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Integrative Review of Reproductive Biology in the Muga Silkworm (Antheraea assamensis): Anatomy, Endocrinology, Seasonality, and Seed Technology


ABSTRACT
The muga silkworm (Antheraea assamensis Helfer), a mono-raced, semi-domesticated saturniid endemic to northeastern India, is globally renowned for producing golden muga silk, a textile with unmatched luster and cultural heritage. The sustainability of muga sericulture critically depends on optimizing seed production, which is intrinsically linked to the reproductive biology of the species. This review integrates the anatomical, physiological, hormonal, behavioral, and environmental aspects governing reproduction in A. assamensis. It synthesizes recent findings on reproductive organ morphology, sperm dimorphism, endocrine regulation via juvenile hormone (JH-III), 20-hydroxyecdysone (20-E), and methoprene, and evaluates the influence of mating duration, seasonality, and oviposition substrates on fecundity and fertility. Copulation duration of 7–8 hours, autumnal conditions, and biodegradable oviposition devices are consistently associated with improved reproductive outcomes. Despite significant advances, reproductive efficiency remains suboptimal due to climatic sensitivity, high egg retention, and inconsistent grainage practices. Critical research gaps persist in understanding neuroendocrine control, sperm viability, stress physiology, and molecular regulation. We propose a future roadmap involving high-throughput omics, genome sequencing, precision grainage protocols, and integrative reproductive modeling to enhance seed viability, ensure genetic conservation, and stabilize muga silk productivity. This review provides a comprehensive foundation for advancing reproductive biotechnology in A. assamensis, laying the groundwork for sustainable sericulture innovation.
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1. INTRODUCTION
The muga silkworm (Antheraea assamensis Helfer), a semi-domesticated lepidopteran of the family Saturniidae, is endemic to the northeastern region of India and is primarily distributed across the Brahmaputra valley in Assam (Nath et al., 2025). This species is globally unique for producing muga silk, a luxurious fiber with a natural golden sheen and a registered Geographical Indication (GI) of Assam. As a holometabolous insect, A. assamensis undergoes complete metamorphosis through four distinct developmental stages: egg, larva, pupa, and adult. The species is multivoltine, completing five to six generations annually, with the life cycle duration ranging from approximately 50 days during summer to 120 days in winter (Nath et al., 2025) (Fig 1).
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Fig. 1. Life cycle of muga silkworm (Antheraea assamensis Helfer)
Among the annual generations, two are of commercial significance, Jethua (spring) and Kotia (autumn) which form the backbone of economic sericulture in the region (Saikia et al., 2023) (Fig.2). The success of muga silk production largely depends on the quality of silkworm seed, which is evaluated by parameters such as egg-laying capacity (fecundity), hatchability, uniformity of hatching, and the overall rearing performance of the progeny (Hussain et al., 2011). The production of high-quality eggs is a multifactorial process influenced by both intrinsic physiological mechanisms and extrinsic environmental factors. Among these, oviposition behavior is a key determinant of seed quality and warrants in-depth investigation (Dubey et al., 1993). Likewise, mating behavior, particularly the duration of copulation has a profound effect on inducing oviposition and determining the total egg production (Rideley, 1990).
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Fig. 2. Seasonal crop cycle of Muga silkworm
Traditionally, the oviposition of muga silk moths is managed using devices such as the kharika, made of thatch grass. However, to improve efficiency and hygiene in seed production, alternative biodegradable oviposition devices have been developed and tested with promising results (Teotia et al., 1998; Sahu et al., 1998a, b). Optimal egg-laying conditions, however, are not solely determined by the device used, they are intricately linked to seasonal environmental variables such as temperature, humidity, and photoperiod (Saikia et al., 2023; Jolly, 1983; Nayak & Dash, 1974; Thangavelu & Sahu, 1986; Chaoba Singh et al., 1991). These abiotic factors significantly impact key life cycle parameters including larval weight, pupal weight, cocoon shell weight, adult emergence rate, mating success, fecundity, hatching percentage, adult longevity, and silk reelability (Yadav et al., 1992; Nayak et al., 1993; Zhu et al., 2000; Chen et al., 2002; Seema et al., 2004).
Temperature and relative humidity are particularly influential in regulating the reproductive success of A. assamensis. It has been established that the optimal thermal and humidity range for muga silkworm rearing lies between 20–31 °C and 65–95%, respectively (Tikader et al., 2013). Cooler and more stable conditions prevailing from October to March are considered favorable for cocoon development and seed productivity, as evidenced by higher cocoon quality and reduced larval mortality (Krishnaswami et al., 1971).
