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Review Article

The Role of Silkworm Host Plants in Promoting Sustainable Agriculture and Carbon Sequestration: A review


ABSTRACT 

	The modern world is weighed down by the difficulties posed by climate change and global warming, which are predominantly the result of human actions. The heightened emissions of carbon dioxide and other greenhouse gases produced by humanity are primarily accountable for the upward trajectory in global temperatures recorded over the past 70 years. The level of CO2 has demonstrated a significant upward trend, increasing by 50% in the atmosphere, from roughly 280 ppm to almost 416 ppm by volume since the industrial revolution began. Studies indicate that global warming must be restricted to a maximum of 1.5°C; surpassing this limit, even by a mere half degree, will considerably increase the risks of drought, floods, extreme heat, and poverty affecting hundreds of millions of individuals. Therefore, it is essential to formulate a thorough strategy for climate mitigation, with carbon sequestration emerging as a significant component of the solution. Increasing the carbon sink ability of the biosphere through carbon sequestration in biomass and soil has been identified as an essential strategy for tackling climate change and reducing the impacts of greenhouse gas emissions. International initiatives are currently being implemented to reduce the effects of greenhouse gases, with plants acknowledged as the most economical means of absorbing green carbon. Sericulture exemplifies an environmentally friendly, nature-based practice that provides both ecological restoration and livelihood support. Through its host plants, sericulture plays a crucial role as a carbon sink. The mulberry plant (Morus spp.) is recognized as an optimal choice for sustainable development. Studies are also carried out to evaluate the carbon sequestration capabilities of host plants for eri and muga silkworms. the review analyzes the potential of different silkworm host plants, including mulberry, eri, and muga, in relation to carbon sequestration.
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1. INTRODUCTION 

The modern world is struggling with the challenges of climate change. Numerous research efforts support the notion that the increased emissions of carbon dioxide (CO2), methane (CH4), and nitrogen oxides (NOX), resulting from population growth, modifications in land use, economic expansion, the burning of fossil fuels and biomass, and the degradation of soil organic matter, are the main drivers of the anthropogenic greenhouse gas effect and are chiefly responsible for the increase in global temperatures over the past 70 years (1, 2).There is a substantial scientific consensus that the warming trend recorded on Earth and the rise in associated extreme events are linked to human-generated greenhouse gas (GHG) emissions, which primarily arise from the combustion of fossil fuels and changes in land use (3). Carbon dioxide (CO2) constitutes 76% of total greenhouse gas emissions and since the onset of the industrial revolution, the concentration of CO2 has exhibited a rising trend, increasing by 50% in the atmosphere, from approximately 280 ppm to nearly 416 ppm by volume (2,4). Since 1975, there has been an estimated increase of 0.158ºC in global temperatures every decade, and leading climate scientists worldwide have already raised concerns that global warming must be confined to a maximum of 1.5°C. Exceeding this limit, even by a mere half degree, will substantially elevate the risks of drought, floods, extreme heat, and poverty affecting hundreds of millions of individuals (5,6) .This information is corroborated in the IPCC's 2007 report, which indicates that the rise in global temperatures has led to significant impacts on ecosystems, including an increase in the frequency and severity of wildfires and a rise in sea levels by approximately 15 to 23 cm throughout the twentieth century (5). The prevailing rates of temperature escalation necessitate that the aim of restricting the global temperature to under 2°C above pre-industrial levels, as agreed upon by 125 nations in the Paris Agreement of 2015, demands not only prompt and substantial reductions in CO2 emissions, targeting complete de-carbonization of the global economy by 2050, but also the adoption of 'negative emission' strategies to retract the CO2 that has been emitted (2). The most recent, sixth assessment report published by the Intergovernmental Panel on Climate Change (IPCC) stresses the urgent need for intervention to avoid irreversible impacts on both humanity and the planet (3). Earth's natural capacity to absorb or mitigate does not measure up to the impact of the current rate of CO2 emissions, which are largely attributed to fossil fuel combustion, deforestation, and industrial emissions. The effects of this increase in global temperatures are apparent, affecting food security, public health, biodiversity, and the overall stability of the planet. Despite global efforts to reduce GHG emissions through the use of renewable energy sources and sustainable practices in agriculture, transportation, and industry, these actions are inadequate to restrict the rise in global temperatures to safe levels. Thus, it is imperative to devise a comprehensive strategy for climate mitigation, with carbon sequestration surfacing as an important part of the solution (7).  Carbon sequestration plays a vital role by significantly reducing the levels of greenhouse gases (GHGs) in the atmosphere (8). Enhancing the carbon sink capacity within the biosphere through carbon sequestration in biomass and soil has been recognized a critical strategy for addressing climate change and mitigate the effects of greenhouse gas emissions (5,9).
2. UNDERSTANDING CARBON SEQUESTRATION AND STRATEGIES 

