
Review Article
Unveiling the Enigma: Gynandromorphism in Tasar Silkworms in India
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ABSTRACT

	Gynandromorphism, a captivating and enigmatic phenomenon, has garnered significant attention in the realm of Tasar silkworm research, where individuals exhibit a striking mosaic of male and female characteristics. This comprehensive review endeavors to provide an in-depth understanding of the genetic, developmental, and ecological intricacies underlying gynandromorphism in Tasar silkworms, as well as its far-reaching implications for sericulture, biodiversity conservation, and the advancement of biotechnology. By meticulously examining the complex interplay between genetic and environmental factors that contribute to this phenomenon, we aim to elucidate the underlying mechanisms and consequences of gynandromorphism, and to inspire novel research trajectories and innovative applications in fields such as developmental biology, genetics, and biotechnology. The study of gynandromorphism in Tasar silkworms presents a fascinating paradigm for exploring the intricate processes governing sex determination, development, and evolution. Furthermore, this review seeks to foster a deeper appreciation for the intricate complexities of biological systems and to stimulate interdisciplinary collaboration, ultimately contributing to the advancement of scientific knowledge and its practical applications.
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1. INTRODUCTION
Sericulture, the practice of silk farming, is an agro-based industry focused on raising silkworms for silk production. It has emerged as a meaningfull and viable agro-based cottage industry. It is being practicing in more than 30 countries across tropical and temperate regions, their combined production adds up to about 85,000 Metric Tonnes of raw silk in a year [6]. India is producing all the commercial varieties of silk, viz., mulberry, tasar, eri and muga. All the four varieties of silk play a prominent role in the development of silk industry. Tasar silk is produced by tropical tasar, temperate tasar, Chinese tasar and Japanese tasar silkworm, Rearing is conducting in outdoor by feeding Terminalia arjuna and Terminalia tomantosa. The Tasar Silkworm (Antheraea mylitta) is a valuable insect species known for its high-quality silk production (Central Tasar Research and Training Institute, Ranchi, 2022). 
Gynandromorphism is a rare phenomenon in both natural and laboratory environments [2]. It is a phenomenon where an individual exhibits both male and female characteristics. Gynandromorphs are creatures that are part female (gyn) and part male (andro). A gynandromorph is a genetically male-female hybrid that arises from the deletion of a sex chromosome during early development, as seen in Drosophila (Morgan) [1]. The term comes from the Greek word; gyne (female), andro (male), and morph 'form', and is used mainly in the field of entomology [5]. Till now gynandromorphic moth is found only in Tasar, muga, mulberry and Attacus moth. While exploring the gyanandromorph in all types of silkworms in sericulture, only one muga gynandromorph has been found in CMER&TI, Lahdoigarh, Assam and only one Attacus moth has been found in Java [11]. Obara and their team examined the matting behaviour of experimentally produced gynandromorphy in Bombyx mori [6]. Gyanandromorphism has been reported in Tasar Silkworms in the year 2021. A bilateral gynandromorph was seen in Central Tasar Research and Training Institute, Ranchi, Jharkhand [7]. The genetic basis, reproductive biology, and thermotolerance of gynandromorphic individuals remain poorly understood. Understanding gynandromorphism in Tasar Silkworms is crucial for developing effective breeding strategies and improving silk production. Gynandromorphism has been observed in other insect species, such as Drosophila melanogaster, where it is known to be caused by genetic mutations [9].

2. Tasar silkworm
 Tasar silk, also known as Tussah silk, is a type of wild silk prized for its unique texture and natural beauty, characterized by its copperish color and coarse texture, which sets it apart from other types of silk. While it may not have the same level of luster as mulberry silk, Tasar silk has its own distinct appeal and feel, making it a popular choice for furnishings and interiors. Generated by the silkworm Antheraea mylitta, which feeds on the leaves of specific trees like Asan and Arjun, the rearing of these silkworms is conducted in a natural setting, with the worms living on the trees in the open. In India, Tasar silk production is a significant industry, particularly in the states of Jharkhand, Chhattisgarh, and Odisha, as well as Maharashtra, West Bengal, and Andhra Pradesh. The industry provides a vital source of income for many tribal communities, who rely on Tasar culture as a mainstay of their livelihood, and plays a vital role in their lives, providing employment opportunities, income, and economic stability, while also preserving their traditional way of life. Overall, Tasar silk is not only a valuable commodity but also an important part of India's cultural heritage, with its unique characteristics and production process making it a cherished and sought-after material.