Given that seed production and timely supply remain one of the most critical challenges in the muga industry, there is a growing need for systematic and technology-driven approaches to ensure consistency in seed quality. Enhancing hatching percentage and overall seed viability not only boosts cocoon yield and raw silk output but also improves economic returns for rearers and seed producers alike. Mating duration has also been shown to significantly affect fecundity and fertility across several studies, with extended copulation times generally associated with improved reproductive performance (Goswami & Singh, 2012).
Despite significant advances in individual domains such as reproductive anatomy, mating behavior, endocrinology, and ecological adaptation, the reproductive biology of A. assamensis has not yet been reviewed in an integrated and holistic manner. A comprehensive synthesis of these interconnected aspects is essential not only for scientific advancement but also for optimizing practical applications in seed technology, grainage operations, and conservation-oriented breeding. The present review aims to consolidate the fragmented body of knowledge on the reproductive biology of A. assamensis, elucidating the anatomical, physiological, environmental, and operational factors that govern reproductive success, and identifying strategic directions for future research and sericultural innovation.
2. ANATOMY AND MORPHOLOGY OF REPRODUCTIVE ORGANS
The reproductive anatomy of Antheraea assamensis plays a fundamental role in shaping its reproductive performance, directly impacting seed productivity and the economic viability of muga sericulture. Despite the commercial importance of this species, detailed anatomical investigations into its reproductive system remain limited. While earlier studies have examined certain aspects of reproductive biology (Ghonmode 2024; Barah et al., 1991; Biswas et al., 2018; Thangavelu et al., 1988; Sahu et al., 1999), a comprehensive morphological characterization had been lacking until the recent work of Biswas et al. (2024).
Building on preliminary work by Sahu et al. (1999), who described the ontogeny of reproductive organs during developmental stages, Biswas et al. (2024) provided the first detailed anatomical account of both male and female reproductive systems of A. assamensis, along with season-dependent observations on sperm dimorphism and functionality. Their study marks a significant advancement in understanding the structural basis of reproductive physiology in this species, drawing comparative insights from closely related lepidopterans such as Bombyx mori (Omura, 1936, 1938a, 1938b) and Antheraea mylitta (Ghonmode 2024; Dubey et al., 1992).
2.1 Male Reproductive System
According to Biswas et al. (2024), the male reproductive system of A. assamensis comprises paired testes, vasa deferentia, ductus ejaculatorius duplex and simplex, aedeagus, and paired accessory glands (Fig. 3). The testes, positioned dorsally on either side of the fifth abdominal segment, appear yellow in newly emerged moths due to the surrounding fat body. Each testis contains four lobes with centrally arranged cysts, within which eupyrene (nucleated) and apyrene (anucleated) sperms are formed in separate bundles, consistent with observations in B. mori (Omura, 1936).
The vas deferens extends ventrally from each testis, with notable variability in diameter wider proximally, expanded in the middle (seminal vesicle), and tapering distally. The ductus ejaculatorius duplex, a paired organ, shows a characteristic bend at the midpoint and acts as a sperm reservoir, ultimately merging into the ductus ejaculatorius simplex, which delivers semen through the sclerotized aedeagus into the female bursa copulatrix. The accessory glands are coiled tubular structures, partly translucent and partly opaque, located over the duplex and contributing to the seminal fluid. The structural dimensions of these organs were reported to vary across seasons and individuals, likely correlating with reproductive capacity.
2.2 Female Reproductive System
The female reproductive tract, as described by Biswas et al. (2024), consists of paired ovaries with four polytrophic meroistic ovarioles each, lateral and common oviducts, a bursa copulatrix, spermatheca, and dorsal colleterial glands (Fig.3). The tightly coiled ovarioles are bound by tracheae, allowing compact placement within the abdominal cavity. Each ovariole exhibits size variation along its length and contains immature previtellogenic oocytes at the distal end.
The lateral oviducts fuse into a thick-walled common oviduct, which ends in a dorsal evagination (vestibulum), followed by the vagina. The bursa copulatrix is a dilated sac that receives the male spermatophore during copulation via the ductus bursae, which opens externally at the ostium bursae. The seminal duct and spermathecal duct both open into the vestibulum, which serves as the fertilization site. The spermatheca in A. assamensis is bilobed, as in B. mori (Omura, 1938a), while the associated Y-shaped spermathecal gland shows only minor inter-individual variation. The colleterial glands secrete adhesive substances that facilitate egg attachment to the substrate during oviposition (Table 1).
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Fig. 3. Reproductive systems of A. assamensis. (A) Parts of the male reproductive system of A. assamensis. (B) Female reproductive system of Muga silkmoth A. assamensis. (C) Epyrene sperm bundles inside testes. (D) Apyrene sperm bundle
Source: Biswas et al. (2024)
Table 1. Measurements of male and female reproductive system of A. assamensis
	Parts
	Measurements (mm)
	Season


