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	ABSTRACT	
Entomopathogenic	 fungi	 (EPF)	 exhibit	 formidable	 effectiveness	 that,	 under	 speci�ic	 conditions,	 can	offset	 the	 shortcomings	of	
chemical	insecticides	within	pest	control	programs.	Among	these	EPFs,	Metarhizium	rileyi	stands	as	one	of	the	most	extensively	
studied	agents	for	global	pest	control.	The	study	delves	into	the	assessment	of	the	relative	virulence	of	M.	rileyi	water-dispersible	
granules	 (WDG)	 when	 deployed	 against	 distinct	 soil-pupating	 stages	 of	 lepidopteran	 and	 dipteran	 insects.	 M.	 rileyi	 WDG	
formulations	were	subjected	to	evaluation	against	various	soil-pupating	stages	of	 insects,	 including	lepidopteran	and	dipteran	
species.	The	results,	based	on	dose-response	relationships	and	LC 	values,	revealed	distinct	levels	of	virulence	exhibited	by	M.	rileyi.	50

Among	the	lepidopteran	insects	tested,	M.	rileyi	demonstrated	the	highest	level	of	virulence	against	H.	armigera,	followed	by	A.	
albistriga,	A.	�lava,	S.	frugiperda,	A.	ipsilon,	S.	 litura,	S.	obliqua,	and	A.	janata.	The	LC 	values	of	these	treatments,	arranged	in	50

7 7 8 8 8 8 8 9ascending	order,	were	2.01	x	10 ,	7.17	x	10 ,	1.13	x	10 ,	1.41	x	10 ,	1.54	x	10 ,	3.35	x	10 ,	3.62	x	10 ,	and	1.00	x	10 ,	respectively.	In	
9contrast,	M.	rileyi	exhibited	the	least	virulence	against	S.	exigua,	with	an	LC 	value	of	1.35	x	10 .	Notably,	the	ef�icacy	of	M.	rileyi	WDG	50

formulations	was	signi�icantly	lower	when	targeting	dipteran	pupae	compared	to	lepidopteran	pupae.	For	B.	cucurbitae	and	B.	
9 10dorsalis,	the	LC 	values	were	7.26	x	10 	and	1.29	x	10 ,	respectively.	M.	rileyi	WDG	demonstrated	remarkable	virulence	when	tested	50

against	the	pupae	of	H.	armigera,	marking	the	highest	level	of	ef�icacy	observed.	In	contrast,	these	WDG	exhibited	limited	ef�icacy	
when	targeting	dipteran	pupae,	such	as	those	of	B.	dorsalis	and	B.	Cucurbitae.
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Introduction
Food security and sustainable crop output are seriously 
threatened by insect pests, particularly in the absence of 
ef�icient management techniques. Current control measures 
often rely on heavy and indiscriminate application of broad-
spectrum insecticides, which negatively affect human health, 
the environment ,  and natural enemies [40,32].  The 
neonicotinoids and pyrethroids used in the management of 
defoliators are also known to be highly toxic to parasitoids and 
predators. The use of these broad-spectrum insecticides often 
results in inconsistent insect control [45,25]. Many insects 
spend a substantial part of their life cycle below ground, such as 
the American bollworm, tobacco caterpillar, jute hairy 
caterpillar, cutworm, cotton semi-looper, castor semi-looper, 
beet armyworm, fall armyworm, and fruit �ly. Targeting the most 
destructive active stage of the insect is always considered, often 
inactive stages are ignored. However, neglecting the soil-
dwelling pre-pupae and pupae can create a critical gap in pest 
management strategies [29]. Addressing these life stages is 
essential for achieving effective and sustainable pest control. 
Without causing harmful environmental residues or developing 
insect  host  res istance ,  microbia l  pest ic ides  -  l ike 

