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Abstract

Background The emergence of pink bollworm (PBW), Pectinophora gossypiella (Saunders) (Lepidoptera: Gelechii-
dae), in cotton due to Bt resistance and concealed feeding habit has created a need for alternative, eco-friendly,
and cost-effective control methods. This study aimed to evaluate the bio-efficacy and reproductive potential of two
native strains of entomopathogenic nematodes (EPNs), Heterorhabditis indica, namely CICR-HI-CL and CICR-HI-MN,
against PBW larvae and pupae under in-vitro conditions.

Results The larval assay revealed that strain CICR-HI-CL exhibited higher potency than strain CICR-HI-MN against 2",
3" and 4™ instar larvae, with median lethal dose (LDsp) values of 545, 445, and 4.60 infective juveniles (1Js) per larva,
respectively. In case of pupal bioassay, both EPN strains demonstrated greater virulence when applied directly (LDx,
values: 29.65 and 73.88 lJs per pupa for strains CICR-HI-CL and CICR-HI-MN, respectively) compared to soil applica-
tion (147.84 and 272.38 1Js per pupa). Both EPN strains successfully penetrated and reproduced on 4" instar larvae,
resulting in maximum production of 19.28 and 20.85 lakh IJs per larva in the next generation when inoculated at 30
lJs per larva.

Conclusion The present study has generated useful information on the virulence and reproductive potential

of two strains of EPN H. indica (CICR-HI-CL and CICR-HI-MN) against PBW, a dreaded pest of cotton. Higher virulence
and reproductive potential of EPN strains demonstrated their ability to multiply, sustain and perpetuate on larval
and pupal stages of PBW. The knowledge generated will help formulate effective management strategies for PBW
with the inclusion of EPN as a potential biological control candidate. The soil-dwelling life stages viz, last instar
hibernating larvae and pupae of PBW can be the ideal weak links to make a successful use of H. indica for sustainable
management of PBW in the cotton ecosystem. However, before taking these EPN strains to field for managing PBW,
detailed studies investigating their biocontrol potential against PBW under field conditions are needed.
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Background

Cotton is the major fiber crop grown worldwide. India
leads the production of cotton (36.5 million bales i.e., 6
205 000 tons, 1 bale=170 kg) among the different cot-
ton-growing countries. Cotton plays a key role in India’s
economy, providing employment directly and indirectly
to more than 60 million people (Cotton Corporation of
India STAT 2022). India is the only country where all
four cultivated species of cotton (Gossypium hirsutum, G.
barbadense, G. arboreum, and G. herbaceum) are grown.
Although India ranks first in total area coverage, cotton
productivity is the lowest (464 kg lint per hectare) among
major cotton producers of the globe. Several biotic and
abiotic factors are responsible for the low productivity of
cotton. Among the biotic factors, the incidence of insect
pests is reported as a key limiting factor for cotton pro-
duction (Nagrare et al. 2022).

Among various insect pests, pink bollworm (PBW),
Pectinophora gossypiella is a major threat with a record
yield reduction potential up to the tune of 90%, before
the use of broad-spectrum insecticides and introduc-
tion of transgenic cotton (Patil 2003). The introduction of
synthetic pyrethroids in India during the 1980s marked a
major milestone and played a strategic role in managing
this notorious pest of cotton. However, the indiscriminate
use of these chemical insecticides caused widespread
ecological disruption leading to the aggravation of PBW
and other secondary pest problems in the cotton ecosys-
tem (Kranthi et al. 2002; Kranthi and Russell 2009; Inter-
national Cotton Advisory Committee 2010).