	
	
	Summer
	Autumn
	Winter
	Spring

	Male reproductive system

	Testis
	Length
	2.23 
	2.20 
	2.00 
	2.20 

	
	Breadth
	2.00 
	2.03 
	1.80 
	1.93 

	Vas deferens (VD)
	Length
	15.17 
	14.17 
	13.23 
	13.00 

	
	Breadth
	0.63 
	0.57 
	0.53 
	0.53 

	Seminal vesicle (SV)
	Length
	3.50 
	3.17 
	2.90 
	2.83 

	
	Breadth
	3.33 
	3.00 
	2.50 
	2.97 

	Ductus ejaculatorius duplex (DD)
	Length
	4.77 
	4.16 
	3.67 
	4.33 

	
	Breadth
	1.43 
	1.43 
	1.30 
	1.40 

	Ductus ejaculatorius simplex (DS)
	Length
	12.67 
	11.17 
	10.22 
	11.00 

	Aedeagus/Penis
	Breadth
	0.60 
	0.53 
	0.50 
	0.54 

	
	Length
	5.03 
	5.07 
	4.87 
	5.00 

	
	Breadth
	1.33 
	1.13 
	1.13 
	1.13 

	Male accessory gland
	Length
	17.33 
	13.67 
	11.50 
	13.47 

	
	Breadth
	1.33 
	1.06 
	1.06 
	1.16 

	Female reproductive system 

	Ovarioles
	Length
	102.33 
	95.33 
	82.00 
	90.33 

	
	Breadth
	Variable throughout the length
	Variable throughout the length
	Variable throughout the length
	Variable throughout the length

