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The present study has been designed to establish the 
thermal profile of complete life cycle of the Antheraea 
assamensis (muga) silkworms starting from the eggs to 
the moth. The current study also concurrently addresses 
the applicability of infrared thermography (IRT) to de-
tect muga larvae infected with pebrine. Because of its 
non-contact advantage, IRT imaging can be successfully 
manoeuvred to reduce the risk of spreading infections 
and ultimately lead to increased silk production. The 
images and data obtained by the non-invasive IRT 
technology can be implemented, analysed and translated 
into deep learning algorithm-based machine learning 
called ‘smart data’, which can be fine-tuned to develop 
an artificial intelligence (AI) and decision support sys-
tem (DSS) for the management and monitoring of 
silkworms in their entire life progression. Hence, this 
will boost their productivity, which will further revolu-
tionize their yearly production and convey attractive 
revenues in the global silk picturesque. 
 
Keywords: Decision support system, health status, infra-
red thermal imaging, muga silkworm, non-invasive. 
 
SERICULTURE is the science of cultivating silkworms for 
the production of silk. However, one of the major hurdles 
faced by silk production industry is the onset of disease 
during silkworm rearing practice. Temperature challenges 
in the ecological biome distress most behavioural and 
physiological processes of insects, causing stress, injury 
and even death1. Variations in the climatic factors signifi-
cantly affect the genotypic expression of silkworms, caus-
ing changes in the phenotypic output of cocoon crops, 
such as cocoon weight, shell weight and cocoon shell ratio. 
Infrared thermal profiling can be proficiently propelled to 
measure the average surface heat of an organism and un-
derstand its body mechanism and functioning in response 
to behavioural and physiological changes at its thermo-
neutral zone2. Further, it can diagnose different diseases in 
a primordial state without disturbing the normal physio-
logical conditions of the organism3. In the case of insects, 

for measuring body temperature, using thermocouples has 
been the classical procedure for estimating the thermoreg-
ulatory ability of species4. However, as an invasive method, 
it has several limitations, such as a strong influence on the 
studied individuals, causing injuries or altering their be-
haviour5 and preventing the collection of reliable behav-
ioural data associated with body temperature variations. 
Infrared thermography helps in taking incessant tempera-
ture measurements of several body parts noninvasively, 
without perturbing the animals’ behaviour or social inter-
actions6,7. 
 With new inventions like smart machines and sensors 
cropping up in agriculture and other sectors of farming, 
surfacing technologies like the Internet of Things and 
cloud computing are introduced to leverage the transition 
from the traditional model of farming to artificial intelli-
gence (AI)-based ‘smart farming’8–11. AI-based model, 
viz. NADRES v2 (National Animal Disease Referral Ex-
pert System version 2) has been developed to predict eco-
nomically important livestock disease outbreaks in India 
and reduce its economic and social impact on the entire 
country12. Infrared thermography has been reported as a 
new non-invasive machine learning technology in animal 
husbandry13. Similarly, decision support system (DSS) 
modules designed for use in livestock sector include Hot-
Cross system for efficient livestock breeding14 and 
EpiMAN to check the control of contagious diseases15. It 
has also been developed in apiculture industries where the 
sound waves made by the bees can be tracked and hence 
can anticipate future changes to the swarm and the bee-
hive16. The use of thermography for diagnosing conta-
gious diseases and infections in farm and wild animals has 
been studied extensively for years17. However, scientific 
evidence on the successful application of infrared ther-
mography (IRT) in thermal profiling of healthy and dis-
eased insects, especially silkworms is minimal. Therefore, 
the present study reports the use of digital infrared thermo-
graphy to establish the thermal profiling of the biological 
stages of healthy muga silkworm crop starting from the 
eggs to the moth. The study also reports the surface body 
temperature of diseased larvae responsible for poor per-
formance and insufficient silk production. 
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Material and methods 

Collection of samples 

Eggs of muga silkmoth were procured from local silk 
rearers in and around Guwahati, India. Muga is semi-
domestic in nature, and its rearing is executed both in the 
outdoor phase and indoor phase. The rearing of silkworms 
was carried out in Khanapara Silk Farm, Guwahati (in 
natural farm conditions) while cocooning of the larvae 
functioned in ICAR-National Research Centre on Pig, 
Guwahati, India (indoor conditions). 

Infrared thermal camera 

The infrared thermal images of different biological stages 
of muga silkworms were recorded using a forward-
looking infrared (FLIR) camera, model no. T62101 with 
the software FLIR Research IR Max 4. The emissivity and 
focal distance of the camera for each stage were kept fixed 
throughout the investigation, viz. at 0.95 and 30 cm res-
pectively. IRT images were captured from a total of 180 
silkworms during different times (morning and afternoon) 
of the day. 

