


Review Article
Molecular Mechanisms of Climate Stress Tolerance in Silkworms: Insights for Sustainable Sericulture among Farmers
ABSTRACT
Climate change represents a serious and growing threat to the sericulture industry in India and across the world. Silkworms being obligate ectotherms are severely sensitive to environmental changes, especially during their critical developmental stages i.e., 4th and 5th instars. This affects their biology including glucose and lipid metabolism, oxidative phosphorylation, cocoon development and ultimately results in reduced silk production and inferior silk quality. In this review the complex molecular defence mechanisms of silkworms against various climatic stress conditions, including thermal stresses, oxidative stresses and cold stress has been discussed to give a comprehensive view on the different molecular strategies of silkworm to combat various external stimulus. Heat Shock Proteins (HSPs) are mainly focussed in this adaptation, which acts as crucial molecular chaperones to prevent protein degradation. Heat stress response in silkworms shows higher production of HSPs like HSP70, HSP90, small-HSPs, BmmHSP20.1 etc., which mitigate protein damage and therefore promote thermotolerance. Oxidative stresses are also provoked by high a temperature, which drives the excess production of Reactive Oxygen Species (ROS). Silkworms defend themselves against this threat through a series of coordinated response of antioxidant defence enzyme production like Superoxide Dismutase (SOD), Glutathione S-transferase (GST) and Catalase (CAT). The heat-humidity stress response in silkworm triggers DNA methylation and 20E signalling pathway, which acts against these environment stressors, mediates autophagy and can help identify important resistance genes under stress conditions. Sophisticated cold stress responses are also visible in silkworm breeds that are susceptible to cold. Silkworms demonstrate complete resistance to short-term cold stress, maintaining a 100% survival rate after being exposed to 0°C for up to 12 hours. Ultimately securing a sustainable future of sericulture requires strategic approaches to unify advanced climate-resilient breeding tools like genome editing and SCAR markers to develop robust strains; and simultaneously implementing climate-smart management approaches like temperature control, water efficient host plant cultivation, disease control etc. 
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1. INTRODUCTION
Silkworms, the producers of the luxuriant silk thread, are delicate insects that are ectothermic in nature i.e., the internal temperature of their body closely corresponds to the surrounding temperature (Neelaboina et al., 2018). Alterations to the environmental temperature like hot weather conditions particularly during 4th and 5th larval instars can significantly impact the silkworm behaviour, growth, development and reproduction. Such changes to temperature pose a significant challenge that adversely affects both silkworms and cocoon crops. The problems caused by these unfavourable conditions can be substantially minimized by following to the suggested silkworm rearing (Tripath et al., 2017). Silkworms and other beneficial insects are prone to vulnerability to the effects of climate change due to their extensive involvements in biotic interactions critical in maintenance of the ecosystem (Bhat et al., 2024). Rising temperatures, unpredictable monsoons, high humidity, greenhouse gas buildup and inadequate management results in lower raw silk and mulberry leaf yields, poor silk quality, more breakage and a number of negative environmental outcomes, including drought, water stress and soil degradation like acidification and salinization (Manzoor et al., 2024).
This centuries-old industry with consistent productivity is currently facing difficulties previously unheard-of related due to climate change and variability. Global silk production has grown more unstable in recent decades due to rising temperatures, unpredictable rainfall and extreme weather events that interfere with the raising of silkworms and the growth of mulberries (Liu et al., 2024; Manzoor et al., 2024). These difficulties are exacerbated by regional differences because various silk-producing regions are subject to varied climatic stresses. Some areas struggle with heavy rainfall, flooding, or increased rates of pests and diseases, while others are dominated by drought and heat stress. Complex climate changes threaten the health of silkworms and mulberry growth, which in turn lowers the amount and quality of silk produced (Sujatha et al., 2024; Manzoor et al. 2024; Bhat et al. 2024). Sericulture has strong future prospects thanks to climate-resilient breeding initiatives, creative cultivation methods, effective pest and disease control and the use of contemporary technologies (Sujatha et al., 2024; Fatima et al., 2024). However, older knowledge systems are still valuable and can be used in conjunction with new technologies. Therefore, protecting the future of this sector will require a balanced strategy that maintains cultural authenticity while boosting resilience and production (Attri et al., 2024; Thrilekha et al., 2024).
At the intersection of agronomy, biotechnology and institutional support, adaptation routes are beginning to take shape. In terms of genetics, silkworm genome editing and transcriptomics-informed mulberry breeding are producing stress-resilient lines that continue to produce in the face of drought and heat (Li et al., 2022; Sun et al. 2024). The sericulture industry will benefit greatly from a thorough understanding of the various molecular mechanisms, such as the function of Heat Shock Proteins (HSPs), antioxidant defence systems in silkworms, changes in gene expression and regulation in response to climate stress, epigenetic modifications and signalling pathways involved in climate stress response in silkworms. The various molecular mechanisms that silkworms have to assist them resist the negative impacts of climatic stress are critically examined in this article. This paper attempts to offer a thorough framework for comprehending the molecular mechanisms of silkworm climatic stress tolerance by examining recent studies and case studies.