	Common oviduct
	Length
	5.60 
	5.00 
	4.67 
	5.00 

	
	Breadth
	2.17 
	2.17 
	2.00 
	2.17 

	Bursa copulatrix: Corpus bursae
	Length
	3.07 
	2.77 
	2.33 
	2.83 

	
	Breadth
	2.27 
	2.23 
	2.16 
	2.23 

	Ductus bursae
	Length
	2.97
	2.83 
	2.67 
	2.90 

	
	Breadth
	1.80 
	1.60 
	1.56 
	1.70

	Seminal duct
	Length
	1.63 
	1.60 
	1.53 
	1.63 

	
	Breadth
	1.50 
	1.47 
	1.33 
	1.47 

	Spermathecal duct
	Length
	3.17 
	2.90
	2.67 
	2.43 

	
	Breadth
	1.67 
	1.43 
	1.33 
	1.50 

	Spermatheca: Main chamber
	Length
	4.63 
	4.17 
	3.83 
	3.90 

	
	Breadth
	3.23 
	3.07 
	2.77 
	3.17 

	Spermatheca: Lateral chamber
	Length
	3.40 
	3.07 
	2.60 
	2.93 

	
	Breadth
	3.03 
	3.00 
	2.93 
	2.93 

	Spermathecal gland
	Length
	7.10 
	6.53 
	5.20 
	5.23 

	
	Breadth
	1.53 
	1.53 
	1.43 
	1.50 

	Colleterial gland/female accessory gland
	Length
	62.33 
	57.33 
	54.00 
	56.77 

	
	Breadth
	1.60 
	1.53 
	1.43 
	1.53 


Source: Biswas et al. (2024)
2.3 Sperm Dimorphism and Seasonal Variation
A notable contribution of Biswas et al. (2024) was the detailed characterization of sperm dimorphism in A. assamensis. Their study confirmed the presence of eupyrene sperm (mean length: 608 µm) and apyrene sperm (mean length: 401 µm), a feature widely reported in other lepidopterans (Omura, 1936; 1938b; Katsuno, 1978; Etman & Hooper, 1979; Silberglied et al., 1984). In testes, both sperm types are bundled separately; however, in the seminal vesicle and duplex, while eupyrene sperm remain bundled, apyrene sperm become dispersed, a pattern mirroring that in B. mori (Omura, 1938b).
Importantly, Biswas et al. (2024) observed that the quantity of both sperm types transferred during mating was significantly lower in summer than in autumn or winter. Correspondingly, reduced sperm content in the spermatheca was associated with a decline in egg fertilization and hatchability. These findings suggest that elevated ambient temperatures may impair sperm production and storage, potentially explaining seasonal declines in seed quality. While similar correlations have been drawn in B. mori (Saheb et al., 2009; Chen et al., 2020), the reproductive consequences of thermal stress in A. assamensis remain insufficiently explored and warrant further investigation.
The anatomical comparisons drawn by Biswas et al. (2024) reveal that while the male reproductive morphology of A. assamensis diverges from that of B. mori, it closely resembles that of A. mylitta (Ghonmode 2024). Similarly, female reproductive structures align with those reported in other saturniid moths, though differences in gland morphology and nomenclature persist (Omura, 1936; 1938b).
During mating, the male transfers a spermatophore into the female bursa copulatrix, containing both eupyrene and apyrene sperm, along with accessory gland secretions (Norris, 1933; Omura, 1938a; Etman & Hooper, 1979). Within one hour post-mating, both sperm types were observed in the spermatheca. The role of apyrene sperm in assisting fertilization, although not yet fully elucidated, is considered indispensable. As shown in B. mori by Omura (1938a) and Karube & Kobayashi (1999), fertilization takes place in the vestibulum, where stored sperm migrate downward. A reduction in eupyrene sperm storage, as noted in summer by Biswas et al. (2024), may directly contribute to poor fertilization outcomes in grainage operations.
3. HORMONAL REGULATION OF REPRODUCTION 
Reproduction in insects is intricately regulated by endocrine mechanisms involving ecdysteroids and juvenile hormones (JHs), which coordinate developmental transitions, including larval growth, metamorphosis, and reproductive maturation (Soin et al., 2008). These hormones play key roles in vitellogenesis, oocyte development, and yolk deposition across diverse insect taxa (Wigglesworth, 1936; Joly, 1945; Pfeiffer, 1945; Scharrer, 1946; Thomson, 1952; De Loof & De Wilde, 1970; Bell & Barth, 1971).
In Antheraea assamensis, a species with inherently low fecundity and frequent egg retention, hormonal regulation appears central to improving reproductive performance, especially under seed production constraints. Neog et al. (2014) conducted a critical investigation into the effects of two major juvenile hormones, juvenile hormone III (JH-III) and 20-hydroxyecdysone (20-E) on the reproductive physiology and rearing performance of A. assamensis. Their study revealed that topical application of JH-III (10 μg) and 20-E (15 μg) significantly enhanced multiple reproductive traits compared to controls. Notably, 20-E treatment led to reduced fifth instar larval duration, improved cocoon formation (79%), and the highest pupal and shell weights (6.61 g and 0.58 g, respectively). JH-III also improved these traits, albeit to a slightly lesser degree, and was found to increase larval duration by one to two days.
Fecundity was markedly improved under both hormonal treatments (Table 2). Neog et al. (2014) reported increased egg-laying (150–166 eggs per female moth) compared to untreated controls (100–115 eggs). Moreover, egg retention, a persistent problem in A. assamensis was substantially reduced following hormone application, with 20-E yielding the lowest average retained egg count (13.44), followed by JH-III. Vitellogenin synthesis in pupal tissues, pharate adults, normal eggs, and retained eggs was also elevated under hormonal influence. Ovarian length in treated pupae increased significantly (9.63 cm for 20-E and 9.31  cm for JH-III), compared to controls (8.65 cm), suggesting enhanced ovarian development. In addition to hormonal effects on internal physiology, Neog et al. (2014) studied the ultrastructure of the brain and ovaries in larvae and pupae subjected to hormone treatments, identifying neuroendocrine regulation as a critical factor governing reproductive output. The presence of corpus allatum (CA) and its secretion of JH are known to be essential for yolk formation and ovarian maturation in multiple insect species (Wigglesworth, 1936; Bell & Barth, 1971), and similar processes appear to operate in A. assamensis.
Supporting evidence from other lepidopteran studies further reinforces the utility of hormone analogs in reproductive enhancement. Methoprene, a juvenile hormone analog, has been shown to improve fecundity in Bombyx mori and Antheraea yamamai through various methods of application including topical spray and leaf immersion (Gaboud et al., 1985; Ye GongYin et al., 1999). Changamma et al. (2000) demonstrated increased reproductive organ weights and fecundity in B. mori after methoprene treatment during the fifth instar. Similarly, Miranda et al. (2002) found that methoprene prolonged fifth instar duration and significantly increased body weight.
In a subsequent field study, Neog et al. (2017) evaluated methoprene application in A. assamensis under commercial conditions and observed substantial improvements in reproductive parameters. Treated female moths exhibited higher fecundity (184 eggs/female) compared to controls (135 eggs/female), and the proportion of viable (valid) females was increased during both Katia (48.01% vs. 39.65%) and Aherua (44.19% vs. 36.58%) generations.
Collectively, these findings suggest that exogenous application of hormonal regulators such as JH-III, 20-E, and methoprene can serve as effective tools for enhancing seed production in A. assamensis. Given that limited fecundity and egg retention remain major bottlenecks in muga seed production (Neog et al., 2014), hormonal intervention represents a promising strategy to improve reproductive output and stabilize supply for commercial rearing. However, further research is needed to elucidate the long-term physiological impacts of such treatments and to optimize dosages across seasons and developmental stages.
Table 2. Fecundity and no. of retained eggs treated by JH- III, 20- E and methoprene
	Treatments
	Fecundity (nos.)
	Retained eggs (Nos.)
	Reference

