Screening and Identification of Thermo-tolerant Silkworm (Bombyx mori L.) Breeds for Sustainable Sericulture Under Thermal Stress Using the Evaluation Index Method
Abstract
Thermal stress is one of the major environmental constraints affecting silkworm productivity and silk quality, particularly under tropical and sub-tropical conditions. The present study was conducted at SKUAST-Jammu in the year 2022 using Completely Randomized Design (CRD) with three replications. The study aimed to evaluate thermotolerance in different silkworm breeds using the Evaluation Index (EI) method to identify heat-resilient genotypes suitable for high temperature rearing conditions. The breeds were reared under ambient and elevated temperature regimes, and key economic and physiological traits such as fecundity, pupation rate, cocoon yield, cocoon weight, shell weight, shell ratio, filament denier and filament length were recorded. The collected data were statistically analyzed, and the overall performance of each breed was assessed through the Evaluation Index method, which integrates multiple traits into a single composite score to enable comparative ranking. Breeds exhibiting higher EI values under high temperature conditions were considered thermo-tolerant and stable in performance. The results revealed significant variation among breeds in their response to thermal stress. Certain breeds like ND5, U-4, U-6 and U-3 maintained higher pupation rate, cocoon traits, and filament quality under elevated temperature, resulting in superior EI scores. The identified heat-tolerant breeds may be utilized in breeding programs and commercial rearing to sustain silk production under changing climatic conditions.
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1. Introduction
       The silkworm, Bombyx mori L., is one of the most important domesticated insects, producing silk thread in the form of a cocoon by feeding on mulberry leaves during its larval stage. Environmental conditions play a crucial role in influencing the growth, development, and overall productivity of the silkworm. The biological as well as commercial traits of the cocoon are greatly influenced by ambient temperature, rearing season, quality of mulberry leaves, and the genetic constitution of the silkworm strains.
		In the context of global climate change and increasing frequency of heat waves, exposure of silkworm breeds to elevated temperatures has become a major constraint in sustaining cocoon and silk production. Variation in temperature has direct correlation with the growth of the larvae. The rise in temperature increases the physiological development and decrease in temperature causes a decrease in physiological development (Rahmathulla et al., 2013). Increased temperature during silkworm rearing accelerates larval growth and shortens the period of larvae especially in late instars. On the other hand, at low temperature the growth of silkworm larvae slows down due to which larval period becomes prolong. It has been reported that good quality cocoons are produced within a temperature range of 22-27⁰C and above these levels cocoon quality has been found poor.  Furthermore, temperatures above 30°C adversely affect silkworm health, while temperatures below 20°C retard physiological activities, especially during the early instars. Consequently, the larvae become weak and more susceptible to various diseases. Although several high-yielding breeds have been developed, many of them are susceptible to thermal stress, limiting their suitability under field conditions where temperature fluctuations are common. Therefore, identification and selection of thermotolerant breeds with stable performance under high temperature conditions is essential for sustainable sericulture.
		Assessment of thermotolerance based on a single trait may not provide an accurate representation of overall performance, as economically important characters are often interrelated. In this context, the Evaluation Index (EI) method offers a comprehensive approach by integrating multiple quantitative traits into a single composite score, enabling effective comparison and ranking of breeds. This method facilitates objective selection of superior genotypes by considering overall performance rather than individual parameters alone.
		The present study was undertaken to evaluate thermotolerance in different silkworm breeds under ambient and elevated temperature conditions using the Evaluation Index method. The findings aim to identify stable and heat-resilient breeds that can be utilized in breeding programs and recommended for commercial rearing in regions prone to high temperature stress.
2. Materials and Methods
The present study was conducted at SKUAST-Jammu in the year 2022. For this study, twelve bivoltine silkworm breeds namely; WM, ND5, NB4D2, U-4, PO1, ND3, U-6, CSR2, SH6, SPO, U-3 and NSP maintained at Division of Sericulture, SKUAST-Jammu, Chatha, Jammu and Kashmir were utilized for conducting experiment. The silkworm eggs of the breeds were incubated at optimum temperature 25±1ºC and 80±5 per cent relative humidity, followed by black boxing, until hatching in the laboratory. The newly hatched worms were then shifted to rearing beds and reared as per recommended method until 2nd day of 5th instar. On the third day of the fifth instar, silkworm larvae of the above-mentioned breeds were divided into three groups: two high-temperature treatments        (30 ± 1 °C and 35 ± 1 °C) and one control (25 ± 1 °C). The larvae of each breed in three replications were exposed to the respective high-temperature treatments for 6 hours after consumption of first feed daily from the 3rd day of the 5th instar until the onset of spinning. High temperatures were provided using a BOD incubator. After high temperature exposure, the treated larvae were transferred to room temperature for recovery period of 2 hours and then fed with fresh mulberry leaves. The experiment was conducted in triplicate for each temperature treatment, with 100 larvae maintained per replicate. The ripened larvae were mounted on plastic mountages for cocoon spinning. On the 7th day of spinning, the cocoons were harvested and collected for further observations.
Observations recorded
1. Fecundity 
Fecundity was determined as the total number of eggs laid by a single female moth of each breed and was recorded as the average of three disease-free layings per replicate (Raghuvanshi and Bali, 2020)
2. 	Total larval mortality (%)
		The silkworm larvae of each breed in every treated batch were monitored regularly to assess mortality. The percentage of larvae that died during fifth instar was recorded. Dead larvae were carefully removed from each tray with the help of forceps and properly disposed of (Hussain et al., 2011). 
3. 	Ten mature larval weight (g)
		Ten mature larvae were randomly selected from each replicate on 5th day of the 5th instar, and the larval weight of each breed was recorded using a digital balance (Gobena and Bhaskar, 2015).
4. 	Pupation per cent (%)
The percentage of cocoons obtained from the larvae retained after third instar was calculated using following formula (Hussain et al., 2011):
Pupation per cent = ×100
5. 	Single Cocoon Weight (g)
		Ten male and ten female cocoons were randomly selected and weighed using a digital balance to determine the single cocoon weight, using the following formula (Kumari et al., 2011):
Single cocoon weight = 
6. 	Single Shell Weight (g)
Ten male and ten female cocoon shells from each replicate were weighed using a digital balance to determine single shell weight. The following formula was applied (Kumari et al., 2011): 
Single shell weight = 
7. 	Shell Ratio (%) 
		According to Kumari et al. (2011) the total silk yield from a single cocoon was quantified as shell ratio (%) using the following formula: 