3.TYPES OF GYNANDROMORPH 
The types of Gynandromorph are as follows [2]- 
I. Bilateral Gynandromorph
Bilateral gynandromorphy is a rare phenomenon where one half of the body exhibits masculine characteristics and the other half exhibits female characteristics. This occurs due to genetic mosaicism, where cells in the body have different sex chromosomes. In bilateral gynandromorphs, the division between male and female tissues is typically symmetrical, with one half of the body displaying distinct male traits and the other half displaying distinct female traits. This unique condition provides valuable insights into the genetic and developmental mechanisms that govern sex determination and differentiation. Bilateral gynandromorphs have been observed in various species, including insects and birds, and have contributed significantly to our understanding of sex determination and genetic mosaicism.

II. Anterior-Posterior Gynandromorph
Anterior-posterior gynandromorphy is a type of gynandromorphism where the animal's body has the traits of one sex in the anterior half and the other sex in the posterior half. This occurs due to genetic mosaicism, where cells in the anterior and posterior regions of the body have different sex chromosomes. In anterior-posterior gynandromorphs, the division between male and female tissues is typically along the anterior-posterior axis, with one end of the body displaying distinct male or female traits and the other end displaying traits of the opposite sex. This rare condition provides a unique opportunity to study the genetic and developmental mechanisms that govern sex determination and differentiation. Anterior-posterior gynandromorphs can help researchers understand how sex-specific traits are regulated and expressed in different parts of the body.

III. Sex Piebald
Sex piebaldism is a type of gynandromorphism where the body is made up of female tissue with irregularly spaced patches of male tissue. This occurs due to genetic mosaicism, where cells in the body have different sex chromosomes. In sex piebalds, the distribution of male and female tissues is random and irregular, resulting in patches of male tissue scattered throughout the female body. Sex piebaldism can result in a mixture of male and female traits, making it challenging to determine the individual's sex. This rare condition provides valuable insights into the genetic and developmental mechanisms that govern sex determination and differentiation. Sex piebalds can help researchers understand how sex-specific traits are regulated and expressed in individuals with mixed sex chromosome patterns.

[bookmark: _Hlk206102577]A rare bilateral gynandromorph of the semi-domesticated DABA trivoltine silk moth was observed at CTR&TI, Ranchi [7]. This unique specimen displayed distinct male and female characteristics, divided almost perfectly down the middle. The right half, with brown-colored wings, exhibited male traits, while the left half, with grey-colored wings, showed female characteristics. This bilateral division was also evident in the abdomen, legs, and leg size, with the female side having larger legs. Notably, the bilateral gynandromorph moth was found to be comparatively smaller in size relative to normal male and female moths. A visual comparison of the dorsal view of the normal male, normal female, and the gynandromorph moth is presented in plate 1 highlighting the distinct morphological differences and size variation between the normal and gynandromorphic specimens [11]. 

4. KEY DIFFERENCES BETWEEN NORMAL AND GYNANDROMORPH TASAR SILKWORM
Gynandromorph Tasar Silkworms are a fascinating anomaly in the world of sericulture, exhibiting both male and female characteristics in a single individual. These rare individuals differ significantly from normal Tasar silkworms, which have a clearly defined sex. Normal Tasar silkworms exhibit distinct male and female characteristics, with females being larger and yellowish-brown in color, while males are smaller and brick red [10]. In contrast, gynandromorphs display a mix of male and female characteristics, often resulting in a unique and intriguing appearance. One of the most striking features of gynandromorphs is the bilateral split between male and female sides, where one half of the body exhibits distinct male traits, while the other half exhibits distinct female traits. This rare phenomenon provides a valuable opportunity for scientists to study the genetic and developmental mechanisms that govern sex determination and differentiation in Tasar silkworms. By understanding the underlying causes of gynandromorphism, researchers can gain insights into the complex interactions between genetics and development that shape the characteristics of these insects. Furthermore, the study of gynandromorphs can have significant implications for the field of sericulture, as it can help scientists develop new breeding strategies and improve the overall quality of Tasar silk [1]. The unique characteristics of gynandromorphs make them an interesting subject for research, and further studies are needed to fully understand the genetic and developmental mechanisms that govern this phenomenon. Overall, the study of gynandromorph Tasar silkworms offers a fascinating glimpse into the complexities of sex determination and differentiation in insects.
[image: ]
[bookmark: _Hlk206096359]Plate 1: Comparative dorsal view of tasar silk moth, Antheraea mylitta Drury [7] (Lepidoptera:Saturniidae) (a) Male (Normal), (b) Gynandromoph, (c) Female (Normal)