mycoinsecticide - have a potential future in the biological 
control of insect pests. Microbial pesticides, such as 
mycoinsecticide, play a promising role in the biological 
management of insect pests without leaving toxic residues in 
the surroundings or inducing resistance in their insect hosts 
[39]. The ef�icacy of entomopathogenic fungi (EPF) always 
stands out when compared with other conventional 
biopesticides. These EPFs can target all the growth stages of 
insect development, including non-feeding stages like eggs, 
pupae of insects, and immature and adult stages of many insect 
species, within both natural and arti�icial ecosystems [7]. 
Moreover, their ability to invade non-feeding stages was due to 
the speci�ic mechanism of invading the host directly through the 
cuticle [38]. Metarhizium	rileyi, erstwhile known as Nomuraea	
rileyi, has been preferred for managing lepidopteran pests. The 
growth of M.	 rileyi under �ield conditions requires optimum 
temperature and high relative humidity of approximately (25°C, 
and 70–75% respectively) [2,10,19,22]. Wind speed is mainly 
responsible for the dispersal of conidia [18]. Usually, these 
conditions are not present in the �ield always. However, such 
congenial conditions favorable for the growth and spread of the 
EPFs are usually prevalent in tropical countries e.g., sub-
Saharan Africa, India, and Brazil. It is highly effective against 
Noctuiid defoliators such as Spodoptera	 litura (Fabricius), 
Helicoverpa	 armigera	 (Hubner), Anticarsia	 gemmatalis	
(Hubner), and Trichoplusia	 ni Hubner for eco-friendly pest 
management. A review of the literature indicates that 
approximately 60 lepidopteran species are susceptible to this 
pathogen, with half of them belonging to the Noctuiidae family 
[17]. 
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Foliar damage is correlated to monetary losses, which can lead 
to yield losses of approximately 50% [42]. Phytophagous 
Dipterans including fruit �lies are the most destructive insect 
pest of fruits and vegetables around the [47]. The last instar 
larvae exit the fruit and drop down and burrow in the soil and 
pupate. Larvae generally pupate in the upper four cm of the soil. 
These lepidopteran and dipteran species are more destructive 
in agriculture. As a result, alternative, more sustainable 
management techniques against these insect pests are needed 
of the hour. To deal with such situations, alternative use of 
microbial insecticides becomes a more relevant option. 
Mycoinsecticides play an important role in the biocontrol of 
insect pests, serving as alternatives to chemical control, without 
leaving toxic residues in the environment or inducing resistance 
in their insect hosts [13].
Various foliar sprayable EPF formulations are present in the 
market to be used against larval stages of insect pests; their 
effectiveness has been reported to be inconsistent. Synthetic 
chemical pesticides persist in the environment for a longer 
period and contaminate the soil, groundwater, water bodies, 
and aquatic organisms. This leads to biomagni�ications of the 
metabolites of insecticides [5,48]. A formulation speci�ically 
designed to target the subterranean stage of the insect could 
signi�icantly enhance its ef�icacy. [3] demonstrated that under 
laboratory conditions soil treated with EPF conidia has shown 
promising results against S.	litura pupae. Fruit �lies pupate in the 
soil, suggesting that applying fungi in this environment has the 
potential for fruit �ly management [11]. Granules made from 
EPF have an advantage over conventional insecticides when 
managing soil-dwelling insect pests [44]. When soil application 
of EPF-based granular formulations is carried out, the conidia 
can be maintained under conditions of relatively high humidity, 
which enhances conidial survival, germination, and virulence. 
This study aims to assess the management effectiveness of M.	
rileyi water dispersible granule (WDG) formulation against the 
soil-dwelling stages of insect pests.

Material	and	Methods	
Insect	rearing
All test species' eggs were gathered from the �ields of ICAR-
Indian Agricultural Research Institute, New Delhi, India. The 
rearing of Agrotis	ipsilon	(Hufnagel) (Noctuiidae: Lepidoptera), 
Spodoptera	 litura	 (Fabricius) (Noctuiidae: Lepidoptera), 
Spilarctia	 obliqua	 (Walker) (Arctiidae: Lepidoptera), and 
Spodoptera	 exigua	 (Hübner) (Noctuiidae: Lepidoptera) was 
completed in compliance with the guidelines given by [21]. 
Spodoptera	 frugiperda	(Smith) (Noctuiidae: Lepidoptera) was 
reared following the protocols given by [27]. 
The rearing of Achaea	janata	(Linn.) (Lepidoptera: Noctuiidae) 
was carried out following a method described by [4]. A 
laboratory colony of Amsacta	albistriga	(Walker) (Lepidoptera: 
Noctuiidae), was developed as per [37] and Anomis	�lava	(Fab.) 
(Lepidoptera: Erebidae) laboratory stock culture was 
developed and maintained by following [43]. 
Rearing of H.	armigera: H.	armigera was reared on overnight 
soaked seeds of chickpea. Plastic vials (5 cm x 3 cm size) were 
used to rear the larvae individually. The larvae were reared 
individually in plastic vials. The larvae were fed with freshly 
sopped seeds every day. The fully developed last instar 
caterpillars were gathered and released in plastic trays (30 cm x 
45 cm size) containing two kilograms of sterilized soil. A muslin 
cloth was used to cover the plastic trays for proper aeration. The 
moths emerged after seven days and were gathered and 
maintained in glass jars (30 cm x 25 cm size) for mating and 