8. 	Effective rate of rearing by weight and number
By weight (kg)	
The effective rate of rearing (ERR) by weight was determined as the average cocoon yield, expressed in kilograms, standardized to 10,000 larvae. According to Chakraborty et al. (2020), it was calculated using the following formula:
ERR (by weight) = 
By number
The effective rate of rearing (ERR) by number was recorded as an average number of cocoons harvested and standardized to 10,000 larvae and calculated by using following formula (Chakraborty et al., 2020):
ERR (by number) = 
9. Cocoon Filament Length (m)
Ten cocoons per replication were randomly selected, and each cocoon was reeled using an epprouvette to determine filament length. The average cocoon filament length was calculated using following formula (Gobena and Bhaskar, 2015).
L = R × 1.125m
Where, 
	L = Length of the silk filament (m)
	R = Number of revolutions
	1.125m = Circumference of the epprouvette.
10. 	Non- Breakable Filament Length (m)
		The non- breakable filament length represents the average length of a cocoon filament between successive breaks during reeling, with each broken filament being replaced by another cocoon. It was recorded as per the following formula (Chattopadhyay et al., 2018):
Non- breakable filament length = 

11. 	Denier (d)
Denier or filament size was determined by filament reeled from ten cocoons from each replicate and was expressed as denier (d). It was calculated using the following formula (Kumari et al., 2011):
Filament size =  
12. Statistical Analysis
	All the observations recorded for various parameters were tabulated and subjected to statistical analysis using SPSS version 16.0. The tabulated data were first after tested for normality and homogeneity. Subsequently, the data were analyzed using one-way analysis of variance (ANOVA) using SPSS and means were separated by using post hoc tests. 
13. Evaluation index (E.I.) Method 
The performance of silkworm breeds at ambient and high temperature was evaluated using the Evaluation index (EI) method. The Evaluation Index is a composite performance measure that provides a single numerical value representing the overall performance of a population based on multiple traits. 
The data obtained for the different breeds were analysed according to the Evaluation index formula (Raghuvanshi and Bali, 2020):
Evaluation index = 
Where, A= Value obtained for a particular trait of the breed
B= Mean value of a particular trait of all breeds
C= Standard deviation of a particular trait of all breeds
10= Standard unit
50= Fixed value
The E.I. value for the selection of breeds was >50 for positive traits and <50 for negative traits. 
3. Results And Discussion 

3.1     Commercial parameters of silkworm breeds reared at 25±1⁰C temperature
Data presented in Table 1 revealed that the fecundity of silkworm breeds at 25±1⁰Ctemperature varied significantly (F = 586.326; df = 11; P = 0.000). The maximum fecundity was observed in breed U-3 (583±1.45) that was statistically at par with breeds U-4 (580±3.21), ND5 (578±3.17) and U-6 (575±1.73). Minimum fecundity was found in breed PO1 (460±1.45). The total larval mortality per cent among the twelve silkworm breeds at 25±1⁰Ctemperature varied significantly (F = 2.287; df = 11; P = 0.044). The highest mortality per cent was recorded in breed PO1 (5.33±0.33), whereas the lowest mortality per cent was recorded in breed U-3 (2.00±0.57). All other silkworm breeds were statistically at par with each other. The ten mature larval weight was recorded significantly highest (F = 224.185; df = 11; P = 0.000) in breed U-3 (38.04±0.03) followed by breeds U-4 (37.81±0.07) and ND5 (37.74±0.06). At 25±1⁰C temperature, the pupation per cent recorded significantly varied (F = 24.064; df = 11; P = 0.000) in breed U-3 (92.38±0.04) followed by breeds U-4 (92.21±0.11), ND5 (92.15±0.09) and U-6 (92.01±0.07). 
Significant variations (F = 93.901; df = 11; P = 0.000) were observed in single cocoon weight among the silkworm breeds and the maximum single cocoon weight was observed in breed U-3 (1.80±0.02) followed by breed U-4 (1.76±0.01). Perusal of data revealed that single shell weight of silkworm breeds varied significantly (F = 28.233; df = 11; P = 0.000) and the highest single shell weight was observed in breed U-3 (0.38±0.01) followed by breed U-4 (0.35±0.00). Significantly highest shell ratio (F = 33.965; df = 11; P = 0.000) was observed in breed U-3 (21.10±0.25) followed by U-4 (19.88±0.19). 
The observations on effective rate of rearing by number among silkworm breeds were significantly different (F = 326.954; df = 11; P = 0.000) and the maximum effective rate of rearing by number was observed in breed U-3 (9089±2.88) followed by breed U-4 (9076±3.21). Effective rate of rearing by weight among silkworm breeds varied significantly (F = 158.968; df = 11; P = 0.000). Highest cocoon yield was observed in breed U-3 (16.13±0.11) followed by breeds U-4 (15.91±0.07) and ND5 (15.78±0.09). The minimum ten mature larval weight (34.90±0.04), pupation per cent (90.18±0.19), single cocoon weight (1.42±0.01), single shell weight (0.23±0.00), shell ratio (16.19±0.20), effective rate of rearing by number (8939±2.30) and weight (12.63±0.07) were recorded in breed PO1 (Table 1). 
At temperature (25±1⁰C), significant highest filament length (F = 93.515; df = 11; P = 0.000) was observed in breed U-3 (989±1.45) followed by U-4 (983±1.15) and lowest filament length was observed in breed PO1 (911±2.88), while the denier of silkworm breeds also varied significantly (F = 47.916; df = 11; P = 0.002) and maximum denier was recorded in breed PO1 (2.96±0.01) followed by breed NSP (2.93±0.01) and minimum in breed U-3 (2.59±0.01).