	JH-III
	154.22
	18.89
	Neog et al. (2014)

	20-E
	136.56
	13.44
	

	Untreated
	110.17
	30.89
	

	Methoprene
	184
	14
	Neog et al. (2017)

	Untreated
	135
	47
	


4. SEASONAL INFLUENCE ON REPRODUCTIVE PERFORMANCE
Seasonal variation is a fundamental ecological factor influencing the reproductive performance, physiology, and overall developmental biology of insects, including Antheraea assamensis (Odum, 1983; Ouedraogo et al., 1996). As a multivoltine species reared in outdoor conditions, the muga silkworm is particularly sensitive to fluctuations in temperature, humidity, and photoperiod, which in turn affect fecundity, egg quality, hatching success, and cocoon yield. Since seed production drives the entire muga silk value chain, understanding the season-linked physiological responses of the moth is vital for improving sericultural output.
Recent investigations by Saikia et al. (2023) have demonstrated that reproductive parameters of A. assamensis vary significantly between spring and autumn. Their study revealed a longer oviposition period (6.33 days) under 5-hour mating duration in the spring season. However, the highest number of eggs per laying (223.67) was recorded in the autumn season, with a significantly higher average egg count (191.83 eggs/laying) compared to spring (157.54 eggs/laying) (Table 3). Correspondingly, the mean egg mass was greater in autumn (1.20 g) than in spring (1.04 g). Interestingly, while fecundity increased in autumn, the incubation period of eggs was longer in this season (11.98 days) than in spring (10.00 days), underscoring the role of ambient conditions in embryonic development. Consistent with this, Thangavelu et al. (1988) reported that egg-laying in muga moths typically spans 5–6 days and varies across days. Similarly, Srivastava et al. (1998) emphasized that environmental factors cause marked variability in fecundity, hatchability, and cocoon quality in other saturniids such as Antheraea mylitta. Kakati et al. (2005) observed higher fecundity in A. assamensis during the autumn season, although the hatching percentage was greater in spring. This trend has been echoed in eri silkworms as well, with reports indicating superior fecundity in autumn (Sarkar & Sarmah, 2010; Sharma & Kalita, 2017), although optimal seasonal performance may vary across strains and ecoraces (Deka et al., 2011).
Table 3. Seasonal variation in oviposition performance and egg characteristics of Antheraea assamensis
	Parameters
	Season

