat tolerant races and increased susceptibility of agricultural crops to PPNs will be new challenges in the context of climate change [15]. The demand for nematicides would be enormously more by growers as soon as nematode problems in crop cultivation would be magnified due to climate change [16] but fluctuations in temperature and erratic allocation of precipitation due to global warming would have a vivid effect on persistence of nematicides in the soil [17]. The microbial-based biopesticides (bacterial and fungal) and botanicals have found to be highly vulnerable to environmental stresses like high temperatures, UV radiation and low humidity which may reduce their efficacy, particularly when applied at field conditions. Increases or reductions in plant-parasitic nematode population may impact predatory nematode abundances and could have cascading effects throughout the soil food web[18] .
Table.1. Plant-parasitic nematode infesting cereal crops

	Crop
	Nematodes
	References

	Wheat, Barley and Oat
	 Heterodera avenae; H. filipjevi 
H. latipons;
Anguina tritici; 
Meloidogyne naasi;M. graminicola
M. chitwoodi;M. artiellia
Pratylenchus thornei
P. neglectus;P. penetrans
Ditylenchus dipsaci
	[19],[20],[21],[22]


	Rice
	Meloidogyne graminicola
Aphelenchoides besseyi
Ditylenchus angustus
Hirschmanniella oryzae
Aphelenchoides besseyi
Heterodera oryzicola
H. elachista;H.sacchari 
Pratylenchus indicus 
Hoplolaimus indicus 
	[23],[24],[25],[21]


	Sorghum
	Meloidogyne acronea;M. arenaria
M. incognita;M. javanica
Belonolaimus longicaudatus Paratrichodorus spp. 
Pratylenchus zeae;P. penetrans 
P. crenatus;P. brachyurus
Criconemella spp 
Scutellonema brachyurus;S.sorghi
Ditylenchus africanus;D.destructor
	[26]

	Maize
	Pratylenchus brachyurus ;P. zeae 
P. delattrei ;P. hexincisus 
P. penetrans ;P.sefaensis 
P. scribneri 
Heterodera zeae 
Meloidogyne incognita;M. javanica
	[27]