2. Molecular Aspects of Climate Stress Tolerance
Insects' adaptability to heat stress, particularly in hot and humid settings, is poorly understood. When reacting to damage caused by abrupt high temperatures, plastic reaction is crucial (Rahmathulla et al., 2012). Long-term heat tolerance depends on genetic adaptation, but little is now understood about the precise genes at play, particularly in tropical regions where high humidity and temperatures compound stress. Environmental factors have a big impact on silkworm growth and development. The genetic makeup of silkworm strains, rearing seasons, ambient temperature and the quality of the host plant leaf all affect the biological and cocoon-related characteristics (Rahmathulla et al., 2012). The performance of various silkworm species varies with the season. The genotypic expression manifested in phenotypic output, including cocoon weight, cocoon shell weight and cocoon shell weight ratio, is significantly affected by seasonal variations in environmental factors. The need to control temperature and relative humidity for sustainable cocoon formation is highlighted by the changes in environmental circumstances during the past ten years. Silkworm growth and temperature are directly correlated; large temperature fluctuations are detrimental to silkworm development. Numerous factors influence the sericulture industry's success, but environmental factors—both biotic and abiotic—are particularly significant since they control diverse molecular pathways of climatic stress tolerance in different silkworms (Rahmathulla et al., 2012).

2.1. Role of Heat Shock Proteins (HSPs) in silkworms defence against heat stress 
The heat shock proteins (HSPs) are discovered to have ecological and evolutionary functions in the post-genomic era. As evident in recent studies, HSPs are involved in the development of cardiovascular disease and biology, apoptosis-induced cell death and a number of other essential cellular processes.  Compared to the exotic bivoltine races of temperate origin, the tropical Indian multivoltine races of Bombyx mori (Pure Mysore, C. Nichi and Nistari) are more tolerant of high temperatures. Bivoltine races, in contrast to multivoltine, have a higher potential production and yield silk of greater quality, but they cannot withstand India's harsher climate. It is well known that cells exhibit a heat shock response to high temperatures by producing a new class of proteins known as heat shock protein (HSP), which is always present in thermotolerant cells (Craig, 1985). Since several quantitative characteristics drastically decrease at higher temperatures, the requirement for bivoltine strains which are thermotolerant in nature might be one of the most important factors in developing bivoltine hybrids for the tropical regions. For the development of climate resilient silkworm hybrids, the recent advances in stress-induced protein synthesis and silkworm breeding have created new opportunities (Srivastava et al., 2007; Moghaddam et al., 2008). It has been found that the silkworms show a decline in all it’s genetic traits with the increase of temperature above standard level when thermal treatment is applied. Biomolecules like lipids, DNA, RNA etc. were also found to be vulnerable to heat stress (Kumar et al., 2002). Under temperature stress, the usual pattern of protein synthesis stops which results in a variety of cellular disorders. Nonetheless, it was found that exposing the cells to sublethal high temperatures for a brief period of time protected the organism from later, more drastic temperature shifts (Denlinger and Yoccum, 1998; Gilchrist and Huey, 1999). Therefore, in order to understand genetic stability under a variety of environmental conditions and the productivity of different breeds under a variety of environmental conditions, it is crucial to measure the degree of phenotypic difference of the economical features. Earlier instars of silkworm larvae (1st to 3rd) are relatively more sensitive to any given heat shock temperature than 4th and 5th instars. These later stages in larval life are more tolerable to higher temperatures for a relatively longer time period (Vasudha et al., 2006).
The adverse effect of high humidity depends on the degree of high temperature. It exacerbates harmful effects to silkworms only under high temperature conditions. In thermotolarant silkworm strains, 88 evolved thermoplastic genes (Evo-TPGs) and 1338 evolved non-plastic genes (Evo-nonPGs) has been identified based on co-expression network and transcriptome analysis. After short-term exposure to higher temperatures (35°C),18 Evo-TPGs genes encode cuticular proteins and among these 18 Evo-TPGs genes, 17 genes are specifically downregulated in thermotolerant strains (Zhuo et al., 2025). This could compensate for the reduction of tracheal ventilation by encouraging cuticular evaporation to disperse internal heat in hot and humid conditions. The majority of the metabolic genes for the Evo-nonPGs were expressed at lower background levels in the thermotolerant strains, but in case of the genes related to oxidative stress, the opposite trend was seen, which suggests that the silkworms can improve their heat tolerance by reducing their metabolic rates and allocating more resources to combat oxidative damage caused by heat. Additionally, the heat resistance-related genes displayed more single nucleotide polymorphisms (SNPs) across resistant and sensitive strains, compared to randomly chosen genes which indicates the influence of natural selection (Zhuo et al., 2025). The thermotolerant silkworms may lower their internal temperature by dynamically controlling cuticle respiration in response to high temperatures and humidity, through long-term adaptive evolution. At the same time, they may allocate more energy to deal with and repair heat-induced damage. All things considered, these results shed light on how insects have evolved to withstand heat in response to climate change.
Table 1: Different Heat Shock Proteins (HSPs) involved in thermotolerance of different silkworm breeds of Bombyx mori and their location/stage of life cycle (modified from Ashraf et al., 2022)
	Bombyx mori (breed/strain)
	Heat shock proteins (HSP) involved in thermotolerance
	Organ / body part / Stage of life cycle