Carbon sequestration is a term that has multiple definitions; however, it broadly refers to both natural and intentional processes that involve the removal of CO2 from the atmosphere or its diversion from emission sources, capturing it in terrestrial environments such as vegetation, soils, oceans, and geological formations, among others. It involves the capture of carbon dioxide from the atmosphere and its storage in a way that restricts its release back into the atmosphere (7).  Another definition of carbon sequestration describes it as the process of capturing and storing CO2 in a stable form for a prolonged duration, whether directly or indirectly (6). In other words, it plays a crucial role in addressing global warming and its related effects on the environment, while also assisting in the stabilization of carbon in both solid and dissolved states, thereby preventing it from raising the atmospheric temperatures (8).
2.1 STRATEGIES OF CARBON SEQUESTRATION
Carbon sequestration process can be broadly categorised into biological and non-biological which can be chemical, geological, or physical in nature. Non-biological process encompasses oceanic sequestration, geological sequestration, and chemical sequestration through mineral carbonation. Biological carbon sequestration, on one hand, implies the sequestering of carbon dioxide within various ecosystems in a variety of ecosystems, such as oceans, soils, forests, and grasslands, as well as other environments. It pertains to the natural methods used for the capture and storage of CO2. On the other hand, geological carbon sequestration refers to the process of capturing CO2 emissions from industrial sources and subsequently injecting them into subterranean rock formations (2,8). When compared to non-biological methods that have limitations in terms of efficiency and costs, biotic processes are economical and can be implemented swiftly. The process of photosynthesis is mainly responsible for the uptake of CO2, which is essential for the global carbon cycle. Annually, about 9 gigatons (Gt) of carbon are emitted  into the atmosphere through anthropogenic activites, of which 5 Gt is absorbed naturally  by the aquatic and terrestrial systems. Focusing on both of these systems, biological carbon sequestration encompasses blue carbon sequestration and terrestrial carbon sequestration (2). 

Global initiatives are in progress to reduce the impact of greenhouse effects, with plants being recognized as the most economical absorbers of green carbon. On an annual basis, around 30% of anthropogenic CO2 emissions are taken up by terrestrial ecosystems. The forest ecosystem, as a significant component of this terrestrial biosphere, is vital for regulating energy balance and the water cycle, as well as managing climate and the carbon cycle (4). Trees can directly or indirectly be utilized as a carbon sequestration method. In the direct approach, standing trees serve as a reservoir of carbon, whereas the indirect approach involves substituting forest products for fossil fuels (8). The Climate Portal at MIT (Massachusetts Institute of Technology) has conducted studies indicating that in 2021, the United States emitted 5.60 billion tons of CO2, necessitating the absorption capacity of over 30 million hectares of trees. Furthermore, it was estimated that one hectare of trees can absorb 50 tons of carbon, which corresponds to approximately 180 tons of CO2 present in the atmosphere (10). This review intends to shed light on terrestrial carbon sequestration, concentrating mainly on the fixation and release of carbon by trees and forest ecosystems.
3. SERICULTURE AND ITS ROLE IN CARBON SEQUESTRATION