	





Table 1: Commercial parameters of silkworm breeds reared at 25±1⁰C temperature 
	
Breeds
	Fecundity
	Total larval mortality
(%)
	Ten mature larval weight
(g)
	Pupation
(%)
	Single cocoon weight
(g)
	Single shell weight 
(g)
	Shell ratio (%)
	ERR
By number
	ERR
By weight (Kg)
	Filament length
 (m)
	Denier
(d)

	WM
	543±1.15de
	4.00±0.57ab
	36.85±0.07c
	91.47±0.08cd
	1.54±0.00cde
	0.26±0.01ab
	16.88±0.32ab
	8991± 4.61d
	13.78±0.05de
	934±2.02cde
	2.86±0.01cde

	ND5
	578±3.17f
	3.66±0.88ab
	37.74±0.06de
	92.15±0.09de
	1.73±0.01h
	0.33±0.00de
	19.07±0.09de
	9069 ± 1.73f
	15.78±0.09gh
	976±1.45gh
	2.67±0.01ab

	NB4D2
	552±1.45e
	4.66±0.88ab
	36.91±0.04c
	91.55±0.04cd
	1.52±0.01cd
	0.27±0.01ab
	17.75 ±0.43bc
	9018±3.46e
	13.69±0.08cd
	928±1.73bcd
	2.88±0.00cdef

	U-4
	580±3.21f
	3.00±0.57ab
	37.81±0.07de
	92.21±0.11de
	1.76±0.01hi
	0.35±0.00ef
	19.88±0.19ef
	9076±3.21fg
	15.91±0.07gh
	983±1.15gh
	2.63±0.01ab

	PO1
	460±1.45a
	5.33±0.33b
	34.90±0.04a
	90.18±0.19a
	1.42±0.01a
	0.23±0.00a
	16.19±0.20a
	8939±2.30a
	12.63±0.07a
	911±2.88a
	2.96±0.01f

	ND3
	545±1.73de
	4.66±0.33ab
	36.93±0.08c
	91.24±0.19bc
	1.59±0.00ef
	0.27±0.01ab
	16.98±0.21ab
	8962± 4.04c
	14.19±0.11ef
	947±3.75ef
	2.81±0.01c

	U-6
	575±1.73f
	4.00 ±  0.57ab
	37.64±0.06d
	92.01±0.07de
	1.70±0.00gh
	0.32±0.00cde
	18.81±0.12cde
	9065±2.30f
	15.51±0.13g
	969±1.76g
	2.70±0.02b

	CSR2
	525±2.02c
	4.00±0.57ab
	36.28±0.07b
	91.52±0.07cd
	1.64±0.01fg
	0.29±0.00bcd
	17.68±0.12bc
	8956±2.64bc
	14.63±0.08f
	953±4.35f
	2.80±0.02c

	SH6
	540±1.15d
	4.33±0.33ab
	37.09±0.06c
	90.80±0.10abc
	1.57±0.01de
	0.28±0.00bc
	17.83±0.23bcd
	8982 ±4.33d
	14.10±0.06de
	941±2.33def
	2.83±0.02cd

	SPO
	467±1.15ab
	4.00±0.57ab
	34.96±0.12a
	90.51±0.19ab
	1.49±0.01bc
	0.25±0.00ab
	16.77±0.19ab
	8944±3.17ab
	13.21±0.12bc
	921±3.17abc
	2.91±0.02def

	U-3
	583±1.45f
	2.00±0.57a
	38.04±0.03e
	92.38±0.04e
	1.80±0.02i
	0.38±0.01f
	21.10±0.25f
	9089±2.88g
	16.13±0.11h
	989±1.45h
	2.59±0.01a

	NSP
	471±1.15b
	5.00±0.57ab
	35.22±0.09a
	90.67±0.30ab
	1.44±0.01ab
	0.27±0.01ab
	18.75±0.30cde
	8947±1.73abc
	12.97±0.09ab
	917±4.33ab
	2.93±0.01ef


Each value is mean±standard error of three replications. 
Figures followed by same letters in column are non-significant by Tukey HSD test


3.2 Commercial parameters of silkworm breeds reared at 30±1⁰C temperature
While investigating the effect of 30±1⁰C temperature provided during fifth instar for six hours on silkworm breeds, the fecundity of silkworm breeds varied significantly (F = 142.847; df = 11; P = 0.000). However, the maximum fecundity was observed in breed U-3 (543±4.37) that was found to be statistically at par with U-4 (539±4.72), ND5 (533±2.84) and U-6 (530±3.17), whereas the minimum fecundity was recorded in breed PO1 (428±2.02) (Table 2). The total larval mortality among the silkworm breeds recorded significantly different (F = 2.931; df = 11; P = 0.013). However, the maximum was observed in breed PO1 (9.66±0.33), while the minimum total larval mortality was recorded in breed U-3(5.66±0.88) that was statistically at par with breed U-4 i.e. 6.33±0.88. The observations on ten mature larval weight of silkworm breeds varied significantly (F = 417.762; df = 11; P = 0.000) and the highest weight was recorded in breed U-3 (32.58±0.09) followed by breed U-4 (32.15±0.12). Significantly highest (F = 344.314; df = 11; P = 0.000) pupation per cent was recorded in breed U-3 (75.20±0.12) followed by breed U-4 (74.81±0.12). Silkworm breeds on exposure at 30±1⁰C temperature during fifth instar recorded significantly different (F = 163.515; df = 11; P = 0.000) single cocoon weight and the highest single cocoon weight was recorded  in  breed  U-3 (1.50±0.01)  followed  by  breed  U-4  (1.47±0.01)  and  ND5(1.45±0.01). The single shell weight of silkworm breeds varied significantly (F = 50.265; df = 11; P = 0.000) and the highest single shell weight was recorded in breed U-3 (0.30±0.01) followed by breed U-4 (0.28±0.01) and ND5 (0.26±0.00). Significantly highest (F = 32.327; df = 11; P = 0.000) shell ratio was recorded in breed U-3 (19.99±0.61) followed by breeds U-4 (19.03±0.63). 
Similarly, the effective rate of rearing by number varied significantly (F = 2849.098; df = 11; P = 0.000) among the silkworm breeds, the maximum number was observed in breed U-3 (7305±3.48) followed by breed U-4 (7285±4.61). Silkworm breeds subjected at 30±1⁰C temperature during fifth instar recorded significantly different (F = 449.314; df = 11; P = 0.000), the maximum cocoon yield was observed in breed U-3 (11.70±0.09) followed by breed U-4 (11.41±0.10). The minimum ten mature larval weight, pupation per cent, single cocoon weight, single shell weight, shell ratio, effective rate of rearing by number and weight were recorded in breed PO1 to the tune of 27.13±0.08,68.25±0.12, 1.03±0.01, 0.09±0.00, 8.72±0.46, 6538±4.93 and 6.92±0.06, respectively (Table 2). At 30±1⁰C temperature, significant variations were observed in filament length (F = 181.888; df = 11; P = 0.000) and denier (F = 23.347; df = 11; P = 0.005). However, the highest filament length was observed in breed U-3 (954±2.64) followed by U-4 (944±2.33), whereas the lowest filament length was found in breed PO1 (854±5.36). At 30±1⁰C temperature, maximum denier was recorded in breed PO1 (2.90±0.02) followed by breed NSP (2.85±0.02) and minimum was observed in breed U-3 (2.50±0.03) (Table.2.).