 A comparative analysis of normal and gynandromorph Tasar silkworms is presented in the following table 1:
Table 1. Comparison of Gynandromorph and normal Tasar moth [6]

	Character
	Normal Tasar
	Gynandromorphic Tasar

	1. Egg laid
	150-250 no.
	133 no.

	2. Hatching percentage
	78.99%
	77.44%

	3. Weight of egg
	9.8 mg
	8-12 mg

	4. Larval duration
	28-36 days
	35 days

	5. Maximum larval weight
	36g
	30.2g

	6. Cocoon weight
	12.753g
	9.648g

	7. Pupal weight
	10.646g
	7.990g

	8. Shell weight
	2.106g
	1.652g

	9. Shell ratio
	16.512%
	17.120%

	10. Moth colour
	Male: light to dark brown
Female: Grey to metallic brown
	Brown and yellow

	11. Antennae
	Broad in male, narrow in female
	Broad in male, narrow in female

	12. Moth survivability
	Male:4-6; Female:8-10
	10 days

	13. Fat content in male
	Male moth is smaller than female
	Fat content is more in male

	14. Life cycle
	61-79 days
	75 days



5. GENETIC BASIS:
Gynandromorphism is a rare phenomenon where an organism develops with both male and female characteristics, often resulting from genetic mosaicism. In the case of Tasar Silkworms, gynandromorphism is thought to occur when a female egg cell develops with two nuclei, one containing a single Z chromosome and the other containing a single W chromosome. When this egg is fertilized by a sperm carrying two male Z chromosomes, the resulting organism develops with both ZZ (male) and ZW (female) chromosomes [6]. These unique genetic makeup leads to the development of an organism with half of its body containing male ZZ cells and the other half containing female ZW cells. The resulting gynandromorphic individual exhibits a mix of male and female characteristics, making it a fascinating subject for study.
Molecular Markers for Identification: Researchers have used molecular markers like RAPD (Random Amplification of Polymorphic DNA) and SCAR (Sequence Characterized Amplified Region) markers to identify gynandromorphic Tasar Silkworms [10]. These markers have been instrumental in distinguishing gynandromorphic individuals from normal males and females.
Unique Genetic Profiles: Real-time PCR data indicate that gynandromorphic individuals exhibit unique genetic profiles, which are distinct from those of normal males and females. Specifically, gynandromorphic individuals exhibit a mix of male and female genetic markers, suggesting a complex genetic basis for gynandromorphism. This complexity highlights the need for further research to fully understand the genetic mechanisms underlying gynandromorphism in Tasar Silkworms.
Comparison with Other Species: The genetic basis of gynandromorphism has been studied in other insect species, such as the silkworm Bombyx mori. In Bombyx mori, gynandromorphism has been shown to be caused by mutations in the sex-determining gene. While the genetic mechanisms underlying gynandromorphism may differ between species, studying these mechanisms can provide valuable insights into the development and genetics of sex determination.
Table 2. Characters observed in female gynandromorphy in Tasar silkworm (DABA) bi-voltine [6]

	Characters
	Male part
	Female part

	Antennae 
	Broader
	narrow

	Wings and eyes spot
	less prominent and broad
	more prominent and broad 

	Forewings
	sub triangular
	sub triangular

	Apical angle
	prominently curved and termen appears to be s-shaped
	pointed and termen is almost straight

	Apical margin
	apical margin is extended
	apical margin not extended

	Colour
	Brown
	yellow



The given data in table 2 compares the morphological differences between the male and female specimens of a particular species. The antennae in males are broader, while in females, they are narrower. Wing and eye spots in males are less prominent and broad, whereas in females, these features are more prominent and broad. Both sexes have sub-triangular forewings. However, the apical angle in males is prominently curved, giving the termen an S-shaped appearance, while in females, the apical angle is pointed, and the termen appears almost straight. Additionally, the apical margin is extended in males but not extended in females. In terms of coloration, males are generally brown, while females are yellow. These distinct physical characteristics help in differentiating between the sexes of the species.