	C. Nichi, Pure Mysore, NB4D2
	93 kDa, 70 kDa
	Fat body, Cuticle and Hemolymph

	PMxCSR2
	119 kDa, 72 kDa, 90 kDa, 67 kDa, 49 kDa, 43 kDa, 39 kDa, 27 kDa, 25 kDa
	Hemolymph

	PMxCSR2
	73 kDa, 65 kDa, 44 kDa, 37 kDa, 22 kDa, 18 kDa
	Fat body

	Nistari
	72 kDa, 95 kDa
	Hemolymph

	P50
	70 kDa, 27 kDa
	Egg

	CSR2
	30 kDa, 84 kDa
	Embryo

	CSR4
	49 kDa, 22 kDa, 21 kDa
	Embryo



[bookmark: _Hlk209653151]In Chinese oak tasar silkworm (Antheraea pernyi), small heat shock protein 21 (sHSP21) mediates immune responses including response to pathogen-associated molecular patterns (PAMPs) (Liu et al., 2018). The small heat shock protein HSP20.1 gene, cloned from Bombyx mandarina upon homologous comparison and phylogenetic analysis showed that the sHSP protein in the silkworm is highly conservative. The results of real-time quantitative PCR showed that BmmHSP20.1 was highly expressed in the anterior, middle and posterior silk glands of the 5th instar larvae (An et al., 2024). The expression level of BmmHSP20.1 gene is increased in all tissues under high (40℃) and low (8°C) temperature stress, suggesting that the gene may play an important role in the molecular mechanism of external stress response and B. mandarina development. After five hours of heat exposure at 40ºC during the second day of the fourth larval instar, a remarkable increase in the activation of genes HSP-19.9 and HSP-20.8 is observed. The degree of expression of the HSP-20.8 gene is remarkably higher than HSP-19.9 (Marwa et al., 2025).
The 70 kDa heat shock proteins of silkworms are classified as heat shock cognates (HSC70s) and stress-inducible variants (HSP70s) which play crucial roles in protecting the insects from environmental shocks. In total silkworm has nine HSP70 genes, of which four stress-inducible forms and five heat shock cognates are categorized. HSC70s display orthologous links with B. tabaci and D. melanogaster in the majority of silkworms, suggesting that cognates of heat shock are more preserved over time. Among these HSC70 genes present in the silkworm, the majority of the genes show constitutive expressions throughout all tissues and stages of development (Fang et al., 2021). However, the stress-inducible HSP70-2 and HSP70-3 genes also show constitutive expression in the pupal as well as in adult stages. The expressions of HSP70-1, HSP70-2 and HSP70-3 are strongly induced under both cold and heat stresses. It is observed that cold, heat and phoxim stressors somewhat increased HSC70-4 expression, providing insights into the environmental adaptation and provided important information about the silkworm's heat shock proteins 70 (HSP70). Expression of some protein bands or appearance of new ban with different exposure time is considered as desirable traits in imparting thermo-tolerance to a silkworm larva. Heat shock at 18-44°C temperature for 3 consecutive days introduces 72 kDa proteins in the 5th instar larvae of Bombyx mori L silkworm of multivoltine white nistari race. Such heat-resistant races can be reared under thermal stress conditions to obtain high quality cocoons even in relatively higher temperatures (Fang et al., 2021).
2.2. Antioxidant defence responses in silkworms 
High temperature can be associated with enhanced generation of reactive oxygen species (ROS) leading to oxidative damage. Pro-oxidants and antioxidants in the testes of male pupae of tasar silkworm (A. mylitta) shows higher level of thiobarbituric acid reactive substances under thermal stress conditions. High temperatures (35±1°C) lead to the development of higher levels of antioxidants in testes, including SOD, CAT, GST, ASA and L-SH, suggesting the activation of physiological mechanisms to scavenge ROS produced during stress. These activations were observed in higher temperatures (40±1°C), followed by moderate temperatures (35±1°C) and control groups (28±1°C) in order of increasing oxygen consumption rate. Oxidative stress and antioxidant defence indices show positive correlation with oxygen intake rate, suggesting that the testes of A. mylitta pupae regulate testicular antioxidant responses to heat stress (Jena et al., 2013).
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Figure 1: Effects of thermal stress in Tassar silkworm