Global warming is the most domineering manifestation of climate change due to the increase level of CO2 and temperature. Both these physical forces are the essential factors that influence the biology of nematodes. Temperature affect crop phenology that leads to higher carrying capacity of plants through the allocation of photosynthesis products to belowground root systems providing a greater food source for nematode [28]. Nematode development rate is directly propelled by temperature gradient with slower development at cooler and a faster rate at warmer soil temperatures. So, global warming expected to have resulted in multiple nematode generations per season and expansion of their geographical distribution range [29]. Climate change specifically changes in temperature and rainfall pattern is impacting rice production that favours rice nematodes leading to increase damage and yield losses. The warm and humid climate favors quick development, higher fecundity, more generations per year, spatio-temporal shift in abundance and diversity of PPNs [30]. Aphelenchoides besseyi, the life cycle lasts 8 days at 23 °C, whereas at 21 °C, it lasts 10 days [21]. Nematodes do not have a capacity for active dispersal to the long distances, but a change in the nematode population could be forecasted in geographical distribution due to prolonged effect of climate change [31]. As a result of global warming, a generalized shift in trend is observed in insect pest and disease incidence from geographical south to north and from the low altitude to high altitude [32]. Rising temperatures will influence nematode population dynamics in tropical, subtropical to temperate climates [33]. M. graminicola is an obligate sedentary endoparasite, was present mainly in irrigated rice fields in Asia, parts of the Americas, and South Africa. However, it was found in northern Italy in the Piedmont region and in the Lombardy region in the province of Pavia. It has a wide host range and ability to survive during long periods in environments with low oxygen content, signify a threat for rice production [34]. Warmer temperatures could lead to increased M.graminicola egg hatching and rapid development, resulting in more severe root galling on cereal crops. In India, M. graminicola is a serious nematode problem of upland rice cultivation, but in recent days, nematode has intensified its infestations in almost all kinds of rice cultivation including hill ecosystem [35]. 
The consequences of rising levels of CO2 in the atmosphere on PPNs communities have either positive or neutral response, but its effect on plant-nematode interaction is distinctive. Climate change resulting in elevated CO2 may influence PPNs directly by interfering with their development rate and survival strategies and indirectly by altering host plant physiology. Elevated CO2 levels might influence plant growth and architecture, potentially affecting the stem nematodes ability to migrate and feed on the host plant [36]. The response of rice crop under ambient and enhanced CO2 (700 ppm) conditions concerning to M.graminicola infection was studied and observed that under elevated CO2 level, maximum nematode damage has seen in clay loam soil than in light soil [24]. Hu et al.[37] observed that the effect of elevated CO2 concentration on the abundance of trophic groups was cultivar-specific. They found that elevated CO2 concentration remarkably increased the abundance of herbivores for the rice cultivar of IIYou084 and significantly reduced the abundance of herbivores for the rice cultivar of Wuyuniing at the ripening stage. The host response to nematode attack has affected by the elevated levels of CO2 by interfering with host defense strategies particularly salicylic acids (SAR) and jasmonic acid induced (JA) pathways [38]. In terms of defense genes, pathogenesis related proteins (PR), secondary metabolites and volatile organic compounds have significantly modified their expression under elevated CO2 levels and showed genotypic specific response to nematodes [39]. Therefore it can be concluded that CO2 enrichment in crop ecosystem has either positive or neutral reaction on nematode abundance, species richness and nematode diversity but, no negative response was seen [40]. Li et al. [41] studied the effect of elevated CO2 and nitrogen fertilization on soil nematode abundance and diversity in a rice-wheat rotation ecosystem. They reported that the elevated CO2 level has increased the abundance of omnivores-predatory nematodes at the jointing stage of wheat. Various studies indicated that warming exerted a powerful influence on the soil food web compared to elevated CO2 in flooded paddy field while the combined effects of warming and elevated CO2 on the abundance, diversity and function of soil nematode community remain unclear in the winter wheat field [42]. Song et al.[43] observed that there is no impact of elevated CO2 or higher temperature on herbivores nematode in transgenic Bt rice. Wang et al., [44] studied the soil nematode communities in rhizosphere and non-rhizosphere soil under elevated CO2 (500 ppm) and canopy warming (+2°C) in a winter wheat field. The results showed that the nematode diversity and genera richness decreased in the rhizosphere soil under combined treatment, indicating that canopy warming negated the positive effect of elevated CO2 on nematode diversity. Canopy warming significantly increased the nematode abundance by 31.3% but decreased its diversity by 14.5%, while elevated CO2 showed no effect on the nematode abundance but significantly increased its diversity by 6.4%. It was also observed that canopy warming alone significantly increased the plant parasite index in rhizosphere soil rather than in non-rhizosphere soil. 
Changes in precipitation patterns, including heavy rainfall events or more frequent droughts influence the water availability for plants and effects on total plant biomass. As nematodes are semi-aquatic animals, they rely on water films for movement, therefore nematode movement and survival and their ability to infect host plants depend on available moisture content. Availability of water increases densities and levels of nematode parasitism of nematodes, whereas changes in plant communities are known to indirectly affect their abundance and community structure [45]. Bristol et al.