Table 2: Commercial parameters of silkworm breeds reared at 30±1⁰C temperature
	Breeds
	Fecundity

	Total larval Mortality
(%)
	Ten mature larval weight
(g)
	Pupation
(%)
	Single cocoon weight
(g)
	Single shell weight 
(g)
	Shell ratio 
(%)
	ERR
By number
	ERR
By weight (Kg)
	Filament length 
(m)
	Denier
(d)

	WM
	497±4.97cd
	8.00±0.57ab
	29.02±0.06c
	71.38±0.13d
	  1.15± 0.01c
	0.15±0.01bc
	13.20±0.87bcde
	6824±3.17c
	9.55±0.46e
	891±2.02de
	2.78±0.02def

	ND5
	533±2.84e
	7.00±0.57ab
	32.02±0.06e
	74.44±0.12e
	1.45±0.01ef
	0.26±0.00ef
	17.92±0.18fgh
	7271±5.20g
	11.25±0.10f
	939±1.00gh
	2.59±0.03ab

	NB4D2
	505±2.96d
	8.33±0.33ab
	29.19±0.08c
	71.42±0.10d
	 1.13 ± 0.01bc
	0.13±0.01ab
	11.48± 0.90abc
	6947±4.33f
	9.40±0.08e
	879±0.88cd
	2.81±0.03def

	U-4
	539±4.72e
	6.33±0.88a
	32.15±0.12ef
	74.81±0.12ef
	  1.47± 0.01ef
	0.28±0.01ef
	19.03±0.63gh
	7285±4.61gh
	11.41±0.10fg
	944±2.33hi
	2.55±0.03a

	PO1
	428±2.02a
	9.66±0.33b
	27.13±0.08a
	68.25±0.12a
	1.03±0.01a
	0.09±0.00a
	8.72±0.46a
	6538±4.93a
	6.92±0.06a
	854±5.36a
	2.90±0.02f

	ND3
	503±4.40d
	7.66±0.66ab
	30.81±0.04d
	70.69±0.10c
	1.30±0.01d
	0.19±0.01cd
	14.60±0.69cde
	6890±5.23e
	8.09±0.05c
	907±1.52f
	2.73±0.00cde

	U-6
	530±3.17e
	7.33±0.88ab
	31.86±0.10e
	74.24±0.15e
	1.43±0.01e
	0.23±0.01de
	16.07±0.67efg
	7263±6.42g
	11.02±0.07f
	931±1.73g
	2.63±0.02abc

	CSR2
	482±1.45c
	8.33±0.66ab
	30.52±0.07d
	71.69±0.14d
	1.32±0.01d
	0.20±0.01cd
	15.14±0.74def
	6925±5.29f
	8.36±0.07c
	910±2.88f
	2.71±0.01bcd

	SH6
	500±2.96d
	6.66±0.33ab
	30.43±0.10d
	70.14±0.11bc
	1.27±0.01d
	0.16±0.01bc
	12.58±0.79bcd
	6837±4.61cd
	8.87±0.06d
	897±1.45ef
	2.74±0.01cde

	SPO
	430±2.88ab
	8.00±0.57ab
	28.23±0.07b
	69.55±0.11b
	1.10±0.01bc
	0.11±0.00ab
	9.99±0.36ab
	6652±3.60b
	7.56±0.07b
	874±1.76bc
	2.83±0.03def

	U-3
	543±4.37e
	5.66±0.88a
	32.58±0.09f
	75.20±0.12f
	1.50±0.01f
	0.30±0.01f
	19.99±0.61h
	7305±3.48h
	11.70±0.09g
	954±2.64i
	2.50±0.03a

	NSP
	447±2.02b
	8.66±0.66ab
	28.41±0.09b
	70.03±0.11b
	1.07±0.01ab
	0.11±0.00ab
	10.27±0.43ab
	6860±6.08d
	7.65±0.08b
	863±2.30ab
	2.85±0.02ef


Each value is a mean±standard error of three replications. 
Figures followed by same letters in column are non-significant by Tukey HSD test
3.3 Commercial parameters of silkworm breeds reared at 35±1⁰C temperature 
	Silkworm larvae of twelve breeds on exposure of 35±1⁰C temperature for six hours during fifth instar recorded the significantly different (F = 238.582; df = 11; P = 0.000) fecundity. However, the highest fecundity was observed in breed U-3 (508±2.30) followed by U-4 (501±3.17) and ND5 (495±3.48), whereas the minimum fecundity was recorded in breed PO1 (389±2.08). The total larval mortality per cent among the silkworm breeds varied significantly (F = 42.386; df = 11; P = 0.000) and the highest total larval mortality per cent was observed in SPO (23.33±0.66) that was statistically at par with breed PO1 (21.66±1.20) and least total larval mortality per cent was recorded in breed U-3(9.00±0.57) that was found statistically at par with breed U-4 i.e. 9.66±0.66.The ten mature larval weight of silkworm breeds varied significantly (F = 724.672; df = 11; P = 0.000). However, the mature larval weight was recorded highest in breed U-3(26.45±0.07) followed by breeds U-4 (26.25±0.07) and ND5 (26.14±0.09). Silkworm breeds recorded significantly different (F = 4175.712; df = 11; P = 0.000) pupation per cent and the maximum pupation percent was recorded in breed U-3 (70.16±0.10) followed by breeds U-4 (69.95±0.06) and ND5 (69.84±0.08) (Table 3).
The observation on single cocoon weight of silkworm breeds exposed at 35±1⁰C temperature varied significantly (F = 306.023; df = 11; P = 0.000) and the highest single cocoon weight was observed in breed U-3 (1.33±0.01) followed by breeds U-4 (1.29±0.01).  Significantly highest (F = 38.149; df = 11; P = 0.000) single shell weight was found in breed U-3 (0.24±0.02) followed by breeds U-4 (0.22±0.02). At 35±1⁰C temperature, shell ratio of the silkworm breeds was recorded significantly different (F = 22.763; df = 11; P = 0.000) and the highest shell ratio was recorded in breed U-3 (18.03±0.71) that was found statistically at par with breed U-4 (17.04±0.74).  The perusal of data on effective rate of rearing by number of silkworm breeds exposed at 35±1⁰C temperature varied significantly (F = 28459.889; df = 11; P = 0.000) and the maximum number were recorded in breed U-3 (6815±3.17) followed by breed U-4 (6785±7.50).  The yield of silkworm breeds treated at 35±1⁰C temperature recorded significantly different (F = 541.998; df = 11; P = 0.000) and the highest cocoon yield was observed in breed U-3 (9.54±0.07) which was found statistically at par with breed U-4 (9.19±0.05). The minimum ten mature larval weight, pupation per cent, single cocoon weight, single shell weight, shell ratio, effective rate of rearing by number and weight were recorded in breed PO1 to the tune of 18.68±0.11, 51.72±0.11, 0.83±0.01, 0.06±0.01, 7.21±0.59, 4854±3.48 and 4.66±0.14, respectively. At 35±1⁰C temperature, the filament length (F = 53.559; df = 11; P = 0.000) and denier (F = 35.341; df = 11; P = 0.000) were observed significantly different. The maximum filament length was observed in breed U-3 (864±4.00) followed by U-4 (855±2.96) and minimum filament length was recorded in PO1 (794±5.04), while the highest denier was recorded in PO1 (2.83±0.02) followed by NSP (2.78±0.02) and lowest was recorded in U-3 i.e. 2.41±0.01 (Table.3).