India serves as a habitat for a variety of sericigenous insects along with their host plants. There are five primary types of natural silkworms, which include mulberry, eri, muga, tropical tasar, and temperate tasar, that feed on host plants such as mulberry, castor, kesseru, tapioca, som, soalu, arjun, asan, sal, and Quercus ect. Unlike the mulberry silkworm, which is monophagous, wild silkworms are polyphagous in nature. The term silk is often equated with the silk produced by Bombyx mori L., which exclusively feeds on mulberry; other silks are categorized as wild or non-mulberry silk. Mulberry, a perennial deciduous plant, is grown not only for sericulture but also for its fruit, fodder, timber, and wood (11). Wild silkworms consume a range of food plants. The temperate tasar silkworm feeds on various Quercus species, while tropical tasar, muga, and eri silkworms feed on numerous annual plants and perennial trees that have diverse applications, hence referred to as multipurpose trees (12). The pressing need to restore degraded land and sequester atmospheric carbon has sparked a growing interest in nature-based solutions, including agroforestry, sustainable agriculture, and silvopastoral systems. Sericulture is an example of an eco-friendly nature-based practice that offers the dual benefits of ecological restoration and livelihood support. Although silkworms do not directly address desertification or climate change, they contribute indirectly to tackling both challenges when integrated into sustainable land use practices. Sericulture is more than just an agricultural economic activity; it is a holistic approach that combines ecological conservation with rural development (13). In this review article, an effort has been undertaken to examine the potential of various silkworm host plants, including mulberry, eri, and muga, for carbon sequestration.

3.1 MULBERRY SILKWORM HOST PLANT 
“Sericulture provides environmental benefits such as air purification, carbon sequestration, and soil and water conservation, which is primarily linked to mulberry production”. The mulberry silkworm Bombyx mori L. is a host-specific insect that exclusively feeds on mulberry (Morus spp.) leaves to form a cocoon that serves as a protective cover. Mulberry (Morus spp.) is classified under the genus Morus within the Moraceae family and comprises approximately 36 varieties. Some of the most common ones are Morus alba,      M. indica, M. nigra, M. rubra, M. australis, M. atropurpurea, M. cathayana, M. notabilis and M. mesozygia. There are two species of mulberry, namely M. laeviagata and M. serrata, that exist in the wild in India. The former is found throughout the country, whereas the latter is limited to the northwest area. Notable cultivated species were Morus indica and Morus alba (14). This is a fast-growing, deciduous woody tree species that exhibits perennial traits and is native to the Himalayan foothills of India and China. This resilient plant can be found globally across nearly all types of agro-climatic conditions, ranging from tropical to temperate. Mulberry trees are distributed worldwide, spanning from tropical regions to subarctic areas, and can be found at elevations from sea level up to 4000 meters. These trees can thrive in temperatures that vary from 40°C to -40°C, require a minimum precipitation of 300 mm, and can adapt to soil pH levels between 4.5 and 9 (15). This plant is acknowledged as unique owing to its widespread geological distribution across continents, its potential for cultivation in various forms, the numerous applications of its leaf foliage, and regarded to have highest impact in protection of the environment through ecorestoration of degraded lands, bioremediation of polluted sites, water conservation, prevention of soil erosion, and enhancement of air quality through carbon sequestration. It also boasts higher foliage production, a shorter gestation period, and improved adaptability to environmental conditions, among other qualities (14,16). 
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Fig.1: Mulberry plant
The potential advantages of industrial mulberry exploitation include the production of variety of products spanning from food, cosmetic, pharmaceutical and healthcare industries which have drawn the interest of Industrialists (12). The present world is plagued by a rise in toxic pollutants found in the soil, water, and air, which presents significant dangers to the environment, ecology, and human health. Factors such as rapid urbanization, deforestation, and an excessively dense urban population may contribute to this issue. Mulberry exhibits several key characteristics, including a deep root system, substantial biomass production, and strong adaptability to environmental changes, which have been noted as beneficial in addressing environmental pollution (15).