Infrared thermal imaging 

The thermal pictograms of the muga larvae were taken in 
a natural farm environment along with their standalone 
host plants. The mature, ripen 5th instar larvae were later 
collected and placed amidst dry plant leaves to proceed to 
their next biological stage, viz. the building of cocoons in 
indoor conditions. Some of the mature cocoons were dis-
sected to record the thermal temperature of the pupa, 
while rest of the cocoons were left undisturbed to meet the 
adult moth stage. The adult moths (both male and female), 
after copulation, further laid eggs and died, thus completing 
the life cycle. In addition, IRT images were also captured 
from silkworm larvae naturally infected with pebrine dis-
ease during the experiment. 
 The ambient temperature range considered at the time 
of investigation was 23–28°C and relative humidity recor-
ded was 65–80%. No parts of the insect were in contact 
with any hot or cold sources during the entire study. The 
white or red images in a thermogram represent the warmest, 
and the blue or black area represents the coolest part of 
the object, and variations in colour pattern signify thermal 
gradients, which denote changes in surface skin tempera-
ture due to underlying factors18. 

Results and discussion 

Muga silkworm is a holometabolous insect that undergoes 
a complete metamorphosis from egg to adult moth stage 

through two intermediate stages of larva and pupa (Figure 
1). The optimum temperature reported for normal growth 
of silkworms is about 20–28°C, and the temperature found 
to be effective for maximum productivity ranges from 
23°C to 28°C (ref. 19). Temperature beyond the optimal 
range instantaneously affects the health of the silk species, 
causing the worms to become too weak and susceptible to 
various diseases19. During the present study, the IRT tem-
perature of 1st, 2nd and 3rd instar larva was perceived to 
be 30.26 ± 0.33°C, 30.74 ± 0.25°C and 31.67 ± 0.53°C re-
spectively (Table 1). The average thermal readings of 4th 
and 5th instar larva were recorded to be 28.49 ± 0.22°C 
and 27.98 ± 0.79°C respectively (Table 1). The increased 
surface body heat of the younger instars synchronizes with 
the fact that they are voracious eaters, grow very vigor-
ously and lead to a high growth rate compared to 4th and 
5th instar phase20. The early instars contain the resistance 
to sustain the elevated surrounding temperature, which  
assists in improving the survival rate and cocoon charac-
teristics. The digested food in the first three instars is con-
sumed as the energy required for their growth and 
movement during feeding19. The growth rate of silkworm 
larva is maximal in 3rd instar, moderate in 4th and minimal 
 
 

 
 

Figure 1. Complete life cycle of muga silkworm (Antheraea assamen-
sis). 

 
 

Table 1. Infrared thermal values of muga larvae during different instar  
 stages 

Muga larval stage IRT value recorded 
 

1st instar larvae 30.26 ± 0.33°C 
2nd instar larvae 30.74 ± 0.25°C 
3rd instar larvae 31.67 ± 0.53°C 
3rd instar moulting larvae 27.51 ± 0.95°C 
4th instar larvae 28.49 ± 0.22°C 
5th instar larvae 27.98 ± 0.79°C 
5th instar larvae during cocoon formation 29.76 ± 0.16°C 

Mean ± SD = 180. 
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in 5th stage, though the spurts in larval body weights in 
absolute terms reflect the opposite trend21. Figures 2 and 
3 a show the infrared thermal images of 3rd, 4th and 5th 
instar muga larva respectively. The larvae use absorbed  
nutrients to provide energy for growth and development, 
during which they synthesize and secrete a large amount 
 
 

 
 

Figure 2. Muga silkworm at (a) 3rd instar larval stage and (b) 4th instar 
larval stage. 

 
 

 
 

Figure 3. Muga silkworm at (a) 5th instar larval stage and (b) 5th instar 
larva at the time of cocoon formation. 

 
 

 
 

Figure 4. Moulting larva of muga silkworm at 3rd instar stage. 

of silk proteins22. In the last stage of 5th instar, the larva 
loses appetite, stops feeding, and becomes yellowish and 
mature. The matured larva later finds for itself a suitable 
place for cocoon fabrication. At the time of cocoon archi-
tecture, the infrared surface body temperature of the 5th 
instar larva was observed to be 29.76 ± 0.16°C (Figure 
3 b). In addition, the current observation also captured the 
surface body heat of a 3rd instar moulting larva at 
27.51 ± 0.95°C (Figure 4), which is lower than the normal 
motile larva. At this phase, the creature stops feeding, and 
other movement activity ceases, characterized by low acti-
vity levels in all the tissues, which parallels with the pre-
sent lower IRT reading of the moulting larva compared to 
the normal healthy stage. 
 The energy reserves mounted up in the larval fat body 
during their feeding phases are later deployed for the 
growth, metamorphosis and nourishment of the new adult. 
Silkworm pupa and moth depend on these reserves for 
their sustenance and reproduction. Thermal investigations 
carried out on live muga cocoons (with pupa inside) inter-
preted its surface heat at 26.54 ± 0.36°C (Figure 5 a and 
Table 2). Surface heat radiated from the pupal body is 
recorded at 27.58 ± 0.41°C (Figure 5 b and Table 2). The 
average body temperature of the pupa is found to be less 
than the active larval period. It is apparent as the worms 
become lethargic and enter a sleep-like quiescent state 
during which there is a cessation of feeding and movement,  
 