oviposition, and fed with 10% sucrose solution provided in a 
cotton wick. 
Rearing of B.	 cucurbitae: B.	 cucurbitae was reared on bitter 
gourd (Momordica	charantia Linn.) fruits. An oviposition cage 
was prepared using glass jars of 30 cm x 45 cm. Fresh tender 
bitter gourd fruits were provided for oviposition. Twenty-four 
hours after oviposition the fruits containing newly deposited 
eggs were taken out and placed in rearing glass jars (30 cm x 45 
cm). Two kilograms of germ-free soil was added to each rearing 
jar to facilitate the pupation of the fully developed maggots at a 
later stage.
All the stock cultures of the test insects were maintained at a 
temperature of 27°C ± 2°C, with a photoperiod of 12:12 (dark: 
light) and a relative humidity of 65 ± 5%. The stock culture of 
these pests was maintained at the Biological Control Laboratory, 
Division of Entomology, ICAR-IARI, New Delhi. Germ-free soil 
was provided for pupation to all the test insect larvae 
irrespective of species.

Mass	production	of	Metarhizium	rileyi
At �irst, M.	rileyi was isolated from its native environment from 
naturally infected larvae of H.	 armigera collected from an 
infested red gram �ield in Bilakalagudur village, Nandyal, 
Andhra Pradesh, India, in November 2022. The pathogen was 
isolated on Sabouraud's maltose yeast extract agar (SMYA) and 
mass-produced on rice grains following the protocols described 
by [9].

Preparation	of	water-dispersible granules	of	Metarhizium	
rileyi
Water-dispersible granules of M.	rileyi were prepared by using 
attapulgite (75 g) as carrier carboxy methyl cellulose (1.0 g) as 
binder and sodium lignosulfonate (1.0 g) as dispersing agent. 
Glycerol (1 ml) was added as a moisturizer. After mixing all these 
components, one gram of mass-produced M.	rileyi (containing 
media residues and M.	rileyi conidia) was added. Viable conidia 
population was estimated by taking one gram of this mixture 
and after serial dilutions, the plate counts were obtained. The 
�inal adjustments in the ingredient mixture were made to obtain 

6a population count of 10  conidia/g of the mixture. The dough 
was made by adding 20 ml of distilled water to this mixture. 
After running this dough through a granulator, granules were 
produced. After being air dried in the shade, the granules were 
sieved through 18 mesh to achieve a consistent one-millimetre 
size. The viable conidia population was estimated by a plate-
count method. 

Bioassay	of	Metarhizium	rileyi	granular	formulation
Covered plastic trays (30 cm x 45 cm size) containing two 
kilograms of germ-free soil were used for all bioassays. To 

4 5 6 7 8 9 10achieve a population of 10 , 10 , 10 , 10 , 10 , 10 , and 10  M.	
rileyi conidia per gram of soil, the necessary number of granules 
was added to each tray individually. Care was taken to mix the 
granules only on the upper one centimeter of the soil. Twenty 
fully grown last instar larvae of the test insects were released in 
each replication. For every conidia concentration, three 
replications were kept. The control treatment trays were 
treated with the same number of blank granules (i.e., granules 
without M.	rileyi). Three days after the larvae were released, the 
observations were made. Observations were recorded for 
dead/moribund insects every 24 hours up to 8 days. The 
dead/moribund insects collected every day were surface 
sterilized with 70% ethanol washed with sterile double distilled 
water placed in Petri dishes containing sterile �ilter paper and 
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oincubated (27+2 C and 75+5% relative humidity) for 7 days. 
Cadavers showing mycosis were only considered dead because 
of fungal infection. 