Table 3: Commercial parametersof silkworm breeds reared at 35±1⁰C temperature
	Breeds
	Fecundity
	Total larval mortality
(%)
	Ten mature larval weight
(g)
	Pupation percent
(%)
	Single cocoon weight
(g)
	Single shell weight 
(g)
	Shell ratio 
(%)
	ERR
By number
	ERR
By weight (Kg)
	Filament length 
(m)
	Denier
(d)

	WM
	459±2.96d
	15.00±0.57cd
	22.80±0.10c
	57.24±0.15d
	1.05±0.00bc
	0.11±0.01bc
	10.47±0.49abcd
	5614±3.52e
	6.82±0.08c
	817±1.85cde
	2.71±0.02de

	ND5
	495±3.48ef
	10.66±0.33ab
	26.14±0.09ef
	69.84±0.08gh
	1.26±0.01ef
	0.19±0.02ef
	15.06±0.77fg
	6756±4.61h
	9.05±0.05e
	852±4.35hi
	2.50±0.02ab

	NB4D2
	467±3.05d
	12.00±0.57abc
	23.84±0.06d
	57.51±0.11d
	1.01±0.00b
	0.10±0.01abc
	9.89±0.51abcd
	5518±4.09d
	6.61±0.05c
	810±2.18bcd
	2.74±0.02def

	U-4
	501±3.17ef
	9.66±0.66a
	26.25±0.07ef
	69.95±0.06gh
	1.29±0.01fg
	0.22±0.02fg
	17.04±0.74f
	6785±7.50i
	9.19±0.05f
	855±2.96hi
	2.44±0.02ab

	PO1
	389±2.08a
	21.66±1.20e
	18.68±0.11a
	51.72±0.09a
	0.83±0.01a
	0.06±0.01a
	7.21±0.59a
	4854±3.48a
	4.66±0.14a
	794±5.04a
	2.83±0.02f

	ND3
	467±1.45d
	13.00±0.57abcd
	23.24±0.14c
	56.47±0.13c
	1.14±0.01d
	0.13±0.02cd
	11.38±0.89bcde
	5489±3.78c
	5.63±0.04b
	831±2.30efg
	2.67±0.02de

	U-6
	488±2.33e
	11.66±1.20abc
	25.84±0.05e
	69.44±0.07g
	1.23±0.01e
	0.16±0.02de
	12.99±0.81de
	6748±4.61h
	8.94±0.07e
	846±2.90gh
	2.54±0.01bc

	CSR2
	443±4.04c
	14.33±0.88bcd
	23.01±0.09c
	63.86±0.08f
	1.17±0.01d
	0.14±0.02cd
	11.95±0.87cde
	6188±3.46f
	6.79±0.11c
	833±1.76fg
	2.62±0.02cd

	SH6
	462±2.64d
	16.00±0.57d
	22.86±0.12c
	61.18±0.13e
	1.08±0.01c
	0.11±0.02bc
	10.16±0.96abcd
	6615±5.77g
	7.74±0.07d
	824±1.52def
	2.65±0.02cd

	SPO
	389±2.08a
	23.33±0.66e
	19.80±0.10b
	52.26±0.15ab
	0.87±0.00a
	0.07±0.01ab
	8.04±0.60ab
	4921±4.35b
	4.73±0.04a
	807±3.60abc
	2.74±0.01def

	U-3
	508±2.30f
	9.00±0.57a
	26.45±0.07f
	70.16±0.10h
	1.33±0.01g
	0.24±0.02g
	18.03±0.71f
	6815±3.17j
	9.54±0.07f
	864±4.00i
	2.41±0.01a

	NSP
	405±2.85b
	22.33±0.88e
	20.11±0.07b
	52.83±0.12b
	0.85±0.00a
	0.07±0.01ab
	8.22±0.62abc
	4935±6.35b
	4.52±0.07a
	800±2.88ab
	2.78±0.02ef