6. REPRODUCTIVE BIOLOGY AND MORPHOLOGY:
[bookmark: _Hlk206534276][bookmark: _Hlk206102919]Gynandromorphic Tasar Silkworms exhibit reduced mating propensity and fertility rates compared to normal individuals, likely due to altered reproductive behavior associated with changes in gene expression. Specifically, these individuals show altered expression of genes involved in mating behavior, such as pheromone receptors and courtship genes, which play a crucial role in detecting pheromones and regulating complex behaviors involved in mate selection and copulation [9]. The altered expression of these genes in gynandromorphic individuals may disrupt normal mating behavior, leading to reduced mating propensity and fertility rates. Similar studies in other insects, like Drosophila melanogaster, have shown that genetic mutations can impact reproductive biology, providing valuable insights into the genetic and developmental mechanisms that govern reproductive biology in insects [10]. The reduced mating propensity and fertility rates of gynandromorphic Tasar Silkworms can have significant implications for sericulture, and understanding the genetic mechanisms governing reproductive behavior in these individuals can help scientists develop new breeding strategies and improve the overall quality of Tasar silk. By identifying the specific genes and pathways involved in reproductive biology, researchers can develop targeted approaches to enhance the fertility and mating propensity of gynandromorphic individuals [4]. The study of gynandromorphism can offer valuable perspectives on developmental biology and genetics, and its applications can extend beyond sericulture to other fields of research [3]. The unique characteristics of gynandromorphic individuals make them an interesting subject for research, and understanding the genetic and developmental mechanisms that govern their reproductive biology can provide valuable insights into the complex interactions between genetics and development that shape the characteristics of these insects [4]. The altered reproductive behavior of gynandromorphic individuals highlights the complexity of reproductive biology in insects and the need for further research into the genetic and developmental mechanisms that govern these processes [3].

[image: ]
Fig. 1. Reproductive morphology of gynandromorphic moth [7]
 Fig. A. Predominant male gynandromorph Fig. B. Predominant female gynandromorph a) mature testis b) male accessory gland c) atrophied ovary d) female accessory gland e) colleterial gland f) mature ovary g) atrophied testis h) bursa copulatrix 

7. THERMOTOLERANCE:
Gynandromorphic Tasar Silkworms exhibit altered thermotolerance due to changes in the expression of heat shock proteins (HSPs) like hsp21 and hsp70. Research suggests that these individuals have unique transcriptional profiles in response to thermal stress, enabling them to adapt to changing environmental conditions. Specifically, gynandromorphic individuals exhibit upregulation of HSPs in response to heat stress, which may help protect them from thermal damage [8]. This upregulation may lead to improved thermotolerance, beneficial in breeding programs. Understanding the genetic factors influencing thermal tolerance can aid in developing thermotolerant silkworm strains. Marker-assisted selection (MAS) can enhance silk yield and improve desirable traits in silkworms. A SCAR marker TT-PB1 has been developed to identify thermo-tolerant lines of tropical tasar silkworms [8]. The improved thermotolerance in gynandromorphic individuals could be valuable in sericulture, particularly in regions with extreme temperatures. Developing thermotolerant strains can help mitigate losses due to high-temperature stress. Further research is needed to understand the molecular mechanisms governing thermal stress response in Tasar silkworms [5]. Genomic and proteomic studies can provide valuable insights into the thermotolerance of gynandromorphic individuals. Overall, the unique characteristics of gynandromorphic Tasar Silkworms make them an interesting subject for further research and potential applications in breeding programs. By exploring the genetic basis of their thermotolerance, scientists can develop more resilient silkworm strains, ultimately benefiting the sericulture industry. The study of gynandromorphic individuals can provide valuable insights into the complex interactions between genetics, environment, and thermotolerance.