	
	Spring
	Autumn

	Ovposition period (days)
	6.04 
	5.91

	Number of eggs (eggs/laying
	157.54 
	191.83

	Egg weight (g/laying)
	1.04 
	1.20

	Incubation period (days)
	10.00 
	11.98

	Period of egg hatching (days)
	5.87 
	5.75


Source: Saikia et al. (2023)
Seasonal variations also modulate the efficacy of hormonal interventions. Neog et al. (2013) found that topical application of juvenile hormone (JH-III) and 20-hydroxyecdysone (20-E) improved reproductive performance in all seasons, with the most pronounced effects during the Bhodia season (August–September), where fecundity rose to 166 eggs per female from a baseline of 100–115 in untreated controls. Notably, egg retention commonly observed in A. assamensis was drastically reduced by 20-E application, with treated moths retaining as few as 8 eggs compared to 37.67 in untreated counterparts during the October–November season.
Mating duration is another critical variable interacting with seasonal factors. Goswami & Singh (2012) showed that 4 hours of mating sufficed to achieve optimal fecundity in both summer and winter (Table 4). However, the absolute values differed across seasons, in winter, fecundity ranged from 110 to 137 eggs per female, while in summer it increased to 159–179 eggs. Taken together, these studies highlight the substantial influence of seasonal variation on reproductive output in A. assamensis, impacting both intrinsic physiological traits and responsiveness to mating and hormonal cues. Autumn appears to favor higher fecundity and egg weight, while spring supports superior hatching rates. Seasonal optimization of mating duration and application of reproductive hormones may thus serve as effective strategies to mitigate seed production bottlenecks and stabilize output in commercial sericulture.
Table 4. Effect of season on fecundity of muga silk moth in different mating durations
	Mating duration (Hours)
	Season