Thermal stress alters the redox equilibrium in insects leading to oxidative damage and induction of antioxidant enzymes. Significant enhancement of H2O2 level is observed in bivoltine (SK6 & SK7) and multivoltine (Nistari and Sarupat) silkworms, when exposed to 35-40 ⁰C temperature. Malondialdehyde (MDA) production, a measure of lipid peroxidation, revealed elevated plasma MDA levels exclusively in bivoltine silkworms. Additionally, high temperatures were found to significantly raise the levels of antioxidant enzymes (CAT, SOD and APOX) in silkworm breeds. Bombyx mori showed a breed-specific reaction to the oxidative damage caused by heat stress by using antioxidant enzymes (Makwana et al., 2021). Antioxidant defences are crucial for reducing oxidative damage since cellular processes during silkworm development raise pro-oxidant levels. As A. mylitta larvae develop, stage-specific oxidative challenges and relative antioxidant defence levels have been measured (Shahoo et al., 2016). During larval ontogeny, oxidative threat gradually decreases, the first instar larvae have relatively high levels of superoxide dismutase (SOD) and catalase (CAT), which suggest an adaptive antioxidant response that may reduce the increased oxidative stressors. The midgut's CAT activity does not change as the larvae transform from the fourth to the fifth instar if it is below the serum detection limit. The glutathione S-transferase (GST) activity demonstrates tissue selectivity in advanced larvae but it lacks a distinct pattern and its level increases gradually during development and shows a compensating function with ascorbic acid (ASA) which supports the involvement of a GSH–ASA redox pair. Early instar larvae (1st-3rd instar) encounter shows large degrees of pro-oxidative assault and acquire protection from enzymatic antioxidants. On the other hand, advanced larvae are protected by both enzymatic and non-enzymatic antioxidants. Moreover, it is hypothesised that oxidative stress during A. mylitta larval development is stage-specific and as a result, antioxidant defences are strategically placed to protect the developing larvae (Shahoo et al., 2016).
2.3. Signalling pathways involved in climate stress response in silkworms
High temperatures were found to have a significant impact on several biological pathways linked to glucose and lipid metabolism, including oxidative phosphorylation (Li et al., 2014). This could result in a reduction in the consumption of fresh mulberries. HSP genes, including HSP19.9, HSP23.7, HSP40-3, HSP70, HSP90 and HSP70 binding protein, are up-regulated during an initial 24-hour period of sustained heat stress, but they subsequently decrease. During prolonged high-temperature treatment, the thermotolerant "932" strain exhibits greater amounts of mRNA of certain HSPs, with the exception of HSP70, than the thermosensitive strain. It has been proposed that the expression levels of HSPs may be crucial in determining a silkworm variety's ability to withstand high temperatures (Li et al., 2014). The HSP19.9 and HSP90 play crucial functions in improving survival under heat stress which can be further validated by functional validation using RNA interference (RNAi) (Iqbal et al., 2025). HSP20.4 and HSP70 silencing, however, exhibited no discernible impact, indicating those genes play a specialized role in temperature adaptation. In general, these results reveal significant genes and pathways linked to reactions to heat stress. In the context of global warming, these findings provide a comprehensive insight into the molecular mechanisms that enables heat adaptation in lepidopteron insects, including silkworms (Iqbal et al., 2025).
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Figure 2: Activation of heat shock proteins in silkworm larvae.

2.4. Silkworm genomic and regulatory plasticity under climate stress.
Different silkworm strains show regulatory plasticity depending upon the external environment, under climate stress. At high temperatures the Bmsn-OE strain has a much higher cocooning rate and pupa life rate than other strains. There is no discernible difference between the two strains at the standard feeding temperature of 27°C. These findings shows that the growth and development of the silkworm can be significantly affected by the high temperature environment. On the other hand, the Bmsn-OE strain was less impacted, which suggests that overexpression of the BMsn gene can improve economic traits of silkworm and also can boost their ability to withstand high temperatures, increasing the proliferation activity of silkworm cells (Liu et al., 2024). According to physiological data, silkworms raised at 34°C had a lower mean body weight (0.944 g less than those raised at 26°C) (Lopes et al., 2023). This reduction in body weight had a direct impact, resulting in a lower weight of formed cocoons and a reduced silk conversion rate. These results shed light on the biological mechanisms underlying silkworms' temperature response mechanism, which could be helpful for acclimatization procedures at rearing facilities and in breeding initiatives meant to increase thermotolerance (Lopes et al., 2023).