3.1.1 ROLE OF MULBERRY PLANT IN CARBON SEQUESTRATION 
Mulberry trees serve as efficient carbon sinks, as their leaves can absorb air pollutants such as carbon dioxide, carbon monoxide, hydrogen fluoride, sulfur dioxide, and chlorine from the atmosphere and their root exhibit a strong ability to uptake the carbon pollutants and heavy metal pollutants from the soil. Being a C3 plant, it can take in a larger amount of atmospheric CO2 and sequester it in the above-ground biomass. This action not only decreases the atmospheric CO2 concentration but also enriches the carbon stock in the soil (17). Further studies confirm that one mulberry tree has the capacity to take in 4162 kg of carbon dioxide while producing 3064 kg of oxygen on an annual basis (18). Furthermore, a separate study estimated that one hectare of mulberry trees has the capacity to absorb 6.241040 kg of carbon dioxide and release 4.60104 kg of oxygen annually. Additionally, it was found that one hectare of mulberry can absorb one tonne of carbon dioxide each day and emit 0.73 tonnes of oxygen, which is sufficient to support the respiration of 1000 individuals (15). The carbon sequestration capacity of the mulberry plant as a carbon sink also reported (17). The experiment was performed in red sandy loam soil, adhering to standard mulberry cultivation methods, with variations including reduced tillage and mulching, as well as two irrigation methods (furrow and drip). The findings demonstrated that the carbon sequestration potential of mulberry, along with carbon stock and the rate of carbon sequestration in the soil, was significantly higher under reduced tillage combined with mulching and drip irrigation compared to other management practices. The carbon sequestration and oxygen-release (CSOR) potential of six different Mulberry Tree Varieties viz., Zhongsang 1302, Suhu 16, Jin 10, Yu 711, Husang 32, and Zhongsang 9703 during the summer months during the year 2024 (4). They found that Zhongsang 1302 had the highest CSOR potential during summer. This variety exhibited benefits in terms of growth, photosynthetic efficiency, and adaptability to a broad spectrum of light intensities. Some mulberry varieties, particularly Suhu 16 and Zhongsang 1302, displayed stronger CSOR potential than other tree species, making them viable candidates for managing urban green spaces. These findings contribute to a deeper understanding of the ecological importance of mulberry trees and their role in carbon reduction and climate improvement. Mulberry is a highly resilient tree species against sulfur dioxide pollution. It has the capacity to sequester large amounts of sulfur dioxide each day which is estimated as 5.7 g per kg dry leaves. Mulberry effectively absorbs industrial waste gases and nitrogen compounds. In addition, it has a notable resistance to sulfur dioxide, a substantial capacity for fluoride absorption, and an ability to resist  floride, thus qualifying it as a species that promotes clean air. The diameter of mulberry roots is greater near the stem area, subsequently decreasing rapidly in size rope-like structure featuring secondary and tertiary roots, as well as root hairs, which together form a fibrous mat-like structure that enables the absorption of high levels of carbon pollutants from the soil (16,18). It has been noted that mulberry leaves stayed undamaged or part of damage was less than 20 % of total leaf area despite elevated levels of chlorine pollution in the atmosphere, indicating that the mulberry plant possesses a natural resistance to chlorine (15,16,19,20). Thus, it may be planted beside rivers, at the peripheries of fields, on slopes, in garden corners, along roadsides, in public parks and other recreation places. Mulberry embankment decreases air temperature and boosts air humidity. It also raises air temperature as the climate becomes colder (19). These characteristics of the mulberry plant have enabled its effective use in the bioremediation of air pollutants in urban environments and the phytoremediation of carbon pollutants in contaminated soil adjacent to industrial and chemical factories. Due to its capacity to control environmental pollution by enhancing air quality and remediating carbon and heavy metal pollutants, it has been identified as a plant that supports sustainable development (13,16).

3.2 ERI SILKWORM HOST PLANTS

Samia ricini (Donovan), commonly referred to as the Eri silkworm, is deemed the most prominent commercially utilized wild silkworm, which has been dubbed the Silk of the Millennium owing to its potential for effective product and by-product utilization, as well as value addition in both the textile and textile sectors (21). This species is multivoltine and polyphagous, feeding on a variety of host leaves. The predominant host plants belong to the families Euphorbiaceae, Araliaceae, Apocynaceae, and Simaroubaceae. It consumes over 29 species of host plants. The primary food sources for the eri silkworm include Castor (Ricinus communis L.) and Kesseru (Heteropanax fragrans Seem.). Additionally, there are several secondary host plants such as tapioca (Manihot esculenta), Barpat (Ailanthus grandis Baiu.), Barkesseru (Ailanthus excelsa Roxb.), and Payam (Evodia flaxinifolia Hook.), which are utilized for rearing eri silkworms during periods when primary host plants are scarce (22).
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                 Fig.2. Castor plant                                         Fig.3. Kesseru plant                                 