Statistical	analysis
In none of the replications in any treatment, the mortality in 
control treatments ranged between 5-10%. To adjust the 
mortality percentage, Abbott's formula was applied [1]. 
Mortality data were subjected to probit analysis as per [16]. We 
performed a probit analysis on the mortality data, and LC  50

values were calculated by using SPSS 16.0 statistical software

Results
Ef�icacy	of	laboratory-prepared	water-dispersible	granules	
of	 Metarhizium	 rileyi	 against	 some	 lepidopteran	 and	
dipteran	pupae
In the present investigation, we studied the effects of M.	rileyi	
WDG on various lepidopteran soil-pupating insects. The 
responses of different soil pupating insects to the respective EPF 
granular formulations are �itted in the log (dose)/probit 
(mortality) model at p < 0.05 (Table 1). The slope coef�icients of 
the granular formulations ranged between 0.33 and 0.63. The 
estimated LC  values of the respective treatments differed 50

signi�icantly, as indicated by the 95% con�idence intervals (p < 
0 . 0 5 )  ( Ta b l e  1 ) .  T h i s  � i n d i n g  i s  exc i t i n g  b e c a u s e 
entomopathogenic fungi (EPFs) often exhibit low ef�icacy 
against dipteran pupae compared to lepidopteran pupae. For B.	

9cucurbitae and B.	dorsalis the LC  values were 7.26 x 10  and 50
101.29 x 10 , respectively. Based on the LC  values, M.	rileyi was 50

found to be more virulent against lepidopteran insects, such as 
H.	armigera, followed by A.	albistriga,	A.	�lava,	S.	frugiperda,	A.	
ipsilon,	S.	litura,	S.	obliqua, and A.	janata	and the LC  values of the 50

corresponding treatments arranged in ascending order are 2.01 
7 7 8 8 8 8x 10 , 7.17 x 10 , 1.13 x 10 , 1.41 x 10 , 1.54 x 10 , 3.35 x 10 , 3.62 x 

8 910 , and 1.00 x 10  respectively. M.	rileyi was found to be least 
9virulent against S.	exigua, with an LC  value of 1.35 x 10 . The 50

effect of M.	 rileyi	 WDG exhibited more virulence towards H	
armiger	 and did not vary signi�icantly with LC  values of A.	50

albistriga,	 A.	 �lava,	 S.	 frugiperda,	 A.	 ipsilon,	 S.	 litura, and S.	
obliqua.	However, signi�icantly varied with	A.	janata,	S.	exigua,	B.	
cucurbitae,	and B.	dorsalis.

Relative	virulence	of	laboratory	prepared	water	dispersible	
granules	of	Metarhizium	rileyi	against	 some	 lepidopteran	
and	dipteran	pupae
In the present investigation, the relative virulence against 
different soil-pupating insects was compared using LC  values 50

of S.	litura as a reference because this entomopathogenic fungus 
is generally recommended for controlling S.	litura. During this 
investigation, M.	rileyi	WDG were assessed against various soil-
pupating lepidopteran and dipteran insects in their early pupal 
stage (Table 1). Upon examining the data, it was revealed that H.	
armigera late larval instar was 16.67 times relatively more 
susceptible to M.	rileyi WDG. In contrast, B.	dorsalis was found to 
be relatively least susceptible (0.26 times) as compared to the 
LC  value of S.	litura. The overall relative ef�iciency of the test 50

WDG presented in descending order, was as follows H.	armigera	
(16.7) >	A.	albistriga	(4.7) >A.	�lava	(2.96) >	S.	frugiperda	(2.37) >	
A.	ipsilon	(2.17) >	S.	litura, (1.0) >	S.	obliqua	(0.92) >	A.	janata	
(0.333) >	S.	exigua	(0.24) >B.	Cucurbitae	(0.046) >	B.	dorsalis	
(0.026). 