 

 
 

Figure 5. a, Live cocoon of muga silkworm (with pupa inside). b, Live 
pupa of muga silkworm. c, Cut cocoon of muga silkworm (without  
pupa). 



RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 127, NO. 2, 25 JULY 2024 235 

and larval food reserves are drawn upon for energy. In the 
course of the larval pupal transition, the growth falls re-
markably due to complete utilization of silk gland proteins 
for cocoon-spinning at the end of 5th instar and subse-
quent disintegration of both gut and silk glands during the 
early pupal phase. 
 Thermal pictograms of adult muga moth just after emer-
gence from cocoons have recorded temperature at 25.73 ± 
0.36 for male and 26.49 ± 0.79°C for female (Table 3). In-
frared images of male and female muga moths are shown 
in Figure 6 a and b respectively. A further decline in 
weight was observed during the pupal-adult transition  
period. The decline is more pronounced in males than in 
females, attributed to the fact that males need more energy 
for courtship (wing beating) and copulatory behaviours, 
compared to females23. After emergence, the adult is inca-
pable of flight because of its feeble wings and heavy 
body, and its only role is copulation, followed by laying 
eggs in case of females. It does not feed during its short  
 
 

Table 2. Infrared thermal temperatures of muga cocoons and pupa 

Muga cocoons with/or without pupa IRT value recorded 
 

Muga cocoons (with pupa inside) 26.54 ± 0.36°C 
Muga pupa 27.58 ± 0.41°C 
Muga cocoon shells (without pupa) 25.05 ± 0.55°C 

Mean ± SD = 180. 
 
 

Table 3. Infrared thermal temperatures of muga silkmoth  
 and muga eggs 

Different stages of muga silkworm IRT value recorded 
 

Muga silk moth (male) 25.73 ± 0.36°C 
Muga silk moth (female) 26.49 ± 0.79°C 
Muga eggs  24.2 ± 0.21°C 

Mean ± SD = 180. 
 
 

 
 

Figure 6. a, Male muga moth after emergence from cocoon. b, Female 
muga moth at the time of laying eggs. 

adult life, and the only medium of energy is drawn from 
its larval reserves. It reveals that IRT value of the laid 
eggs was found to be 24.2 ± 0.21°C (Figure 7 and Table 3), 
while Figure 5 c displays that temperature radiated from 
the empty cocoon shell immediately after the emergence 
of adult moth was measured to be 25.05 ± 0.55°C (Table 
2). The present observation establishes the normal thermo-
graphic profile of the complete life cycle of muga silk-
worm. IRT can be exquisitely used to monitor the health 
status of muga throughout its cycle. Furthermore, IRT can 
sharply detect the 5th instar ripe larva (before the stage of 
cocoon formation) and aid the farmers in their timely 
transfer to indoor conditions for cocoon fabrication to 
save the larvae from the attack of predators and pests in 
the outdoor state. 
 The current study also concurrently tries to manifest 
thermal imaging to study the surface body temperature of 
muga larvae infected with pebrine. Pebrine is one of the 
deadliest diseases caused by the protozoan Nosema bom-
bycis, resulting in severe damage to the silkworm crop and 
wreaking economic havoc on the silk industry. The infec-
tion takes place in a bimodal form: firstly, in the course of 
trans-ovarian transmission causing vertical infection from 
the mother moth through infected eggs24, making it the pri-
mary course of infection, and secondly, by the ingestion of 
contaminated host plant leaves leading to secondary hori-
zontal contamination. In most cases, the frequent source 
of contagion is bought by the ingestion of food (muga 
plant leaves) contaminated with microsporidians by silk-
worms. The symptoms of protozoan attacked larva include 
losses in appetite, retarded growth, irregular moulting and 
appearance of small pepper-like black-brown spots on 
their skin. The IRT thermograms of pebrine infected larva 
of the 3rd and 5th instar have evidenced elevated body 
heat at 30.62 ± 0.13°C and 30.32 ± 0.05°C (Table 4) res-
pectively, compared to the normal healthy larva (Figure 8). 
The rise in temperature of the body is a consequence of 
prevailing infections inside the insect. A sequence of bio-
chemical and physiological alterations take place in the 
host body25. Such changes due to the pervading pathogen 
in the larva indicate high metabolic stress ensuing in in-
creased body temperature. The source of contagion is pri-
marily through the faeces of diseased silkworms and dead 
larvae, pathogens prevailing in rearing environments, 
grainage houses and appliances, and the contaminated 
 