Subsequently, the introduction of genetically engi-
neered transgenic cotton (Bt cotton) carrying genes
encoding delta-endotoxin proteins (Bollgard I and Boll-
gard II) from the entomopathogenic bacterium Bacillus
thuringiensis Berliner was yet another key milestone
for the effective management of PBW in cotton. Ini-
tially, Bt cotton performed well and offered promising
control of bollworm complex until 2009. However, later
on, reports emerged on the resistance of PBW popula-
tions to CrylAc and their survival on Bollgard I cotton
(Dhurua and Gujar 2011). The infestation of PBW on
Bt cotton decreased in 2010 and 2011, but since 2014,
it has become more widespread and is observed in all
cotton fields, including Bollgard II. The development of
evolved resistance, primarily against transgenic cotton
(Bollgard I and Bollgard II), is the main reason behind
the widespread infestation of PBW in Indian cotton
(Fand et al. 2019). Worldwide, PBW has been known

to cause 2.8%—61.9% loss in seed cotton (Bhute et al.
2023). Recently India witnessed the infestation of PBW
ranging from 8%-92% with yield loss between 10%—
30 % (Nagrare et al. 2023).

In order to safeguard the cotton crop from PBW infes-
tation, cotton growers resort to periodical, indiscriminate
use of broad-spectrum insecticides. Besides affecting
human health, these insecticides are also responsible for
environmental pollution in the fragile agricultural eco-
system, incurring enormous setbacks to natural resources
(Thube et al. 2022). Until now, pesticide poisoning has
claimed the lives of several farm laborers engaged in cot-
ton fields. In India, the accidental inhalation of insecti-
cides has caused 21 deaths in three months during 2017
(The Hindu 2017). Acute pesticide poisoning is also
recorded from the male and female cotton growers of
India (Mancini et al. 2005). In addition to the mortality
of natural enemies of pests, insecticides are responsible
for the pollution of natural resources and upsetting the
beneficial soil microflora. The neonicotinoid group of
insecticides is detrimental to pollinators and its residues
are detected in stamens and maternal flowers of cotton in
China (Wu et al. 2022). The residues of various pesticides
are detected in cotton seeds which is an important source
of edible oil (Blossom and Singh 2004).

Entomopathogenic nematodes (EPNs) are consid-
ered as one of the potential biological control agents
for managing insect pests in a safe and eco-friendly
manner. EPNs can effectively control a wide range of
soil-dwelling insect pests and are known for their self-
perpetuating nature, species-specificity, and ease of
mass multiplication. In contrast to chemical pesticides,
EPNs do not leave any toxic residue in the environ-
ment and are considered to be a sustainable alterna-
tive for managing insect pests in agriculture. EPNs
have been extensively studied and found to be effective
against a wide range of soil-inhabiting insects (Beg-
ley 1990; Klein 1990). The two main families of EPNs,
Steinernematidae and Heterorhabditidae, are obligate
insect parasites (Poinar 1979) that carry associated
bacterial symbionts (Akhurst and Boemare 1990). The
infective juvenile (IJ) stage of the nematode remains
in the soil until it can invade the body of a suscepti-
ble insect. After infection, the symbiotic bacteria are
released into the insect hemocoel, causing septicemia
and death of the insect (Kaya and Gaugler 1993). EPNs
feed on the bacterial cells inside host tissues, and once
the host reserves are depleted, a new generation of IJs
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exits the cadaver (Kung et al. 1991). EPNs are widely
used in insect pest management, particularly for pests
that have a soil-dwelling stage in their life cycle (Kaya
and Gaugler 1993). Heterorhabditis has been exten-
sively studied for managing lepidopteran pests such
as Spodoptera frugiperda (Patil et al. 2022), S. litura
(Gokte-Narkhedkar et al. 2019), and S. littoralis (Sobhy
et al. 2020). Steinernema riobrave and Heterorhabditis
bacteriophora have been found to be highly pathogenic
to PBW larvae (Gouge et al. 1999; Shairra et al. 2016).

Therefore, in the present study, we tested the virulence
of two native strains of Heterorhabditis indica viz., CICR-
HI-CL and CICR-HI-MN (Shinde et al. 2022), originally
isolated from cotton fields, in areas where the PBW is one
of the major pests. The reproductive potential of any bio-
logical control agent is marked as an important feature
for their extended persistence and pathogenicity to the
targeted insect pests (Blanco-Pérez et al. 2017). There-
fore, the reproductive potential of H. indica was also
assessed on PBW under present investigations.
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Results