Castor (Ricinus communis L.) is the main food source for the eri silkworm and is primarily an annual plant, though it can occasionally be perennial. This plant is cross-pollinated, but unlike many other cross-pollinated plants, it shows a preference for self-pollination. In India, castor is widely found in the northeastern states, as well as in West Bengal, Bihar, Rajasthan, Gujarat, Orissa, and Andhra Pradesh. The northeastern states play a crucial role in the utilization of castor leaves for the rearing of eri silkworms, contributing a major share to the total eri silk production in the country. There are various castor varieties available in North-East India, with NBR-1 being the first variety that has exhibited the best performance in terms of leaf yield and silkworm rearing in the region. Kesseru (Heteropanax fragrans) is classified as a softwood tree of the Araliaceae family. It is considered the second-best food plant for the eri silkworm, following Castor. Kesseru is a perennial evergreen tree, and its foliage has the advantage of allowing for eri silkworm rearing throughout the year from the same plantation. The leaves of Kesseru are tough and fibrous, making them harder to chew in comparison to castor leaves. This species is prevalent in the North-Eastern region of India, found in both wild and cultivated settings. Tapioca (Manihot utilissima) is a tuber crop that is significantly utilized by tribal communities. The leaves are used for the rearing of eri silkworms when castor leaves are not readily available. It is capable of withstanding adverse climatic conditions. More than 42 species of this plant are present in the wild in this region. Tapioca is distributed throughout all states of North-East India and is also used in other Indian states for two purposes: the tubers are consumed as food (11), and the leaves are utilized for eri silkworm rearing. Barkesseru are trees that grow rapidly and are resistant to drought, exhibiting deciduous characteristics. The term "Ailanthus" originates from the Moluccan Island in far eastern Indonesia and translates to "the highest." This genus comprises 10 species, primarily found in China, India, Southeast Asia, and Australia (23). 

3.2.1 ROLE  OF ERI SILKWORM HOST PLANTS IN CARBON SEQUESTRATION

The function of Castor (Ricinus communis L.) as a climate-resilient crop and ecological engineer has been examined by researchers. Ricinus communis L. was identified as a viable option for the remediation of contaminated land (24). Its other significant applications include biodiesel production, medicinal products, societal development, and job creation for local communities, along with carbon sequestration and the reduction of greenhouse gases (GHG), among others. It has demonstrated a remarkable capacity to extract a majority of toxic metals such as Cd, Pb, Ni, As, Cu, and various organic contaminants like pesticides. This highlights its potential as an effective phytomediator for numerous organic and inorganic toxic substances, especially heavy metals and polyaromatic hydrocarbons, in addition to its other advantages as a medicinal and oil-producing plant. In contrast to other plants, it can thrive year-round, even under drought and saline conditions, which enhances its superiority over other species. As a hyper accumulator of several metals, it can be utilized sustainably for the reclamation of sodic soil (25). The carbon sequestration capabilities of three eri host plants that are widely grown in North-East India are: Manihot esculenta (which encompasses the Sree Raksha, Majuli Local, and Meghalaya tapioca varieties), Ricinus communis (specifically the Non-bloomy red castor variety at ages of 3 months, 3 years, and 4 years), and Heteropanax fragrans (26). The research evaluated both aboveground and belowground biomass to determine their effectiveness in carbon capture and storage. The results demonstrated considerable variability among the plant varieties regarding leaf and shoot traits, biomass production, carbon storage, and CO2 equivalent. The study highlighted significant differences in carbon sequestration potential among the examined plants. Kesseru emerged as the most efficient host plant, exhibiting the highest aboveground and total biomass, followed by the 4 years old castor and the 3 yearsold castor. In contrast, the tapioca varieties (Sree Raksha and Majuli Local) displayed markedly lower biomass compared to the other species. Implementing systematic plantation practices guarantees a consistent supply of foliage for silkworms while promoting carbon sequestration. These results carry vital ecological and environmental implications, especially concerning carbon sequestration and climate change mitigation, underscoring the importance of plant diversity and growth patterns in sustainable land management. 