Each value is a mean±standard error of three replications. 
Figures followed by same letters in column are non-significant by Tukey HSD test.
3.4. Evaluation index (E.I.) of silkworm breeds reared at different temperatures
The data recorded of nine traits viz., Fecundity, pupation per cent, cocoon weight, shell weight, shell ratio, ERR by number and weight, filament length and denier of twelve bivoltine silkworm breeds reared at 25±1⁰C, 30±1⁰C and 35±1⁰C temperatures were subjected to evaluation as per procedure outlined by Mano et al. (1993) and are presented in Table 4, 5 and 6, respectively. The indices obtained from all the traits in respect of each silkworm breeds were combined and the average evaluation index were assessed. The criteria for the selection of the silkworm breed was based on the average evaluation index value >50. The silkworm breeds which scored above the limit of 50 in many traits were considered as promising breed for thermotolerance. 
3.4.1	Evaluation index (E.I.) of silkworm breeds reared at 25±1⁰C temperature 
Among the twelve bivoltine silkworm breeds reared at ambient temperature, eight breeds viz., U-3 (62.61), U-4 (61.28), ND5 (60.77), U-6 (59.44), NB4D2 (52.71), ND3 (50.37) and WM (50.06) recorded evaluation index value above 50 for fecundity, while the lowest evaluation index value was observed in PO1 i.e. 31.90. Highest evaluation index values for pupation per cent for silkworm breeds reared at ambient temperature was recorded in breed U-3 (67.25) followed by U-4 (64.19), ND5 (63.15), U-6 (60.85), NB4D2 (52.83), CSR2 (52.25) and WM (51.38), whereas the minimum evaluation index value (38.92) was observed in breed PO1. 
Seven silkworm breeds viz.,U-3 (68.44), U-4 (64.75), ND5 (61.99), U-6 (59.22), CSR2 (54.61), SH6 (51.89) and ND3 (51.84) exhibited evaluation index value above 50 for single cocoon weight when reared at ambient temperature, while the minimum evaluation index value was recorded in PO1 i.e. 38.63. Among twelve silkworm breeds reared at ambient temperature, the evaluation index values for single shell weight was recorded higher than 50 in five breeds viz., U-3 (69.29), U-4 (64.46), ND5 (59.64), U-6 (57.23) and CSR2 (50.02), while the minimum evaluation index value was observed in PO1 i.e. 37.95.Six silkworm breeds viz., U-3 (69.07), U-4 (63.86), ND5 (57.51), U-6 (55.56), NSP (54.25) and SH6 (50.59) recorded evaluation index values more than 50 when reared at ambient (25±1⁰C) temperature which indicates its superiority over other breeds, whereas the lowest evaluation index value (37.79) was found in breed PO1. 
Evaluation index value for effective rate of rearing by number were recorded more than 50 in seven silkworm breeds viz., U-3 (65.74), U-4 (63.35), ND5 (62.07), U-6 (61.33), NB4D2 (52.70), WM (50.50) and SH6 (50.19), while the minimum evaluation index value was observed in breed PO1 i.e. 39.48.Evaluation index values for effective rate of rearing by weight were recorded more than 50 in five silkworm breeds viz., U-3 (66.50), U-4 (64.51), ND5 (63.37), U-6 (60.72) and CSR2 (56.39), while minimum evaluation index value (39.66) was recorded in breed PO1. The evaluation index for filament length of silkworm breeds reared at ambient temperature. The results indicated that five silkworm breeds viz., U-3 (64.12), U-4 (61.72), ND5 (59.19), U-6 (56.66) and CSR2 (50.34) recorded evaluation index values more than 50 for filament length, whereas the minimum value was observed in breed PO1 (34.41).As denier is a negative trait the evaluation index value calculated less than 50 was fixed for selection of silkworm breeds. 
Four silkworm breeds viz., U-3 (34.69), U-4 (37.89), ND5 (41.12) and U-6 (44.08) scored a good evaluation index value in terms of denier, whereas the maximum evaluation index value for denier was recorded in silkworm breed PO1 i.e. 64.80. The average evaluation index value for nine traits of silkworm breeds are presented in Table 4. Four breeds viz., U-3 (62.97), U-4 (60.67), ND5 (58.76) and U-6 (57.23) recorded evaluation index values above 50 indicated their superiority over other breeds and the lowest value was recorded in breeds PO1 i.e. 40.39 (Table 4).

Table 4.: Evaluation index (E.I.) of silkworm breeds reared at 25±1⁰C temperature
	Breeds
	Fecundity
	Pupation
(%)
	Single cocoon weight
(g)
	Single shell weight
 (g)
	Shell ratio (%)
	ERR
By number
	ERR
By weight (Kg)
	Filament length
(m)
	Denier
(d)
	Total
	Average E.I.