[18] in a meta-analysis supports the notions that the abundance of plant-parasitic nematode was 46% lower in the decreased rainfall treatments. There will be more impact on plant-parasitic nematodes abundance and ecosystem functions in drought-affected soils due to lack of plant growth. Heavy rainfall may also affect some land management practices that will either increase the incidence of nematode dispersion and or the probability of a local extinction. For example, increasing rainfall may induce changes in the selection of varieties or cultivated species that may increase the incidence of nematodes, switching either their species composition (replacement) or even increasing natural antagonists and prevalence levels (spreading of antagonists), due to higher moisture. Changes in soil moisture could influence cyst formation and survival of cyst nematode impacting the nematode's ability to overwinter and infect new crops [46]. The system of rice intensification (SRI) and aerobic rice are the water saving method by regulation in irrigation of rice cultivation in India, which provide a suitable environment to increase the infestation levels of the rice root-knot nematode (RKN), M.graminicola [24,47] . Mc Donald and Van den Berg [48] reported that no effect on plant growth variables was recorded when P. zeae-infected sorghum (cv. NK304) was exposed to water stress in a glasshouse experiment. Nematode damage to maize can be considerable, especially during crop development, and is exacerbated under marginal and water-stressed conditions.  In a study assessing resistance to drought and nematodes, the irrigation option × genotype interaction was shown to significantly affect maize growth. The study strongly recommended that certain genotypes should be included in maize breeding programs as donors for Pratylenchus zeae / M. incognita-resistant and drought-tolerant genes [49] . 
4. Modeling
Weather variables introduced in modeling to verify the level of uncertainty and affordability, as well as their effectiveness as informative tools. In general, an insight on the possible outcomes of climate changes may be facilitated by the application of simulation models [50]. For possible effects of climatic changes and the integration of a global climate model with local, specific sub-models are also useful tools. Different predictive models inferred that climate change would reduce production of major cereal crops, except for millets [28]. Nematodes require some time for completion of the different life-stages (eggs, juveniles, adults), may be modeled with different scenarios of daily mean temperature changes, aiming at providing a first rough insight about possible field situations and outcomes. Wang et al.[42] observed under simulated climate change conditions that total nematode abundances were increased by 31.5% under elevated CO2, and by 25.7% under elevated temperature on rice growing stages. Hlavinka et al.[51] demonstrated that warming decreased nematode diversity, but increased plant parasite index, and was negatively correlated with crop production through SoilClim model. A further tool is given by probability distribution maps (PDMs). PDMs allow the identification of potential risks related to distribution of main nematode species. Through this map, there is a possibility of early identification of invasion areas by a pest or the possibility to anticipate the insurgence of epidemics for secondary pests, already present in areas with sub-optimal conditions for life-cycle. PDMs require the monitoring of different climatic variables at the regional scale and a given resolution level, as well as the implementation of an early monitoring and detection support system. Increasing temperatures might shift disease pressure due to PPNs geographically to new areas, as predicted by process-based models.  
5. Future strategies for climate-smart package
Different research approaches have been used, ranging from conducting laboratory and field experiments to performing simulation studies on the impact of climate change and future pest risk. It is difficult to predict the outcomes, as numerous variations occur under such vivid environmental changes, with a multitude of possible implications. Climate change not only affects the nematode community, but also influences the effectiveness of their management strategies. To sustain the increased crop productivity, more research must be undertaken to investigate the global climate change effects on plant-nematode interrelationship and designing of climate-smart strategies. The information on host and the nematode biology and their interaction under changing climate is required to manage diseases. Adaptive management strategies are required to control and cope with the altered pest status of parasitic nematodes. The crop management practices viz., green manuring, crop rotation, intercropping, mulching, and organic amendments have assumed a significant role under changing climate picture, as they are not only the green approaches for nematode management, but also mitigate the impact of global warming by endorsing the carbon sequestration in an agro-ecosystem [52]. The changes in the duration of winter and summer months will alter the population dynamics of nematodes, thus requiring readjustment of crop management practices and also cropping schedules to escape crop damage due to nematodes. More field experiments are needed to test environmental effects on biology of nematodes in their free-living stages under natural and rational circumstances of cereal crops. Management systems should be improved to monitor, detect, and inform farmers about possible changes in nematode distribution, population ecology, damage assessment, losses of yield, and impact assessment. This program can be implemented through awareness campaigns, training and capacity-building modules.   
6. Conclusion 
Climate related risks depend on the extent and rapidity of severity, geographical site, levels of local development and susceptibility, and realized revision and improvement strategies. Agriculture is strongly influenced by weather and climate. While farmers are often flexible in dealing with weather and year-to-year variability, there is nevertheless a high degree of adaptation to the local climate in the form of established infrastructure, local farming practice and individual experience. Climate change can therefore be expected to impact on agriculture, potentially threatening established aspects of farming systems but also providing opportunities for improvements. Considering the impacts of future climate change on crop production, there is an urgent need to sensitize the growers about the current climate and associated changes in the incidence of plant-parasitic nematodes, and further about the different adaptation strategies to be implemented to cope up with the adverse situation. To ensure long-term food and nutritional security and sustainability of natural ecosystems there is a need for involvement of scientific community with relevant intergovernmental organizations for effective monitoring and management of plant-parasitic nematodes of cereal crops under future climate scenarios. 
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