Larval and pupal susceptibility of P. gossypiella to H. indica
The results indicate that both strains of H. indica can
infect the larvae of PBW under laboratory conditions.
However, the susceptibility of larvae to both strains
varied significantly. The strain CICR-HI-CL was more
virulent compared with CICR-HI-MN, causing higher
mortality across all the larval instars evaluated in the pre-
sent study. Bioassay results showed that percentage mor-
tality increased significantly (For strain CICR-HI-MN:
Fg,06=23.04; P<0.000 1 and CICR-HI-CL: Fg,,,=31.85;
P<0.000 1), with an increase in IJs dosages (Fig. 1). Pro-
bit analysis of strain CICR-HI-CL indicated that the
LDq, values for 2, 3, and 4 instar larvae were 8.75,
6.57, and 7.14 IJs per larva, respectively. However, strain
CICR-HI-MN was comparatively less virulent against
27 31 and 4™ instar larvae, with LD, values of 21.06,
24.81, and 30.22 IJs per larva, respectively. When com-
paring the susceptibility of various larval instars within
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Fig. 1 Percent mortality (mean + standard error) of third instar larvae of pink bollworm, P. gossypiella, at different dosages of H. indica (a CICR-HI-CL

strain; b CICR-HI-MN strain) at 72 h after treatment in laboratory conditions
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Table 1 Dose-mortality response (expressed as lethal dosages) of second, third and fourth instar larvae of Pectinophora gossypiella to

Heterorhabditis indica under laboratory conditions

Strain Larval instar df? Lethal dosages 48 h after treatment Lethal dosages 72 h after treatment
Slope = SEP X LDy,® (FL)® Slope + SE® X LDy, (FL)®
CICR-HI-MN 2ond 6 2.08+0.35 7.19 6 (14.72-30.15) 221+036 10.11 17.04 (10.52-25.07)
3 6 242+0.38 413 24.81 (20.11-31.22) 2.67+0.40 6.50 18.53 (13.95-24.01)
4 6 2.55+040 267 30.22 (24.71-38.54) 2.58+0.39 4.7 23.34 (19.07-28.85)
CICR-HI-CL 2nd 6 2.60+0.51 853 8.75 (4.62-12.10) 2.07+0.37 578 545 (3.52-7.23)
3d 6 1.96+0.32 4.92 6.57 (4.62-8.52) 1.81+£0.32 3.64 445 (2.69-6.10)
4th 6 1.59+£0.31 4.04 7.14 (4.68-9.68) 192+0.33 518 4.60 (293-6.18)

2 df (degrees of freedom)
b Slope +SE (standard error)

x? indicates a good fit of the line to the data
9 lethal dosages are expressed in lJs per larva
€ FL (fiducial limits)

the strain, it was observed that 2 instar larvae exhibited
a higher susceptibility to strain CICR-HI-MN, whereas
3" instar larvae were more susceptible to strain CICR-
HI-CL (Table 1). When IJs were inoculated into the
pupae of PBW using the direct application method, strain
CICR-HI-CL exhibited greater virulence with a lower
LD, value (29.65 IJs per pupa) compared with strain
CICR-HI-MN (73.88 IJs per pupa). One-way analysis of
variance revealed significant differences in pupal mortal-
ity across the tested IJ doses for both strains (For strain
CICR-HI-CL: Fg,5,=154.34, P<0.000 1; for CICR-HI-
MN: F| 54, =225.42, P<0.000 1). However, the application
of IJs through the soil resulted in reduced pupal mortal-
ity, indicated by higher LD, values (For strain CICR-HI-
CL: 147.84 IJs per pupa; for strain CICR-HI-MN: 272.38
IJs per pupa). The LD, values for various dosages for
both strains are presented in Table 2.

The PBW larvae turned brick red after 48 h of inocu-
lation, indicating that the larval mortality was due to H.
indica infection (Fig. 2b). The initial depletion of internal
content of larvae resulted in a change of body color from
brick red to yellowish-brown at 96 h of plating (Fig. 2c).

Gradually, EPN multiplication continued in the larval
cadavers, leading to the complete depletion of internal
content. As a result, the cadaver became translucent, and
the mass of EPNs was clearly visible in the larval hemo-
coel under a stereo zoom-microscope (Fig. 2d). How-
ever, the pupal stage invaded by H. indica could not be
differentiated by the appearance of brick red color due to
the presence of a higher titre of melanin. Heterorhabdi-
tis indica infected pupae initially turn darkish brown to
black and turn translucent with a visible mass of EPNs
within the body after 6-7 days of inoculation (Fig. 2e).