2.5. Role of epigenetic modifications in regulating climate stress response in silkworms
One significant epigenetic alteration that has been linked to the body's reaction to abiotic stress is DNA methylation. However, there have been few investigations on DNA methylation in insects in response to environmental signals. It is discovered that eleven distinct DMGs (DMR-related genes) are directly implicated in the silkworm's heat-humidity stress response. According to Gene Ontology (GO) and KEGG pathway analysis, these DMGs were most highly enriched in functions associated with binding, cellular metabolic processes and RNA transport pathways. DNA methylation is also essential for the silkworm's reaction to environmental stressors and offers valuable hints for locating significant resistance genes in silkworms under conditions of high temperature and humidity (Chen et al., 2020).

3. CLIMATE STRESS TOLERANCE MECHANISMS IN SILKWORMS

3.1. Mechanisms of thermotolerance in silkworms
The ability to tolerate heat is especially crucial for poikilotherms like insects, thus, gaining knowledge about how they react to extreme heat can help us better understand their adaptability to the surroundings. Twelve GO terms were significantly enriched in the 747 DEGs found between the resistant strain (RT-48h) and the sensitive strain (ST-48h) after 48 hours of treatment, according to Gene Ontology (GO) analysis, including serine-type peptidase activity, extracellular area and metabolic process. Additionally, 12 distinct DEGs are identified that might be involved in the silkworm's heat-humidity stress response. The silkworm's reaction to high temperatures and humidity is most critical after 48 hours of exposure. The knowledge of thermal tolerance in insects, advanced by these findings, shed light on the genetic and biological mechanisms underlying the silkworm's resistance to high temperatures and humidity (Xiao et al., 2017).
In general, multivoltine silkworm strains are more survivable than bivoltine strains and thermal tolerance is essential for field rearing. Different thermotolerance levels are found in studies on different strains, indicating adaptability to certain environmental circumstances. Younger silkworms are more susceptible to heat shocks and bivoltine strains show varying reactions to heat shock at different developmental stages (Kumar et al., 2024). Age-dependent resilience to heat stress is indicated by thermotolerance, which rises with larval development. Mortality thresholds differ between species and strains, highlighting the importance of strain-specific knowledge. Based on the observed cellular response, it was suggested to investigate high thermo-resistance in vivo. At different heat shock temperatures, differential expression of HSPs, namely 90 kDa and 84 kDa in early instars and 84 kDa, 62 kDa, 60 kDa, 47 kDa and 33 kDa in the fifth instar larvae are observed in multivoltine silkworms (Vasudha et al., 2006). Different sets of HSPs are expressed at different temperatures in multivoltine strains (pure mysore, C. nichi), with 90 kDa and 84 kDa being typical. Breeds, developmental stages and temperatures all had different levels of HSP expression, highlighting the significance of distribution and concentration for the development of thermotolerance. This is further strengthened by genomic studies that described specific HSPs, such as the 90 kDa HSP and small heat shock proteins (sHSPs) in Bombyx mori, the domestic silkworm species that is closely related to the Tasar silkworm (Vasudha et al., 2006). The conserved nature of HSPs and their essential function in all silkworm species were emphasized by a comparative genomics approach. By extending beyond species boundaries and adding to the collective understanding of HSP activity, such genomic findings offer a more comprehensive framework for comprehending the molecular basis of heat stress responses. The DNA-based molecular marker SCAR marker TT-PB1 was recently developed and is a promising tool for furthering thermotolerance research (Prabhu et al., 2023). This novel marker provides a revolutionary way to examine the inheritance patterns of thermotolerance because of its specificity and reproducibility. In addition to improving the capacity to choose thermotolerant Tasar silkworm lines, the creation of such molecular tools represents a significant advancement in closing the knowledge gap between genetics and real-world sericulture applications (Kumar et al., 2024).
A putative association between thermotolerance in several Bombyx mori silkworm strains and races were observed and identified by the scientiests. The silkworm's (B. mori) tolerance to heat was accurately classified. Temperatures above 45°C are regarded as lethal, while those between 30°C and 35°C were found to be non-fatal. The threshold temperature is between 40°C and 45°C, which results in a great deal of stress. Four different levels of heat tolerance (L1, L2, L3, and L4) were found to exist within this threshold range. L1 strains have a 100% survival rate, L2 strains have a 75% survival rate, L3 strains have a 50% survival rate, and the most sensitive strain, L4, has a 25% survival rate. These levels correlate to declining survival rates under thermal stress. Thermotolerant silkworm strains appropriate for tropical climates would demonstrate these survival rates throughout the acclimation and adaption process in succeeding generations (Manjunatha et al., 2010). The tissue-specific expression profiles of nine Heat Shock Protein (HSP) genes were identified in three breeds, using real-time qPCR, after a one-hour heat shock at 36°C and a two-hour recovery period in order to understand the heat shock responses and the molecular mechanisms of thermotolerance. According to the proportion of pupation among bivoltine breeds, this study found that SK4C is a highly tolerant breed that has greater levels of HSP gene expression than the sensitive CSR2 strain. The HSP70 gene and the small-HSP (sHSP) genes (apart from sHSP21.4) play a major role in thermal stress tolerance, most likely by acting as molecular chaperones to shield the silkworms from heat shock. Other bivoltine breeds do not fare as well at high temperatures as the SK4C breed, which has the highest percentage of pupation at high temperatures (among bivoltines) and strong expression of the HSP gene following heat shock. In order to create new bivoltine breeds or hybrids, these breeds can be used as a parent to produce offspring that are able to withstand higher temperatures (Chandrakanthe et al., 2015). 