3.3 MUGA SILKWORM HOST PLANTS
The muga silkworm (Antherea assama Westwood) is an endemic multivoltine, polyphagous insect that feeds on the foliage of numerous plants. These food plants are widely distributed throughout North-Eastern India and in certain areas of Northern India. They are readily available in the states of Assam, Meghalaya, Manipur, Mizoram, Nagaland, Tripura, Sikkim, Himachal Pradesh, Uttaranchal, Uttar Pradesh, Gujarat, West Bengal, and Pondicherry, while being sporadically found in Arunachal Pradesh. The Muga silkworm consumes a broad spectrum of plants, with som (Persea bombycina) and soalu (Litsea monopetala) identified as the primary host plants. In addition, dighloti (Litsea salicifolia) and mejankori (Litsea citrata) serve as secondary host plants (27). A selection of other minor host plants, such as Cinnamomum glaucescens, Actinodaphne obovata, Michaela champa, Zizyphus jujuba, Xanthoxylum rehsta, and Celastrus monosperma, are also available and are regarded as tertiary in nature (22).

Persea bombycina King ex Hook f. (Machilus bombycina King) is a member of the Lauraceae family and falls under the order Laurales. The Persea genus comprises approximately 150 species of evergreen trees. Som is characterized as a perennial, evergreen, aromatic tree that is medium-sized and propagated via both sexual (seeds) and asexual (stem cuttings and air layering) methods. This aromatic tree does not shed its leaves and can reach a height of around 20 meters when fully mature, featuring a deep tap root system. Its stem is cylindrical, woody, rough, and has grey bark, while the branches extend outward (28). 
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Fig. 4. Som Plant
3.3.1 ROLE  OF MUGA SILKWORM HOST PLANTS IN CARBON SEQUESTRATION
Limited scientific research has been conducted to explore the potential of Muga silkworm host plants in carbon sequestration. In Assam, Machilus gamblei King (Syn. Persea bombycina King) is primarily cultivated through farm forestry and agroforestry systems. Within the agroforestry context, local communities grow it in home gardens, while in the farm forestry system, the plantations are mainly managed as sericulture farms. This species not only provides sustenance for the muga silkworm but also enhances biomass production, aids in carbon sequestration, and contributes ecological benefits to nutrient cycling. It has shown promising potential for sequestering atmospheric carbon in both plant and soil (29). Som is a promising potential to sequester atmospheric carbon in plant as well as in soil (30).   
4. Conclusion
“In every silken thread lies the quiet work of nature-restoring the soil, cooling the air, and weaving resilience into the fabric of our planet” (13).
As climate change becomes more severe and the world deals with its repercussions, countries and industries are searching for innovative solutions to minimize carbon footprints. Carbon sequestration in plantations can be instrumental in reducing the concentration of atmospheric CO2. One such method is the implementation of carbon sequestration strategies in sericulture, which not only promotes environmental sustainability but also strengthens economic resilience for farmers. It is imperative to conduct more research to understand the potential role that silkworm host plants can play in carbon sequestration. This research should concentrate on measuring the carbon sequestration potential of different silkworm host plant cultivation methods in various regions, as well as creating effective guidelines for farmers to adopt these strategies. By utilizing the capabilities of host plant species and trees, we can make significant advancements towards a more sustainable and eco-friendly agricultural system (31). The prospects for carbon sequestration in plants are contingent upon the protection and management of natural ecosystems, adapting to evolving environmental conditions and implementing effective land-use policies. Conducting research into plant biology, ecosystem dynamics, and sustainable management practices will be crucial to maximizing the capacity of plants to combat climate change (32). To effectively combat climate change, there is a pressing requirement for scalable solutions capable of decreasing atmospheric carbon dioxide. In this scenario, plants are essential, as they absorb CO2 via photosynthesis and store carbon in their biomass. Identifying and fostering species with significant carbon sequestration capabilities is imperative, given that many studies have validated that encouraging plant growth and afforestation can greatly reduce CO2 concentrations. It can be confidently asserted that sericulture not only provides a source of income but also ensures that its host plants play a vital role as carbon sinks. 
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