Reproductive potential

The results of the reproductive assay revealed that both
strains of H. indica were able to penetrate and repro-
duce within the hemocoel of fourth-instar larvae of P
gossypiella. A significant difference was observed in
the reproductive potential of both strains across dif-
ferent dosages, CICR-HI-MN (ANOVA: F=9.83;
df=10; P<0.005) and CICR-HI-CL (F=5.36; df=10;
P<0.05). However, the reproductive potential of strain

Table 2 Dose-mortality response (expressed as lethal dosages (LD) of Pectinophora gossypiella pupae to Heterorhabditis indica using

direct and soil application methods under laboratory conditions

Strain Direct application Application through soil

df? Slope + SE® xX= LD,y® (FL)® df? Slope +SE® x= LD,,® (FL)®
CICR-HI-MN 8 2761047 823 73.88 (53.62-90.24) 8 510144 8.73 27238 (209.51-307.79)
CICR-HI-CL 8 2.17+0.32 3.54 29.65 (24.25-35.79) 8 483+£1.23 746 147.84 (118.96-165.05)

2 df (degrees of freedom)
b Slope + SE (standard error)

X2 indicates a good fit of the line to the data
9 lethal dosages are expressed in lJs per larva
€ FL (fiducial limits)
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Fig. 2 Infection of H. indica to P. gossypiella a Freshly inoculated larvae; b Brick red cadaver after 48 h of inoculation; ¢ Yellowish brown larval cadaver
after 72 h of inoculation; d Translucent larval cadaver with a visible mass of EPNs in larval hemocoel; e Translucent pupal cadaver harbouring H.

indica within the body

CICR-HI-MN was significantly higher than that of strain
CICR-HI-CL when inoculated with lower dosages (10
and 20 IJs per larva) (Fig. 3). The next generation of IJs
emerged nine days after inoculation and continued for
fourteen days in strain CICR-HI-CL. However, in strain
CICR-HI-MN, IJs emerged ten days after inoculation and
continued for twelve days. A proportionate increase in
the reproductive potential of both strains was observed
up to the dose of 30 IJs per larva. However, a reduc-
tion in the emergence of IJs was observed for the higher
inoculated dosages (40 and 50 IJs per larva). The dose of
30 IJs per larva was found to be optimal for the produc-
tion of the highest number of next-generation IJs for both
strains.

s fitness assay

The IJs of both strains of H. indica emerged successfully
from larval cadavers and demonstrated the ability to
infect and kill the fresh 4" instar larvae of the PBW. No
mortality was observed in the control. The bioassay find-
ings indicated a significant increase in percent mortal-
ity with an increase in dosages of IJs for both the strains.
When IJs were inoculated into the larvae at higher doses,
specifically 30, 40, and 50 IJs per larvae, the recorded
mortality was 100% even after 48 h of inoculation for

strain CICR-HI-CL. Additionally, the analysis of the IJs
fitness assay data revealed that the strain CICR-HI-CL
exhibited significantly higher virulence compared to
strain CICR-HI-MN at both 48 h (F=29.82, df=11, 36,
P<0.001) and 72 h of inoculation (F=54.97, df=11, 36,
P<0.000 1).

Discussion

The effectiveness of using EPNs in integrated pest man-
agement has been well established worldwide (Kumar
et al. 2022). The use of local EPN strains is crucial for
achieving efficient pest control since they are better
suited to the local environment (Nikdel and Niknam
2015). In vitro evaluation remains a significant step
in identifying the most virulent strain of EPNs that
can be further deployed for field application. Reports
on the biocontrol potential of EPNs against PBW are
meager. As of now, only two species of the genera Het-
erorhabditis have been found to be effective against
PBW, namely H. indica (Shahina et al. 2014) and H.
bacteriophora (Gouge et al. 1999; Shairra et al. 2016).
The present study investigated the biocontrol poten-
tial of two native strains of H. indica against PBW. Our
findings revealed that both strains varied significantly
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Fig. 3 Reproductive potential of H. indica strains (CICR-HI-CL and CICR-HI-MN) on 4™ instar larvae of P. gossypiella. Error bars indicate the standard
error of mean (SEM). Different letters on the bars indicate statistically significant difference across dosages within the H.indica strain using WASP