	WM
	50.06
	51.38
	44.47
	42.77
	40.37
	50.50
	44.31
	43.39
	56.73
	423.98
	47.11

	ND5
	60.77
	63.15
	61.99
	59.64
	57.51
	62.07
	63.37
	59.19
	41.12
	528.81
	58.76

	NB4D2
	52.71
	52.83
	42.62
	45.18
	47.26
	52.70
	43.46
	40.86
	58.34
	435.96
	48.44

	U-4
	61.28
	64.19
	64.75
	64.46
	63.86
	63.35
	64.51
	61.72
	37.89
	545.99
	60.67

	PO1
	31.90
	38.92
	38.63
	37.95
	37.79
	39.48
	39.66
	34.41
	64.80
	363.54
	40.39

	ND3
	50.37
	47.52
	51.84
	45.18
	38.49
	42.42
	50.00
	48.32
	52.96
	427.10
	47.46

	U-6
	59.44
	60.85
	59.22
	57.23
	55.56
	61.33
	60.72
	56.66
	44.08
	515.09
	57.23

	CSR2
	44.76
	52.25
	54.61
	50.00
	48.04
	41.69
	56.39
	50.34
	51.61
	449.69
	49.97

	SH6
	49.24
	43.71
	51.89
	49.28
	50.59
	50.19
	49.85
	46.04
	54.04
	444.83
	49.43

	SPO
	35.27
	39.96
	41.70
	40.36
	39.59
	39.24
	39.85
	38.33
	60.49
	374.79
	41.64

	U-3
	62.61
	67.25
	68.44
	69.29
	69.07
	65.74
	66.50
	64.12
	34.67
	566.69
	62.97

	NSP
	41.59
	40.65
	40.78
	45.18
	54.25
	39.67
	40.52
	36.94
	61.11
	401.69
	44.63



3.4.2	Evaluation index (E.I.) of silkworm breeds reared at 30±1⁰C temperature 
Among the twelve silkworm breeds treated at 30±1⁰C temperature, five silkworm breeds viz., U-3 (59.71), U-4 (58.54), ND5 (57.13), U-6 (56.38) and NB4D2 (50.20) showed evaluation index values above 50 for fecundity. The least evaluation index value was observed in PO1 i.e. 30.85. Evaluation index values of silkworm breeds for pupation per cent indicates that four silkworm breeds U-3 (64.46), U-4 (63.03), ND5 (61.15) and U-6 (59.78) revealed evaluation index value more than 50 when reared at 30±1⁰C temperature and the lowest evaluation index value was observed in PO1 (32.42).Among the twelve silkworm breeds, four breeds viz., U-3 (62.94), U-4 (60.26), ND5 (57.57) and U-6 (55.56) scored evaluation index values more than 50 for single cocoon weight, whereas minimum evaluation index value (32.42) was found in  PO1. 
Among the silkworm breeds reared at 30±1⁰C temperature, evaluation index values for single shell weight above 50 were recorded in breeds U-3 (67.09), U-4 (62.95), ND5 (57.25) and U-6 (55.53) and minimum evaluation index value was found in breed PO1 i.e. 36.02. Silkworm breeds viz., U-3 (65.01), U-4 (61.65), ND5 (55.85) and U-6 (54.19) exhibited evaluation index values more than 50 for shell ratio which indicated their better performance at 30±1⁰C temperature, whereas the lowest evaluation index value (33.65)  was recorded in breed PO1. 
The silkworm breeds viz., U-3 (61.78), U-4 (61.00), ND5 (60.49) and U-6 (59.65) revealed evaluation index values more than 50 for effective rate of rearing by number which indicated that these breeds could perform well at 30±1⁰C temperature, while the lowest evaluation index value was recorded in breed PO1 i.e. 34.51. Evaluation index values for effective rate of rearing by weight above 50 were observed in four silkworm breeds viz., U-3 (64.17), U-4 (62.49), ND5 (61.53) and U-6 (58.47) when reared at 30±1⁰C temperature. The minimum evaluation index value was recorded in breed PO1 (34.54).Among twelve silkworm breeds reared at 30±1⁰C temperature, maximum evaluation index value for filament length was recorded maximum in U-3 (61.50) followed by U-4 (58.48), ND5 (56.81) and U-6 (54.31), whereas minimum evaluation index value was observed in breed PO1 i.e. 30.47.
As denier is a negative trait and its evaluation index value less than 50 was considered. The lowest evaluation index value was observed in silkworm breeds U-3 (33.40) followed by U-4 (36.98), ND5 (40.55), U-6 (43.62) and CSR2 (49.23), while breed PO1 (64.05) recorded the highest evaluation index value for denier. Four silkworm breeds viz., U-3 (60.01), U-4 (58.38), ND5 (56.48) and U-6 (55.28) scored average evaluation index value of above 50 which showed that the performance of these breeds were better at 30±1⁰C temperature. The lowest evaluation index value (36.70) was recorded in breed PO1 (Table.5.).

Table 5: Evaluation index (E.I.) of silkworm breeds reared at 30±1⁰C temperature 
	Breeds
	Fecundity
	Pupation
(%)
	Single cocoon weight
(g)
	Single shell weight
 (g)
	Shell ratio (%)
	ERR
By number
	ERR
By weight (Kg)
	Filament length
 (m)
	Denier 

(d)
	Total
	Average E.I.