	
	Spring
	Summer
	Autumn
	Winter

	2 Hr
	126.17
	114
	175.25
	172

	3 Hr
	156.00 
	176
	156.17
	128

	4 Hr
	164.67 
	179
	223.67
	137

	5 Hr
	183.33 
	168
	212.25
	128


Source: Saikia et al. (2023); Goswami & Singh (2012)
5. MATING BEHAVIOUR AND INFLUENCE OF COUPLING DURATION ON REPRODUCTIVE SUCCESS
Mating behaviour in Antheraea assamensis is a critical determinant of reproductive success and directly influences both fecundity and fertility, key parameters in seed quality and productivity. The mating process in muga silkworm is initiated through olfactory cues, where the male moth detects female pheromones and exhibits a characteristic downward bending of the antennae during the receptive period (Majumdar et al., 2024). This sensory behaviour facilitates mate localization and successful copulation.
Under natural conditions, mating typically begins during the evening hours and may extend overnight, often lasting between 10 to 12 hours, with undisturbed pairs occasionally remaining coupled for up to 24 hours (Majumdar et al., 2024). Similar extended copulation behaviour has been reported in other wild silk moths such as Antheraea mylitta and Antheraea pernyi (Kuang-Ming & Ta-Yuan, 1958; Singh & Debaraj, 2011; Singh et al., 2011a,b). It is generally accepted that a single successful copulation is sufficient for fertilization, although males are occasionally reused in grainage operations when fresh males are in short supply. Experimental evidence underscores the significance of coupling duration on reproductive outcomes. Majumdar et al. (2024) reported that fecundity and fertility improved with increased mating duration, particularly in the 7–8 hour range, which yielded higher fecundity (148–151 eggs/moth in Baisakhi and 165–168 eggs/moth in Bhodia crops) and maximum fertility (up to 85%). Their findings suggest that although fecundity plateaus beyond 5 hours of mating, fertility continues to increase until 7–8 hours, beyond which it stabilizes. This aligns with earlier findings by Thangavelu et al. (1988) and Goswami & Singh (2012), who observed that mating durations of 4–6 hours were sufficient for optimal oviposition and hatching under normal conditions.
Environmental factors such as temperature, humidity, and photoperiod also modulate mating efficiency and egg viability. The timing and duration of copulation are especially important, as they influence sperm transfer and retention. Goswami & Singh (2012) observed that during winter, shorter coupling durations (60 minutes) resulted in low hatching percentages (~61.22%), while mating periods ranging from 300 to 480 minutes significantly improved hatchability (>80%). Similar improvements were seen in summer, where 180 minutes of mating was adequate for optimum hatching, compared to 300 minutes required in winter.
The relationship between coupling duration and reproductive success has also been established in mulberry silkworms, where 3–5 hours of mating is considered optimal for achieving high fecundity and fertility (Jolly, 1983; Narasimhanna, 1988; Yeole et al., 1995). However, in A. assamensis, optimal coupling duration appears to be season-dependent. Goswami & Singh (2012) demonstrated that during summer, a 180-minute coupling period was sufficient for optimal hatchability, while 300 minutes were required during colder months to achieve similar results. Overall, these findings underscore the importance of optimizing mating duration for enhancing both fecundity and fertility in muga silkworms. Understanding the interplay between behavioural, physiological, and environmental factors during mating can inform grainage practices, ensuring efficient seed production and improved larval performance in subsequent generations.
6. OVIPOSITION BEHAVIOR AND ARTIFICIAL DEVICES FOR EGG LAYING
Oviposition behavior in Antheraea assamensis is a critical determinant of seed quality, influenced by both physiological timing and environmental stimuli. Female moths typically initiate oviposition approximately 10 hours after mating, often preferring subdued or dark conditions for laying eggs (Sarmah et al., 2010). The majority of viable and developmentally competent eggs are deposited during the first three days following the onset of oviposition, highlighting the importance of synchronizing rearing practices with peak fecundity windows (Kakati et al., 2005; Kakati, 2002).
Moths exhibit preferences for specific substrates during oviposition, and such preferences directly affect both fecundity and hatchability. Traditionally, oviposition has been facilitated using devices made from thatch grass, locally referred to as kharika or Sang Kher. However, recent research has evaluated alternative biodegradable oviposition substrates to enhance seed quality and hygiene in grainage operations.
Saikia et al. (2019) conducted a comparative analysis of various oviposition devices and found that paper-based devices yielded the highest fecundity (191.88 eggs/female) with an average egg mass of 1.24 g per laying. This performance was statistically comparable to tree twig-based devices (182.33 eggs/female; 1.17 g egg mass). In contrast, devices made of rice straw and thatch grass recorded lower fecundity (158.21 and 166.33 eggs/female, respectively) and reduced egg mass (1.00 g and 1.06 g, respectively). These differences were attributed primarily to variations in surface texture and uniformity across the devices. The influence of substratum characteristics on oviposition behavior has been well-documented in lepidopteran species. A smoother surface typically promotes higher egg deposition, whereas rough or uneven textures tend to reduce oviposition (Legay, 1989; Gupta et al., 1990; Manjulakumari & Githabali, 1991). Thus, material selection and device design play an instrumental role in optimizing egg yield and quality. In terms of hatchability, however, the trends differed slightly. Thatch grass-based devices supported the highest hatching success (93.98%), followed closely by tree twig (92.72%) and paper-based (92.62%) devices. Rice straw-based devices, though biodegradable, yielded the lowest hatchability (89.44%) (Saikia et al., 2019). This suggests that while certain materials may favor higher egg deposition, they may not necessarily support optimal egg development or viability.