software in a completely randomized design at 0.05 level of significance

concerning their virulence against larval and pupal
stages of PBW. Nevertheless, both strains were lethal
to PBW, and the strain CICR-HI-CL, which recorded
lower LDs, values, was found to be more effective than
the strain CICR-HI-MN. The virulence of any EPN spe-
cies is mostly related to numerous factors, including
the host insects, multiplication, and penetration (Kaya
& Gaugler 1993). Both strains of H. indica employed
in the present study were isolated from a maize field
rotated with cotton crops located at Nagpur, India
(21°04"48.39"N 78°06"58.02"E).

The LD, values obtained after treating EPN strains,
namely CICR-HI-CL and CICR-HI-MN, against 3
instar larvae of PBW at 48 h were 6.57 and 24.81 IJs per
larva, respectively. However, in our previous study, the
same strains demonstrated relatively higher LD, values
of 21.65 and 48.91 IJs per larva at 72 h after treating fall
armyworm Spodoptera frugiperda (Shinde et al. 2022).
The substantially lower LD, values in PBW could be
attributed to the high virulence and preference of these

EPN strains against PBW compared with S. frugiperda.
The differences in biological attributes of larvae, such as
size, weight, cuticular composition, and hemocoel, could
be probable reasons for the rapid mortality of PBW com-
pared to S. frugiperda.

The success of EPNs depends on the target life stage of
the insect pest. EPNs generally prefer to feed and mul-
tiply on the larval stages of insect pests because of their
sluggish movement, the presence of more natural open-
ings like spiracles, and the provision of hemocoel as a
medium for bacterial multiplication. Several studies have
shown that the larval stages of lepidopteran pests are
susceptible to infection by different EPNs (Salari et al.
2021; Aryal et al. 2022). Our results on the virulence of
H. indica to larval stages of PBW are consistent with
earlier studies conducted against other lepidopteran
pests (Kumar et al. 2022; Shinde et al. 2022; Patil et al.
2022). The high virulence of strain CICR-HI-CL against
3" instar larvae of PBW reported in the present study
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is in agreement with that of earlier researchers reported
against S. frugiperda (Shinde et al. 2022).

Several studies have shown that pupal stages are more
resistant to EPN infection than larval stages (Hassani-
Kakhki et al. 2013; Kary et al. 2018; Yan et al. 2020; Mha-
tre et al. 2020; Aryal et al. 2022). In agreement with this,
the present study indicates that H. indica is less virulent
against pupae (LDg, values: CICR-HI-CL=29.65; CICR-
HI-MN="73.88) of P. gossypiella than against larvae (LDs,
values: CICR-HI-CL=6.57; CICR-HI-MN =24.81 IJs per
larva). Our findings of higher larval mortalities and lower
pupal mortalities instigated by H. indica are in agreement
with other reports, namely Henneberry et al. 1995, 1996
(P gossypiella), Batalla-Carrera et al. 2010 (Tuta absu-
lata), Kary et al. 2019 (Plutella xylostella).

The virulence of both strains is further reduced when
applied through soil rather than by direct application
(LD values: 147.84 and 272.38 IJs per larva). This reduc-
tion in virulence could be due to the inability of all the
inoculated IJs to locate pupae in the soil. Lower virulence
of both strains against the pupal stage is also attributed to
the formation of a protective puparium, closure of anal
and oral apertures, high melanization and presence of
compact hemocoel which may be more difficult for IJs to
penetrate (Aryal et al. 2022). Based on the present study,
it can be concluded that, both the strains evaluated under
present investigations are virulent against the larval and
pupal stages of PBW. The 4™ instar larvae supports the
high reproduction of both the strains under laboratory
conditions which may increase the persistence of IJs
under field conditions.