	WM
	48.20
	48.37
	41.21
	40.68
	39.32
	46.16
	43.26
	41.92
	55.11
	404.23
	44.91

	ND5
	57.13
	61.15
	57.57
	57.25
	55.85
	60.49
	61.53
	56.81
	40.55
	508.33
	56.48

	NB4D2
	50.20
	48.57
	39.74
	42.23
	42.24
	45.33
	42.10
	38.27
	57.15
	405.83
	45.09

	U-4
	58.54
	63.03
	60.26
	62.95
	61.65
	61.00
	62.49
	58.48
	36.98
	525.38
	58.38

	PO1
	30.85
	33.77
	32.42
	36.02
	33.65
	34.51
	34.54
	30.47
	64.05
	330.28
	36.70

	ND3
	49.62
	44.51
	46.83
	43.27
	36.76
	40.00
	48.75
	46.81
	51.02
	407.57
	45.29

	U-6
	56.38
	59.78
	55.56
	55.53
	54.19
	59.65
	58.47
	54.31
	43.62
	497.49
	55.28

	CSR2
	44.36
	49.84
	49.24
	48.96
	46.92
	40.25
	51.48
	47.75
	49.23
	428.06
	47.56

	SH6
	48.95
	42.61
	45.60
	46.89
	45.61
	47.27
	47.10
	43.90
	51.53
	419.46
	46.61

	SPO
	31.26
	38.89
	37.55
	39.12
	38.95
	38.64
	38.69
	36.71
	58.68
	358.49
	39.83

	U-3
	59.71
	64.46
	62.94
	67.09
	65.01
	61.78
	64.17
	61.50
	33.40
	540.06
	60.01

	NSP
	35.60
	39.05
	35.35
	39.12
	38.45
	37.64
	39.29
	33.07
	60.47
	358.04
	39.78




3.4.3	Evaluation index (E.I.) of silkworm breeds reared at 35±1⁰C temperature 
The evaluation index for fecundity among twelve silkworm breeds reared at 35±1⁰C temperature revealed that the maximum value for fecundity was recorded in breed U-3 (57.66) followed by U-4 (56.11), ND5 (54.65) and U-6 (52.86), whereas the minimum evaluation index value was observed in breed PO1 i.e. 28.60.Among the twelve silkworm breeds reared at 35±1⁰C temperature, the breeds U-3 (60.39), U-4 (59.97), ND5 (56.69) and U-6 (56.87) recorded evaluation index values more than 50, while breed PO1 (32.12) observed the lowest evaluation index value.
Evaluation index of silkworm breeds reared at 35±1⁰C temperature revealed that breed U-3 (58.92) exhibited highest evaluation index value, followed by U-4 (55.53) ND5 (56.69) and U-6 (51.84) for single cocoon weight that showed their superiority over other breeds, whereas the breed PO1 (29.09) recorded minimum evaluation index value.Four silkworm breeds viz., U-3 (63.66), U-4 (58.84), ND5 (54.02) and U-6 (51.61) recorded evaluation index values more than 50 for single shell weight which indicated their better performance when reared 35±1⁰C temperature. The least evaluation index value was recorded in breed PO1 i.e. 33.12.Among the silkworm breeds reared at 35±1⁰C temperature, four breeds viz., U-3, U-4, ND5 and U-6 recorded evaluation index values more than 50 for shell ratioi.e. 61.74, 59.44, 51.53 and 50.58, respectively. The minimum evaluation index value was recorded in breed PO1 i.e. 29.94. Evaluation index of silkworm breeds reared at 35±1⁰C temperature revealed that evaluation index values above 50 were recorded in silkworm breeds U-3 (58.81), U-4 (57.88), ND5 (56.18) and U-6 (54.09) for effective rate of rearing by number, whereas breed PO1 (30.03) observed minimum evaluation index value.
 Among the Silkworm breeds reared at 35±1⁰C temperature recorded evaluation index values above 50 in four silkworm breeds viz., U-3 (62.32), U-4 (61.76), ND5 (60.98) and U-6 (60.39) for effective rate of rearing by weight, while the least evaluation index value was observed in breed PO1 i.e. 36.54. The evaluation index of silkworm breeds reared at 35±1⁰C temperature among twelve breeds revealed that maximum evaluation index value for filament length was recorded in silkworm breed U-3 (59.03), followed by U-4 (55.34), ND5 (53.72) and U-6 (51.37), whereas breed PO1 (28.40) observed minimum evaluation index value. The minimum evaluation index value for denier was recorded in silkworm breed U-3 (32.06) followed by U-4 (34.21), ND5 (38.52) and U-6 (41.63) when reared at 35±1⁰C temperature and maximum evaluation index value was recorded in PO1 i.e. 62.44. Among these breeds, four silkworm breeds viz., U-3 (57.18), U-4 (55.45), ND5 (53.58) and U-6 (52.47) recorded average evaluation index values higher than 50 which revealed their superiority over other breeds and the minimum average evaluation index value was recorded in breed PO1 (34.48) (Table 6.).

Table 6: Evaluation index (E.I.) of silkworm breeds reared at 35±1⁰C temperature 
	Breeds
	Fecundity
	Pupation
(%)
	Single cocoon weight
(g)
	Single shell weight 
(g)
	Shell ratio (%)
	ERR
By number
	ERR
By weight (Kg)
	Filament length 
(m)
	Denier (d)
	Total
	Average E.I.

	WM
	45.77
	46.25
	38.43
	37.14
	38.31
	41.90
	47.38
	38.41
	53.59
	387.18
	43.02

	ND5
	54.65
	58.95
	56.69
	54.02
	51.53
	56.18
	60.98
	53.72
	38.52
	482.24
	53.58

	NB4D2
	47.65
	45.86
	37.39
	39.55
	36.69
	41.33
	41.95
	35.46
	55.98
	381.86
	42.43

	U-4
	56.11
	59.97
	55.53
	58.84
	59.44
	57.88
	61.76
	55.34
	34.21
	499.08
	55.45

	PO1
	28.60
	32.12
	29.09
	33.12
	29.94
	30.03
	36.54
	28.40
	62.44
	310.28
	34.48

	ND3
	47.81
	42.33
	44.47
	41.96
	45.25
	42.38
	48.57
	44.45
	50.96
	408.18
	45.35

	U-6
	52.86
	56.87
	51.84
	51.61
	50.58
	54.09
	60.39
	51.37
	41.63
	472.24
	52.47

	CSR2
	41.79
	47.45
	47.54
	46.78
	45.89
	44.32
	53.68
	45.63
	47.61
	420.69
	46.74

	SH6
	46.43
	39.43
	43.54
	44.37
	42.70
	43.76
	48.38
	41.35
	49.76
	399.72
	44.41

	SPO
	28.60
	35.73
	35.73
	35.53
	34.77
	32.35
	36.90
	33.84
	55.98
	329.43
	36.60

	U-3
	57.66
	60.39
	58.92
	63.66
	61.74
	58.81
	62.32
	59.03
	32.06
	514.59
	57.18

	NSP
	32.67
	34.79
	30.32
	33.92
	32.28
	31.26
	35.74
	30.75
	58.61
	320.34
	35.59



B. mori is a poikilothermic insect and the intensive care and domestication over centuries has deprived this commercial insect of the opportunity to acquire thermotolerance. This vulnerability is more pronounced in bivoltine breeds as compare to multivoltine breeds. Among many factors responsible for poor performance of the bivoltine silkworm breeds under tropical conditions, the major one is lack of thermotolerance. Silkworm breeds in this study also showed a decline in rearing parameters with the increase in temperature above 25⁰C due to the low feeding activity of the silkworms during high temperature. During higher temperature the moisture content of the leaves reduces due to evaporation thereby faster drying of the leaves and makes it difficult for silkworm to ingest it.  This non-feeding or poor-feeding of silkworm negatively affects the growth and productivity of silkworm (Kumar et al., 2012). Hussain et al. (2011) stated that reduce in fecundity at higher temperature was due to consumption of more energy in the metabolic activity during the stress conditions which disturb the rhythm and efficiency of larvae to harvest the energy during 5th instar for the synthesis of cocoon before pupation and complete developmental process during the non-feeding stages. Thus much of energy resources are utilized to restore internal homeostasis when external environment exert stress.  Dahi et al. (2016) found that the increase in mortality at high temperature is due to the heat stress and dehydration in the silkworm larvae. Tanjung et al. (2017) reported that variations in temperature causes inability in insects to achieve optimal physiological performance, changes in the food consumption and utilization, metabolism, synthesis of enzymes and other behaviors and due to high temperature, leaf withering occur in rearing bed as a result of which silkworm larvae cannot feed properly and leads to decrease in larval weight, cocoon parameters ultimately affecting the quality and quantity of cocoon crops.

4. Conclusion
The present study was conducted to evaluate the thermotolerance of twelve silkworm breeds namely WM, ND5, NB4D2, U-4, PO1, ND3, U-6, CSR2, SH6, SPO, U-3 and NSP under elevated temperature conditions. The results revealed significant variations among the breeds in terms of pupation rate, larval weight, cocoon yield, and other economic parameters under heat stress conditions. U-3, U-4, ND5 and U-6 breeds exhibited better adaptability and stability, indicating their higher thermo-tolerant potential.Overall, the study highlights the importance of selecting and promoting thermo-tolerant silkworm breeds for sustainable sericulture in subtropical regions. The findings may contribute to the development of climate-resilient silkworm varieties and help improve cocoon production under stressful environmental conditions.
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