Discussion
The pupal stage of the insect is non-motile. The habits of the 
above-tested insect pests to pupate under subterranean 
conditions prevent their exposure to insecticides. This leads to 
the repeated application of insecticides, which in turn pollutes 
the soil, water bodies, and groundwater [5,48]. The use of 
granules containing entomopathogenic fungi provides an 
attractive alternative that is safe for to environment and human 
health. M.	rileyi often cause epizootics in nature and the ability of 
its aerial conidia to penetrate the insect integument and cause 
pathogenesis makes it more suitable to be used as contact 
insecticide [33]. In the present study, we used nine lepidopteran 
and two dipteran polyphagous species because they cause 
extensive damage to crops all over India. Foliar sprays using 
fungal formulation have several limitations viz. the conidia get 
dried up and die or high temperature coupled with low relative 
humidity adversely affects conidial germination in addition to 
UV inactivation of the conidia [8,15,26,36,41,46]. On the other 
hand, conidia applied in the soil as granular formulations would 
be protected from abiotic factors [33]. EPF formulations have 
been proven to be better than conventional sprays to manage 
insect pests with soil-dwelling life stages [28,49]. In India, no 
EPF granular formulation is available in the market. 
In the present investigations, we evaluated laboratory-prepared 
M.	rileyi WDG against nine species of lepidopteran caterpillars 
and maggots of two dipteran species. We showed that this 
isolate is highly virulent to the H.	armigera last instar larvae and 
pupae and kills them in laboratory experimental conditions. The 
habits of the above-tested insect pests to pupate under 
subterranean conditions prevent their exposure to insecticides. 
Our results showed that the application of fungal WDG is highly 
effective against the insect larvae. 
The dose-response relationships recorded in the present study 
are consistent with those obtained by [34]. M.	rileyi was found to 
cause pupal mortalities (with a maximum of 25.42%) and 
produced malformed adults (ranging from 60% to 100%) when 
used against one-day-old pupae of S.	litura and H.	armigera at 

5 9spore concentrations ranging from 10  to 10  spores per 
milliliter. Various types of morphological changes were 
o b s e r v e d  i n  t h e  l a r v a e  a n d  p u p a e  t r e a t e d  w i t h 
entomopathogenic fungi. Morphogenetic abnormalities 
observed amongst the pre-pupae and pupae of lepidopteran 
insects caused by the pathogenic fungal infection have been well 
documented including shorter body length, crumpled wing 
lobes, reduced antenna size, and signi�icantly shorter abdomen 
length, the pupae displayed dark coloration with black ends, or 
they had brown or dark brown-colored markings on the entire 
pupa, with dark endpoints [14,23,35]. Notably, these effects 
were observed in one-day-old pupae, which have just formed 
and possess thin and soft cuticles.
[11] indicated that the entomopathogenic fungi, particularly the 
granular formulation, outperformed diazinon. The granular 
formulation remained effective for up to 668 days after soil 
inoculation and resulted in a 54% reduction in some fruit �ly 
species. However, in our study, we were able to induce high 
levels of infection in pupae through soil inoculation before 
introducing the pupae into the medium. This suggests that soil 
treatments targeting H.	armigera pupae may provide a viable 
method for population suppression. Previous studies on the 
effects of other entomopathogenic fungi against pupae have 
shown a reduction in adult emergence rates [12,24], an 
extension of the pupal stage duration accompanied by a 
decrease in adult longevity [29,31]. 
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Additionally, malformation and reduced fecundity were 
reported in adults emerging from fungal-treated pupae [29]. 
This is an intriguing �inding, as entomopathogenic fungi (EPFs) 
often exhibit low ef�icacy against dipteran pupae. This is 
primarily because the dipteran puparium acts as a barrier, 
hindering the penetration and outgrowth of EPFs [6,30]. 
Lepidopteran pupae have obtect characteristics, with 
appendages closely attached to the body and surrounded by a 
cocoon. In contrast, Dipteran pupae have coarctate features, 
being enclosed within the cuticle of the third-stage larvae [20]. 
These differences have a negative impact on fungal penetration 
and explain the challenges faced when targeting dipteran pupae 
with EPFs. Another major reason for poor ef�icacy against 
dipteran larvae/pupae could be that the last instar maggots just 
drop down and immediately enter the soil and pupate. Whereas, 
the last instar lepidopteran larvae wander on the soil for some 
time and then burrow into it to make cocoon and pupation. This 
activity exposes the last instar caterpillars for a relatively longer 
period of exposure to the soil containing EPF conidia.

Conclusions	
Our studies also revealed that the fungus could successfully 
grow from the WDG, colonize, and spread in the soil leading to 
mortality among resting larvae and pupae. Therefore, we 
suggest an application of M.	rileyi formulated WDG in the	Kharif 
season when the above-mentioned insect pests are 
predominant in the �ield. The longer persistence of EPF in the 
soil is an important factor for the management of soil-dwelling 
stages of insect pests because the conidia are protected from 

Table	1.	Virulence	of	laboratory	prepared	water	dispersible	granules	of	M.	rileyi	against	some	lepidopteran	and	dipteran	pupae.

high temperatures and direct UV rays from the sun. Indeed, the 
application of granular formulation in soil Favors germination 
of conidia and further survival due to relatively congenial 
temperature and humidity. 
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