Apart from assessing the suitability of a target host
insect for multiplication, the reproductive potential of
EPN is also considered an important indicator of its per-
sistence under field conditions (Blanco-Pérez et al. 2017).
Earlier reports on the susceptibility of PBW to H. indica
did not address the reproductive potential of this EPN,
we address this issue in the present study. The reproduc-
tive potential of EPNs is proportional to its virulence
against the target pest, ensuring success in perpetuation
under field conditions (Patil et al. 2022). However, in con-
trast to this, our present study reported that the strain
CICR-HI-CL is more virulent, but with less reproductive
potential than strain CICR-HI-MN. Our results on the
reproductive potential of these strains are in agreement
with the report of Shinde et al. (2022). These differences
in the production of the next generation of IJs might be
associated with the variation in aggressiveness, size, and/
or number of penetrated IJs, mating behavior, produc-
tion of oocytes and/or sperm, etc. A successful invasion
of EPNs into the insect hosts and the emergence of IJs
from insect cadavers is essential for the effective control
of insect pests, especially pests like PBW, whose larval
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stages feed on developing bolls and pupate in soil. The IJs
fitness assay clearly demonstrated the successful emer-
gence of IJs from larval cadavers and their subsequent
ability to infect and kill fresh 4™ instar larvae of the PBW.
The absence of mortality in the control group validates
the role of IJs in causing the observed mortality. The bio-
assay findings revealed a dose-dependent increase in per-
cent mortality with higher dosages of IJs for both strains,
underlining the importance of dosage in enhancing effi-
cacy. One of the notable findings was the achievement
of 100% mortality in the PBW larvae when inoculated
with higher IJ doses (30, 40, and 50 IJs per larva) for
strain CICR-HI-CL. This high mortality rate, even after
48 h of inoculation, highlights the potent virulence of
this particular strain in effectively controlling PBW lar-
vae. Moreover, the comparison of IJs fitness assay data
between the two strains indicated that strain CICR-HI-
CL exhibited significantly higher virulence than strain
CICR-HI-MN at both 48 and 72 h post-inoculation. This
difference in virulence suggests potential variations in the
genetic makeup or adaptability of the strains, possibly
contributing to their distinct effectiveness against PBW
larvae. These findings have significant implications for
pest management strategies. The identification of highly
virulent strains, such as CICR-HI-CL, could inform the
development of more effective biological control meas-
ures against PBW infestations, potentially reducing reli-
ance on chemical insecticides and promoting sustainable
agricultural practices. Further research and investigation
into the mechanisms underlying the enhanced virulence
of specific strains are essential for harnessing their full
potential in integrated pest management programs. This
study indicates that H. indica is an effective biological
control agent of PBW, and the high reproduction rates of
this species may increase the persistence of IJs under field
applications.

Conclusion

The present study has generated useful information on
virulence, reproductive potential and fitness of emerged
IJs of two strains of EPN H. indica (CICR-HI-CL and
CICR-HI-MN) against PBW, a dreaded pest of cotton.
Higher virulence and reproductive potential of EPN
strains demonstrated their ability to multiply, sustain
and perpetuate on larval and pupal stages of PBW. The
knowledge generated will help formulate effective man-
agement strategy for PBW with the inclusion of EPNs as
potential biological control candidates. The soil dwelling
life stages viz., last instar hibernating larvae and pupae
of PBW can be the ideal weak links to make a successful
use of H. indica for sustainable management of PBW in
the cotton ecosystem. However, before taking these EPN
strains to the field for managing PBW, detailed studies
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investigating their biocontrol potential against PBW
under field conditions are needed.