 

 
 

Figure 7. Eggs laid by the mother muga moth. 
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host plants and infected eggshell surfaces. These patho-
gens are highly stable and persistent for a longer span in  
the rearing environment. Bracing the spread of such infec-
tious diseases is hard to meet due to the nature of transmis-
sion and resistance of the microbes against antimicrobial 
drugs26. Several physical and chemical disinfectants have 
been adopted in sericulture farms to ensure eradication of 
the pathogen. Kagawa27 and Reddy et al.28 reported the 
use of chemical disinfectants and antibiotics for managing 
the disease in silkworms. However, the chemical-based 
disinfectants and drug formulations used for deterrence 
and control of this disease are not economical or eco-
friendly and have many limitations to being effective in 
open and outdoor rearing practices. It has been regarded 
as an expedient method to measure surface temperature 
endlessly without contracting or stressing the species and 
with minimal risk of injuries29. The thermal profiling of 
the entire biological cycle of muga silkworms established 
in this study by the IRT technology can be further oriented 
to develop a deep learning algorithm based machine learn-
ing DSS for monitoring and management of the health of 
the silkworms at each specific stage. With the help of 
DSS, the healthy diseased free larvae can be screened and 
selected for silk production, while the comparatively less 
healthy, diseased and infected one, causing extensive loss 
to the silk trade, can be promptly discarded at the very on-
set. These data can be used as a baseline to translate con-
ventional farming into smart farming and develop an AI 
system to detect different stages of the larva and their dis-
ease condition in a rapid time, which can finally increase 
the accuracy of detecting silkworm diseases and their 
physiological changes related to the economic return of 
silk farming. In addition to pebrine, some of the other 
common diseases responsible for the yearly economic 
downfall of the sericulture industry are flacherie, green 
muscardian, gracherie, etc. Such technology can prove to 
be a promising antidote to alleviate non-invasively the 
 
 
Table 4. Infrared thermal values of pebrine infected muga larvae at  
 different instar stage 

Diseased larvae IRT value recorded 
 

Pebrine infected larvae in 3rd instar stage 30.62 ± 0.13°C 
Pebrine infected larvae in 5th instar stage 30.32 ± 0.05°C 

Mean ± SD = 50. 
 
 

 
 

Figure 8. Pebrine infected muga larve at 5th instar stage. 

suffering caused by such pathogens by allowing timely  
diagnosis and encouraging healthy silk crop production, 
ultimately leading to silk production par excellence. 
Thermal imaging has been executed for pest detection in 
their grain storage30. It is reported to be an easier and en-
hanced alternative to prevent an insect infestation than to 
treat an established infestation. IRT imaging has spotted 
invasion of pests like rusty grain beetle, cowpea seed bee-
tle, white pine cone beetle, Australian fire-beetle, citrus 
long-horned beetle, woodworm and red palm weevil in 
their respective host plants. This is perceived as the respi-
ration of insects, resulting in higher heat production than 
the grain31–33. In animals, this technique has proved to be 
particularly advantageous in the early detection of foot 
diseases34 and mastitis35 in dairy cows and oestrous detec-
tion in pigs36, allowing timely prediction and diagnosis, 
which improved animal welfare, as well as reducing the 
economic loss for the farmer. 

Conclusion 

Thermal profiling of living species is indispensable to assess 
their growth and development, along with their behav-
ioural and physiological reflexes at their thermo-tolerance 
level. Use of thermography to detect health status in silk-
worms is a very new concept. The present investigation is 
the first such report on the use of digital infrared thermog-
raphy to establish thermal profile of the complete life cycle 
of muga silkworms. Further, this study also conducted 
basic thermographic differences between healthy muga 
larvae and larvae infected with deadly pebrine contagion. 
Though thermography in the current study is limited to re-
vealing specific pathological details of the infected larvae, it 
can be a reliable tool in identifying the diseased larvae  
potentially infected with pebrine by defining the area of 
inflammation and/or injury or increased metabolism or 
decrease in body heat. The observed thermal temperature 
of the silkworms evidenced in the study can be further cali-
brated to establish a smart data-based machine learning 
DSS for the monitoring and screening muga silkworms at 
different stages of their biological cycle, which will aug-
ment their biological productivity annually. In the current 
landscape, IRT can function as a possible panacea by being 
the first line of defence to contain the spread of diseases 
that cause bulky economic loss to silk textile production. 
Therefore, IRT can be maneuvered as an automatic sur-
veillance state-of-the-art technology for smart farming, 
disease detection and upsurge productivity in silkworms 
on the global silk platform. 
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