Taken together, these findings indicate that while traditional kharika remains effective, alternative devices such as biodegradable paper and tree twigs offer comparable or superior outcomes in terms of fecundity and hatchability. Integrating such substrates into grainage practices may help improve hygiene, reduce handling time, and enhance the efficiency of seed production systems in muga sericulture.
7. CONCLUSION
The reproductive biology of Antheraea assamensis remains both a pivotal challenge and a promising frontier in the advancement of muga sericulture. This review underscores the intricate coordination between anatomical structures, physiological processes, endocrine control, behavioral cues, and environmental influences that collectively govern reproductive success. Although studies have elucidated important factors such as seasonal variation, mating duration, and oviposition preferences, current understanding is predominantly empirical and lacks mechanistic depth. Unlocking the full reproductive potential of this species requires deeper exploration into the molecular and hormonal pathways that regulate vitellogenesis, spermatogenesis, and egg viability. Emerging tools in genomics, transcriptomics, and reproductive biotechnology offer exciting opportunities to fill these gaps. By integrating these approaches with precision grainage practices and adaptive seed production strategies, it is possible to enhance reproductive efficiency, improve seed viability, and strengthen the resilience of A. assamensis against climatic and ecological stressors. Given its ecological uniqueness and cultural significance, safeguarding the reproductive integrity of this species is not only a scientific imperative but also a socio-economic necessity for the sustainable future of muga silk production. A multidisciplinary, data-driven approach will be key to transforming A. assamensis into a robust model for sustainable, climate-resilient sericulture.
8. GAPS AND FUTURE RESEARCH DIRECTIONS
Despite the ecological, economic, and cultural importance of Antheraea assamensis, comprehensive research on its reproductive biology remains fragmented and underdeveloped. The species is mono-raced, semi-domesticated, and geographically restricted to the Indo-Burma biodiversity hotspot, making it highly vulnerable to climate change, habitat degradation, and anthropogenic pressures. The seasonal constraints of seed production, limited adaptability to captive rearing, and high mortality during the larval and pupal stages further complicate its conservation and sustainable utilization.
Current studies on reproductive physiology have largely focused on descriptive anatomy, oviposition behavior, and limited endocrine manipulations. However, the mechanistic understanding of hormonal regulation, sperm physiology, reproductive senescence, and stress-induced reproductive failures remain poorly characterized. Key regulatory pathways, such as the neuroendocrine axis controlling vitellogenesis and oocyte maturation have not yet been elucidated in A. assamensis, although similar pathways have been well-documented in model insects such as Bombyx mori. This represents a significant knowledge gap that hampers the rational design of hormone-assisted seed technology. Furthermore, the effects of abiotic stressors particularly fluctuating temperature, humidity, and photoperiod on reproductive output and gamete viability are insufficiently quantified. The seasonal variability in fecundity and hatchability is well reported, but the molecular, physiological, and epigenetic bases underlying these changes are not yet understood. No genomic, transcriptomic, or proteomic datasets currently exist to support functional annotation of reproductive genes, developmental markers, or stress-response regulators in this species. In addition, the grainage techniques currently in practice remain dependent on empirical knowledge rather than standardized, evidence-based protocols. Techniques such as mechanical coupling, hormone supplementation, and oviposition device innovation show potential but lack consistent validation across seasons and geographical regions. There is a critical need for precision reproductive management supported by data-driven models integrating physiology, climate, and molecular indicators.
To ensure the long-term sustainability and productivity of the muga silk industry, a multipronged research approach is essential. Future research must focus on the molecular regulation of reproduction, including the hormonal, genetic, and environmental controls of gametogenesis, vitellogenesis, fertilization, and embryonic development. High-throughput omics approaches such as transcriptomics, proteomics, and metabolomics should be employed to identify key reproductive genes and regulatory networks. The development of a high-quality reference genome is critical to enable functional genomic studies, marker-assisted selection, and conservation genomics. In parallel, optimizing the application of hormonal treatments such as juvenile hormone (JH-III) and 20-hydroxyecdysone (20-E) across seasons can enhance fecundity and seed viability, though their long-term physiological effects require further investigation. Detailed studies on sperm biology, including sperm dimorphism, viability, and seasonal variability, are also essential to improve fertility diagnostics and grainage success. Environmental physiology must be systematically examined to quantify the impacts of temperature, humidity, and photoperiod on reproductive outcomes. Moreover, grainage practices, including artificial coupling and oviposition devices need to be standardized and validated across regions. Genetic conservation strategies, such as cryopreservation and germplasm banking, should be prioritized to safeguard this mono-raced species against genetic erosion. Finally, integrating modern biotechnological tools and digital monitoring systems can support precision sericulture and real-time reproductive management. Bridging these research gaps is vital not only for advancing scientific understanding but also for securing the future of sustainable muga silk production.
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