Material and methods

Insect culture

The larvae of PBW were collected from 110-day-old
cotton crop (Gossypium hirsutum L.) variety Suraj
(non-Bt) grown in the experimental farm of the Indian
Council of Agricultural Research-Central Institute for
Cotton Research (ICAR-CICR), Nagpur during 2020-
2021. The field-collected larvae were reared on an arti-
ficial diet under controlled conditions in the insectary
of ICAR-CICR, Nagpur at a temperature (27 °C+1 °C),
relative humidity (65% + 5%), and a 14 h light/10 h dark
photoperiod (Shah et al. 2021). A cotton twig contain-
ing squares was used as an oviposition substrate for
PBW moths, and moths were provided with a plug of
absorbent cotton dipped in honey solution (volume
fraction of 10% prepared in distilled water) every alter-
nate day as a moisture and energy source. Moths were
allowed to pair and lay eggs on cotton twigs, which
were dipped at the base in Eppendorf tubes filled with
water and covered with Parafilm to keep them fresh for
a longer time (Fand et al. 2020). Twigs loaded with eggs
were collected on tissue paper placed at the bottom of
plastic jars to allow for clear visibility of neonate lar-
vae. The newly hatched larvae were further reared on
an artificial diet (Shah et al. 2021).

Source of EPN

Two strains of EPN, Heterorhabditis indica, namely
CICR-HI-CL and CICR-HI-MN, were procured from
the EPN repository maintained at the Division of Crop
Protection, ICAR-CICR, Nagpur, India. The nematodes
were cultured on the last instars of the greater wax moth,
Galleria mellonella, at (23 °C +2 °C). The infective juve-
niles that emerged from the larval cadavers of G. mel-
lonella were collected using White traps (White 1927)
and stored in sterilized water at 15 °C (Patil et al. 2020).
Three-day-old IJs were used in further experiments.

Laboratory bioassays

Larval bioassay

The virulence of H. indica was studied against 279, 3%,
and 4™ instar larvae of P gossypiella. The optimum
quantity of water (diluent) required to treat a single
larva of 274, 3, and 4" instar was calibrated as 10, 20,
and 30 pL, respectively.

Initially, a wide dose bioassay was carried out using
dosages 2, 20, 100, 300 and 500 IJs per larva (data not
shown here) to determine the final dosages of IJs to be
used in bioassays against PBW larvae. Subsequently, the
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doses were fine-tuned with a total of eight dosages, i.e.,
2,5, 8, 10, 15, 20, 25, 30 IJs per larva for strain CICR-HI-
CL and 5, 10, 15, 20, 25, 30, 50, 70 IJs per larva for strain
CICR-HI-MN. Application of water only without IJs
served as a control.

Ten larvae of each instar were placed separately in
24-well multi-cell plates (Genaxy Scientific Pvt. Ltd,
India) and provided with cubes of semi-synthetic diet
(0.25 to 0.40 mL) per well as a source of food (Shinde
et al. 2022). Each treatment (single dose) consisted of
50 larvae (n=10 larvae per replication; five replications
per treatment). For each strain, a total of 450 larvae were
used to evaluate nine dosages including control. The
desired dose of EPN was directly applied to the larval
instar placed in multi-cell plates (Shinde et al. 2022). All
the plates were sealed with Parafilm to avoid moisture
loss and incubated at (25 °C+2 °C) in a BOD incubator.
Untreated control plates were maintained similarly to the
treatments, except that no IJs were added to the water.
Larval mortality was observed at 48 and 72 h after IJs
inoculation. To confirm that larval mortality was due to
nematode infection, the cadavers were dissected in Ring-
er’s solution under a stereomicroscope to verify the pres-
ence of nematodes. The whole experiment was repeated
once with a fresh batch of IJs.

Pupal bioassay

The virulence of both strains of EPN was evaluated
against 48-h-old pupae of PBW in two separate experi-
ments. A total of ten dosages of IJs, i.e., 5, 10, 15, 20, 25,
30, 40, 50, 75, 100 IJs per pupa for strain CICR-HI-CL
and 5, 15, 25, 50, 75, 100, 125, 150, 175, 200 IJs per pupa
for strain CICR-HI-MN, were used.