8. A HISTORICAL REVIEW OF TASAR GYNANDROMORPHISM IN INDIA:
[bookmark: _Hlk206096699][bookmark: _Hlk206100955]According to the Central Tasar Research and Training Institute, gynandromorphic individuals may be useful in breeding initiatives meant to increase silk productivity and quality in near future [6]. A groundbreaking research experiment was conducted at CTR&TI, Ranchi, to study the characteristics and behavior of a rare bilateral gynandromorph moths in the year 2021. This unique specimen displayed both male and female characteristics, with distinct morphological features. During the experiment, the gynandromorph female moth was observed to mate with a normal male moth. The mated gynandromorph female laid a total of 133 eggs over a period of six days, with the majority (110 eggs) being laid in the first three days. The egg-laying pattern was as follows: 110 eggs on the first three days, 16 eggs on the fourth day, 6 eggs on the fifth day, and 1 egg on the sixth day. Out of the total eggs laid, 103 eggs hatched into larvae, resulting in an overall hatching percentage of 77.44%. The hatched larvae were reared in the fields up to the cocoon stage to study their characteristics. The larval life cycle lasted for 35 days, and the appearance, growth, and development of the gynandromorphous offspring were similar to those of normal female moth-laid offspring. After spinning, the cocoons were harvested, and economic parameters such as fresh weight of cocoon, shell, and pupa were examined. The mean cocoon, shell, and pupal weights of gynandromorphy and normal female moth's offspring were observed to be (9.648g, 1.652g & 7.990g) and (12.753g, 2.106g & 10.646g), respectively. The shell percentage of gynandromorphy moth's offspring was recorded at 17.120%, slightly higher than that of normal female layings (16.513%). The gynandromorphous moth used for longevity studies showed survivability up to 10 days. Dissection of the gynandromorphic moth revealed that the genitalia were similar to the female reproductive system, and a female copulatory apparatus was present.The fecundity of the gynandromorphic female moth (133 eggs) was significantly lower compared to normal female moths (200-250 eggs). However, the normal male moth was able to mate with the gynandromorphic female moth and produce fertile eggs, indicating that the gynandromorph's female reproductive system was functional. This study provides valuable insights into the biology and behavior of gynandromorph moths, highlighting their unique characteristics and reproductive capabilities. The findings of this research can contribute to a better understanding of these rare specimens and their potential applications in sericulture.

Table 3: Economic characteristics of tasar silkworm produced by gynandromorphous moth, Antheraea mylitta Drury [7]
	Parameters
	Gynandromorphous moth layings 
	Normal female moth layings

	Max. Larval weight (g)
	30.204±0.701
	36.000±1.027

	Cocoon weight (g)
	9.648±0.598 
	12.753±0.744

	Shell weight (g)
	1.652±0.168
	2.106±0.143

	Pupal weight (g)
	7.990±0.466
	10.646±0.601

	Shell ratio (%)
	17.120±1.076
	16.513±0.223



The values for cocoon, shell and pupal weights recorded in gynandromorphous were low in the found data as shown in the table 3. By implementing modern approaches like genetic engineering and biotechnology, and supplementing traditional breeding methods, desired qualities like higher yield, better silk quality, disease resistance, and faster growth can be achieved in Tasar Silkworms [4]. This integration of modern and traditional techniques can maximize the quantity and quality of silk produced, enhancing the overall productivity and efficiency of sericulture practices. Such advancements can also help address challenges faced by the sericulture industry, ultimately benefiting the livelihoods of those dependent on it [1]. This approach can lead to improved economic outcomes and sustainability in sericulture. Among all the main breeding goals are: 
Silk Yield: Increasing the production of silk by utilizing genetic factors that affect silk yield. 
Disease Resistance: creating breeds that are resistant to disease in order to minimize losses.

9. Conclusion
[bookmark: _Hlk206100314][bookmark: _Hlk206103176]This review paper provides a comprehensive overview of gynandromorphism in Tasar silkworms, highlighting the unique characteristics, genetic mechanisms, and potential implications of this phenomenon. Through a detailed examination of existing research, we have gained a deeper understanding of the complexities surrounding gynandromorphs and their role in the biology and ecology of Tasar silkworms [7]. The study of gynandromorphs in Tasar silkworms has far-reaching implications for our understanding of developmental biology, genetics, and evolutionary processes. By exploring the genetic and environmental factors that contribute to gynandromorphism, researchers can gain valuable insights into the intricate mechanisms that govern sex determination and development in these organisms [18]. Furthermore, the discovery of gynandromorphs in Tasar silkworms has significant potential applications in sericulture and biotechnology. By harnessing the unique characteristics of gynandromorphs, scientists may be able to develop new breeding strategies, improve silk production, and enhance the overall sustainability of sericulture practices. In addition to its practical applications, the study of gynandromorphs in Tasar silkworms also has important implications for our understanding of biodiversity and ecological balance. As we continue to face the challenges of climate change, habitat destruction, and species extinction, the study of unusual phenomena like gynandromorphism can provide valuable insights into the complex interactions between organisms and their environments [2]. Ultimately, this review paper aims to inspire further research into the fascinating world of gynandromorphs in Tasar silkworms, and to highlight the potential benefits of exploring this phenomenon in greater depth. In conclusion, the study of gynandromorphs in Tasar silkworms is a rich and complex field that offers many opportunities for discovery and exploration. As we continue to unravel the mysteries of this phenomenon, we may uncover new insights, applications, and innovations that can benefit society, promote sustainability, and inspire future generations of researchers and scientists. 
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