Silkworms' capacity to withstand mild and mild-to-severe heat stress during the pupal stage is linked to the up-regulation of the HSP90 gene (Keshan et al., 2014). The protein content of silkworm tissues is greatly influenced by temperature variation; in particular, it is observed that the total protein content of hemolymph rises as the temperature increased. In order to determine the degree of acquired thermotolerance in comparison to the control group, the effects of heat shock on the commercial characteristics of cocoons were thoroughly examined to find that the protein content of bivoltine strains was noticeably higher than that of multivoltine strains. Additionally, certain strains showed superior survivorship over the others i.e. BO2, BD2S, BO1S and ISK of the bivoltine group and KNT, AP-White, GFP-C and GLPF of the multivoltine group. According to their individual economical characteristics, the silkworm strains' responses to the total protein analysis show a range of tolerance and non-tolerance (Kumari et al., 2020). Changes in the 20E signalling pathway inside larval midgut might contribute to autophagy in silkworm with response to heat stress. Among silkworm varieties, autophagy is also associated with increased thermotolerance (Guo et al., 2023). These findings provide a scientific foundation for the future breeding of silkworm races with greater thermotolerance by highlighting the possibility that autophagy activation is a major potential mechanism to boost heat tolerant in the insect (Guo et al., 2023). Additionally, vitellogenin can be identified as a tool that may play a protective effect in the silkworm survival (Paul and Keshan, 2016). A brief exposure of B. mori larvae and pupae to temperatures of 42℃ or higher, significantly impacted the ovarian development and reproductive performance of the insects, which is typical in tropical nations (Paul and Keshan, 2016). More research is needed to understand the mechanism that regulates vitellogenin expression under heat stress in B. mori and other organisms, as well as its protective role by interfering with synthesis. Heat tolerance threshold limit in silkworm depends on several factors including larval stage, eco-race, strain and environmental conditions. These thresholds are not absolute, but rather dynamic rages of value (Vasudha et al., 2006; Rahmathulla, 2012)
3.2. Mechanisms of cold stress tolerance in silkworms
Large-scale gene expression alterations brought on by cold acclimation are directly linked to improving resistance to abiotic stress in the winter. The heat shock proteins, which are molecular chaperones that help refold broken proteins, are arguably the well-studied genes related to stress tolerance. Although the specific genes that encode heat shock proteins that are involved in winter stress tolerance differ from species to species, there is strong evidence that these genes are an essential component of the overwintering machinery (King and MacRae, 2015). Reduced expression of heat shock proteins reduces cold tolerance in overwintering insects (Rinehart et al., 2007) and these heat shock proteins are frequently deregulated during cold acclimation (Des et al., 2019). Upregulation during cold acclimation is frequently seen at non-stressful temperatures, indicating a different mode of transcriptional regulation is involved beyond the typical heat shock factor–mediated expression that occurs during protein denaturation. Heat shock protein expression normally occurs in direct response to protein denaturation. Large-scale transcriptional alterations beyond traditional stress genes are a result of cold acclimatization, indicating intricate molecular control of this behaviour.
The primary stressors that organisms encounter during their developmental cycle are predominantly temperature and famine. The manner that these species respond to such stressors may be influenced by the signalling pathways that they share. Since temperature has a significant impact on how well ectothermic species function in habitats around the world, thermal tolerance is a key concern in the biology of these organisms. In terms of chill coma recovery time (CCRT), which measures cold tolerance, starvation functions as a meaningful or positive stressor in the silkworm life cycle, however, it functions as a negative stressor in terms of heat knockdown time (HKT), which is used to measure heat tolerance. When it comes to heat tolerance, malnutrition counteracts the benefits of moderate cold and mild heat shocks, indicating that a trade-off between these stressors. Thermal tolerance is enhanced by both mild heat and cold shocks, although the effects are more noticeable when the indices are assessed in reaction to the same kind of stressor; that is, mild cold shocks increase cold tolerance more than heat tolerance and vice versa. This improvement in thermal tolerance by both mild heat as well as cold shocks indicates the possibility of cross-tolerance between these stressors (Mir and Qamar, 2018). 
The silkworms show 100% survival in cold stress tests for up to 12 hours at 0°C and for up to 2 hours at -5°C; after that, the survival rate gradually decreases as the temperature drops. During cold stress, the JAM123 strain is observed to be more robust than the JAM124 strain; nevertheless, there are no differences in the responses of males and females (Kang et al., 2016). However very limited studies have been done on cold stress tolerance mechanism of silkworms and the majority of the studies has been conducted on different lepidopteran species other than silkworms. Only limited work has examined cold-induced HSP expression in B. mori, mainly during diapause or embryonic stages. Therefore, farther studies with a range of silkworm strains that are susceptible to cold are necessary for additional assessment.
4. FUTURE DIRECTIONS AND APPLICATIONS