In the first experiment, the desired dosages of EPN
suspension (30 uL) were directly applied to the pupae
placed in multi-cell plates (Innovative Biosciences Pri-
vate Limited, Nagpur, India). All the plates were sealed
with parafilm to prevent moisture loss and incubated at
(25 °C+2 °C) in a biological oxygen demand (BOD) incu-
bator. Each treatment consisted of 50 pupae (n=10 pupae
per replication; five replications per treatment). A sepa-
rate batch of pupae was maintained with distilled water
without IJs for use as a control. Pupal mortality and adult
emergence were recorded daily for ten days. In the sec-
ond experiment, the desired dosages (50, 100, 200, 300,
400, and 500 IJs per pupa) of EPN suspension (5 ml) were
evenly applied to a plastic container (diameter: 12.0 cm;
height: 5.0 cm) containing a mixture of sterilized sand
and soil (2:1 ratio by volume). Control treatments were
provided with distilled water without IJs. Ten pupae were
placed at a depth of 2 cm in each container. The contain-
ers were closed with lids fitted with muslin cloth and
incubated (25 °C £ 2 °C). Each treatment had 5 replicates
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(n=10 pupae per replication; 50 pupae per treatment),
and the assay was repeated once. Observations on the
emergence of adults were recorded daily for ten days. The
pupae from which adults did not emerge in both sets of
experiments described above were collected, washed in
distilled water, and dissected in Ringer’s solution under
a stereomicroscope to verify the presence of nematodes.
The adults that emerged from EPN-treated pupae were
examined under a stereomicroscope for any deformities,
if present. The whole experiment was repeated once with
different batches of fresh EPNs.

Reproductive potential of H. indica strains on PBW

A separate assay was conducted by inoculating pure cul-
ture of both strains on fresh larvae of PBW. Reproduc-
tive potential of H. indica strains was studied as per the
protocol outlined in Mhatre et al. (2020) and Patil et al.
(2022). Five dosages (10, 20, 30, 40, and 50 IJs per pupa)
were selected to assess the reproductive potential of H.
indica strains on PBW. The nematode inoculation pro-
cedure was followed as mentioned in the larval bioas-
say. The 4" instar larvae are full-grown, hibernating and
soil-inhabiting larval stage of PBW (Gouge et al. 1999).
Hence, nematode-infected fresh cadavers of uniform-
sized 4 instar larvae (Mean weight=236.8 mg+0.45 mg
per larva) were used in the assay. A total of 12 cadavers
were selected randomly and washed with distilled water
to remove nematodes adhering to the larval body. These
cadavers were then transferred separately to the white
trap (White 1927) and incubated at 23 °C+2 °C in the
dark in a BOD incubator (Mhatre et al. 2020). Observa-
tions on the time required for the emergence of the next
generation of IJs, the total IJs emerged per larva, and the
duration of emergence (the duration between the ini-
tial and last emergence of IJs) were recorded during the
assay. Each cadaver was considered as a replicate; the
whole experiment was repeated once, and the results of
the reproduction assay were expressed as the number of
IJs per larva.

s fitness assay

The experiment was performed using a Petri dish assay,
following Kaya and Stock (1997). IJs derived from
the previous experiment were used to study the fitness
potential of emerged IJs from the dead cadaver of PBW
to re-infect fresh larvae. Different dosages of IJs (10, 20,
30, 40, 50 and 60 IJs per larva) were selected, and healthy
larvae (4™ instars) of PBW were used for this assay. A
Petri dish with a diameter of 150 mm was lined with dou-
ble-layered Whatman filter paper No. 1. Subsequently,
0.5 ml of distilled water containing each concentration of
nematodes was introduced into an individual Petri dish
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and incubated for 30 min. A single larva was then intro-
duced into each Petri plate pre-inoculated with IJs. Six
treatments, including a control, were set for each strain,
with 5 replicates for each treatment. Each treatment had
4 replicates (n=8 larvae per replication; 50 pupae per
treatment). A Petri dish lined with filter paper wetted
only with distilled water was used for each dose of EPN
to serve as a control plate.

Statistical analysis

Experimental data, recorded on larval and pupal mortal-
ity, were subjected to probit analysis (Finney 1971) using
Polo Plus software (Version 2.0, LeOra) to calculate LDy
value. Fiducial limits were taken at a 95% confidence
interval. The data on the mortality of PBW under labo-
ratory bioassay, IJs fitness assay and mean reproduction
potential of H.indica were subjected to one-factor analy-
sis of variance (ANOVA) using SPSS software (version
22.0; SPSS, Chicago, IL, USA). When ANOVA was sig-
nificant, comparisons of relevant means were made using
Tukey’s significance test at the 5% level of significance.
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