4.1. Breeding Climate-Resilient Silkworms
In sericulture, breeding silkworms that can withstand extreme climates has become essential, particularly in tropical and subtropical areas where rearing circumstances are tough (Sujatha et al., 2024). Finding silkworm breeds able to withstand high temperature and humidity levels while still generating silk in good quality and quantity is the primary goal of producing new varieties (Ghosh et al., 2022). Since many crucial qualitative qualities, such as viability and cocoon traits, drastically decline above 28°C, thermotolerance is one of the main goals when producing climate-resistant silkworms (Gani and Ghosh, 2018). Bivoltine silkworms that can survive higher temperatures are widely searched and studied (Chen B, 2020). Significant variations in thermal stress tolerance and survival rate are found based on nine genetic parameters (Ghosh et al., 2022). 
Thanks to recent advancements in molecular breeding techniques, new opportunities have been established to produce silkworm species that are resistant to climate change. Silkworm hybrids with resistance to particular diseases, such as Bidensovirus (BmDNV2) and thermotolerance have been created through the use of molecular marker-assisted breeding. Breeding silkworm strains that are resistant to climate change requires a combination of conventional techniques and cutting-edge biotechnology procedures. Therefore, the primary goal is choosing the races that can endure harsh environmental circumstances and still produce high-quality silk over years in a variety of climatic zones.
4.2. Developing Climate-Smart Sericulture Practices
[bookmark: _GoBack]Climate-smart agronomy focusing on integrated interventions in sericulture is a key component of on-farm resilience. Water-saving techniques like drip irrigation, regulated deficit irrigation (RDI) and partial root-zone irrigation minimize water footprints for perennial mulberries while preserving the quality of their leaf biomass. Mulching, nitrogen-fixing legume intercropping and organic amendments are well-established planting systems techniques that are directly applicable to sericulture since they increase soil fertility, buffer soil temperatures and retain water (Chai et al., 2016; Mahesh et al., 2022). The use of shielded propagation units to protect planting material from temperature extremes and site-specific pruning timetables, specifically matching leaf flush with anticipated stress windows, are also highlighted in recent agronomic syntheses (Altman et al., 2022). Larval performance is stabilized at the rearing stage by microclimate regulation in rearing homes, which includes ideal temperature and humidity control, effective ventilation and solar shade. It has been demonstrated that combining better hygiene and disinfection practices with timely raising batch scheduling to prevent predicted heat spikes can dramatically lower mortality rates and disease carryover (Kumar et al., 2024; Chen et al., 2023).
Climate factors are closely related to the dynamics of pests and diseases in sericulture. Mealybugs, bacterial and fungal infections and uzi flies (Exorista bombycis) can all become more common as the temperatures rises and rainfall patterns changes. As a result, climate-aware monitoring techniques like degree-day models, pheromone and light traps and habitat management in mulberry gardens are becoming more and more integrated into integrated pest management (IPM) plans. To protect beneficial organisms, selective pesticide applications are advised only when thresholds are exceeded and conservation and enhancement of biological control agents (such as parasitoids like Nesolynx thymus for uzi flies) are still crucial (Sujatha et al., 2024; Bhat et al., 2024; Qadir et al., 2024). Since the susceptibility of various silkworm species varies under climate change, mitigation measures should be implemented appropriately. For the Eri silkworm (Samia ricini), indoor rearing expansion, alternate host use, heat-resilient strains and farmer training are recommended. Similarly, for the Mulberry silkworm (Bombyx mori), heat/drought-tolerant mulberry varieties, microclimate control in rearing houses and resistant silkworm strains should be used. The preservation of Som/Soalu plants, climate-adapted scheduling, early warning systems and income diversification can all help protect Muga silkworms (Antheraea assamensis). Tasar silkworms, both tropical and temperate, can be benefitted from agroforestry integration, pest control, habitat restoration and host-plant conservation.
4.3. Implications for Sericulture Industry
Institutional support and policy enabling are highly necessary to translate technical advancements into resilience on the ground. Governments and cooperatives must fund decentralized seed networks, climate insurance products, weather-based early warning systems and price incentives based on quality standards (Loos et al., 2024; Priya et al., 2021). Access to financing and technical resources would also be improved by incorporating sericulture within national climate adaption initiatives. According to recent cross-sector reviews, sericulture is a low-capital, sustainability-aligned agroindustry that can support rural livelihoods, particularly for women and marginalized groups, provided that a transparent supply chain, waste valorization and the mainstreaming of fair-trade systems are implemented (Ssemugenze et al., 2021). Crucially, traditional ecological knowledge provides affordable resilience pathways, including as community-based DFL production, local disease-control methods and indigenous pruning cycles. Incorporating these methods into farmer field schools and digital advice platforms not only increases adoption rates but also aligns innovations with cultural familiarity, lowering transaction costs and opposition (Singha et al., 2024).
5. CONCLUSION
Silkworms, the delicate and ectothermic beneficial insects are the foundation of centuries-old sericulture industry. These silkworms are extremely vulnerable to climate change and variability, including rising temperatures, erratic rainfall and extreme weather conditions. The behaviour, growth, development and reproduction of silkworms are greatly impacted by environmental changes, particularly during the fourth and fifth larval instars. Such stresses during the life cycle of silkworm results in lower yields and inferior quality of raw silk. Silkworms use a number of important biochemical processes to counteract the negative consequences of changing environment. Heat Shock Proteins (HSPs), including HSP70, HSP90 and small HSPs, are molecular chaperones that protect silkworms from heat shock and repair damage and are crucial for their thermotolerance. Although exotic bivoltine races produce higher-quality silk, tropical Indian multivoltine races are noticeably more tolerant of these high temperature stresses. The specific expression of HSPs varies across different silkworm breeds, developmental stages and surrounding temperatures. Additionally, oxidative damage is caused by these high temperatures due to the increased production of Reactive Oxygen Species (ROS). In order to scavenge ROS, silkworms activate complex antioxidant defence mechanisms, raising the amounts of enzymes such as glutathione S-transferase (GST), catalase (CAT) and superoxide dismutase (SOD). High temperatures also have an effect on important metabolic pathways that are linked to the metabolism of fats and carbohydrates at the genetic level. Under heat stress, the expression of several HSP genes such as HSP90 and HSP19.9 are up-regulated to increase their survival. Furthermore, the silkworm's reaction to environmental stressors depends on DNA methylation and heat tolerance may be increased by activating autophagy through modifications in the 20E signalling pathway. The selection of thermotolerant lines is also aided by the development of DNA-based molecular markers, such as SCAR marker TT-PB1. Large-scale changes in gene expression are brought about by cold acclimation in cold stress situations, frequently including the overexpression or deregulation of HSPs to increase tolerance to winter temperatures.
A well-rounded approach that combines conventional wisdom with creative solutions is essential to safeguard the sericulture industry. In order to create stress-resilient lines, adaptation tactics are increasingly concentrating on breeding climate-resilient silkworms using cutting-edge methods including transcriptomics-informed mulberry breeding and silkworm genome editing. Climate-smart sericulture measures, such as controlling the microclimate in rearing buildings, providing optimal ventilation, providing sun shade and combining better cleanliness with timely batch scheduling to avoid heat spikes, are being adopted by the industry simultaneously. Additionally, to secure the industry's future and translate technological advancements into resilience on the ground, institutional support in the form of funding for weather-based early warning systems, climate insurance and decentralized seed networks is essential. Incorporation of these advanced mechanisms into the daily practice of sericulture farmers through easy-to-understand trainings and digital advice platforms will increase the adoption of current innovations along with indigenous knowledge. Aligning of such advances with the cultural familiarity of sericulture practicing farmers will in turn help the industry to survive all the climatic adversities.
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