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Abstract: Helicoverpa armigera Hiibner, 1808 (Noctuidae; Lepidoptera) is one of the major pest problems causing production constraints
in both conventional and organic agricultural systems. Chemical and semichemical, along with biotechnological approaches, like the
sterile insect technique, are used to manage pest populations. However, these methods raise environmental concerns. Therefore, the
current study was undertaken to assess the biocontrol potential of the entomopathogenic fungal strains Beauveria bassiana, Metarhizium
anisopliae, Akanthomyces lecanii, and Purpureocillium lilacinus against H. armigera. These strains, identified through morphological and
molecular techniques, were evaluated for their effectiveness in controlling H. armigera. A total of eight fungal strains were identified as
entomopathogens, including B. bassiana (Bb01, Bb02, Bb03, and Bb04), Purpureocillium lilacinus (P101, P102), M. anisopliae (Ma01),
and A. lecanii (V101). The plate pathogenicity assay revealed that B. bassiana (Bb04) inflicted the highest mortality to H. armigera among
all the entomopathogenic fungi studied. B. bassiana (Bb04) was selected for further studies based on its pathogenicity. BLAST analysis
revealed a high similarity (99%-100%) between the internal transcribed spacer regions of the studied isolates. The total dry weight of
mycelia was significantly higher than the control for 1% starch concentrated medium, followed by 1% sucrose, 1% dextrose, and 1%
lactose, respectively. The results confirmed that the use of B. bassiana (Bb04) was an eco-friendly and sustainable approach that could
replace chemical insecticides.

Key words: Entomopathogenic fungi, biocontrol, host-pathogen interactions, cotton pests, seed-based media, H. armigera.

1. Introduction usage without compromising the yield and quality

Humans have been using pesticides for different purposes of agricultural production by encouraging biological

since 20 BC (Faria and Wraight, 2007). Conventional
chemical pesticide usage has increased manifold over the
last few decades to meet the food requirements of an ever-
increasing human population. This increased volume
of pesticides has led to environmental contamination
and posed threats to nontarget species (Kumar et al.,
2019; Umar and Hussain, 2023). Reducing pesticide

* Correspondence: agayyum@uoh.edu.pk
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control agents and implementing cultural practices can
help protect the environment and conserve nontarget
species (Rusch et al, 2010; Hussain et al., 2021).
Biological control of insect pests has been achieved by
using predators, parasitoids, and entomopathogenic
fungi (Hoddle and Van Driesche, 2009; Labbé et al.,
2009; Saldarriaga Ausique et al., 2017).

This work is licensed under a Creative Commons Attribution 4.0 International License.
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Entomopathogenic fungi are naturally occurring
organisms that cause minimal environmental damage.
Their mode of action is quite complex, making resistance to
the biopesticide exceedingly improbable. Many countries
have approved these fungi as biopesticides (Mantzoukas
and Eliopoulos, 2020). Entomopathogens have a specific
mechanism for causing pathogenicity (Alford, 2000) and
require air, water, carbon, nitrogen, and minerals for their
growth. Their entomopathogenic ability against insects
varies with environmental changes (Kin et al., 2017;
Lydia et al., 2017) and depends on nutritional molecules,
including carbohydrates, organic acids, amino acids, and
vitamins, in proper proportions. A lack or excess of these
substances may impact the survival, mycelial growth,
sporulation, and spore germination of the fungus. Several
microbial pathogens are involved and systematically
studied in biological control for their beneficial purposes.
In biological control agents, entomopathogenic fungi are
more diverse and have greater potential for causing disease
incidence compared to other natural enemies of insects
pests (Waheed et al., 2012; Pérez-Gonzalez and Sanchez-
Pefa, 2017; Becher et al., 2018).

Fungi have showed promise as a selective insecticide in
the past (Lydia et al., 2017). Metarhizium spp., Beauveria
spp., Akanthomyces lecanii, Beauveria bassiana, and
Metarhizium anisopliae are amongst the most promising
entomopathogenic  fungi, exhibiting an extensive
susceptible range in crop pests. B. bassiana usually infects
insects on the upper side of the soil surface, while M.
anisopliae is particularly recommended for insects residing
within the soil plane (Mahr et al., 2001; Ugine et al., 2013;
Komaki et al., 2017; Mohammed and Hatcher, 2017;
Sabbahi et al., 2017). The anamorphic entomopathogen
species B. bassiana and M. anisopliae from Hypocreales
are innate predators of different insect pests (Alford, 2000;
Ashraf et al., 2017; Kryukov et al,, 2018). B. bassiana and
related insect-pathogenic fungi have been extensively used
as biocontrol agents against a broad range of insect species.
However, their field performance can vary, and they may
exhibit low killing ability (Lovett and St. Leger, 2018).
Moreover, abiotic factors such as environmental stresses
and UV light also affect B. bassiana efficacy (Méndez-
Gonzalez et al., 2022). Therefore, it is vital to assess the
virulence of B. bassiana and other entomopathogenic
fungi in the laboratory experiments before using them as
large-scale biocontrol agents.

In this study, we aimed to evaluate different
entomopathogenic fungi strains tested individually in the
lab to assess their potential as sustainable biocontrol agent
against H. armigera. We emphasize (i) different ecology
niches of these strains at diverse locations; (ii) representing
morphological and culture characters of these strains; (iii)
virulence efficacy of these strains against H. armigera;

and (iv) molecular identification and characterization
of collected strains. These results will provide a better
understanding of the identification of these strains and
their potential as biocontrol agents.

2. Materials and methods

2.1 Isolation of fungi

A survey of entomopathogens was conducted in several
agro-climatic areas of Punjab province (Pakistan) from
May 2018 to September 2019. Fungal-infected insects
and soil samples from different crops were also collected
(Table 1). The insect samples were treated with sodium
hypochlorite (2%) followed by washing with sterilized
water. The samples were then incubated at 28 + 1 °C for
5 days to achieve fungal growth (Ownley et al., 2010). As
the growth of mycelium became visible, certain hyphae
or conidia were transferred to a fresh Potato Dextrose
Agar (PDA) medium to obtain a pure culture. The
plates were kept at 28 + 1 °C for 5 to 21 days. For further
experiments, pure isolates were stored at 4 °C. Thus, a total
of 37 fungal strains were successfully cultured.

2.2. Morphological studies

Twelve-day-old colonies of all 37 cultivated fungal strains
were examined for morphological identification of the
fungal strains for observed characteristics of hyphae,
conidiophores, and conidia using a Carl Zeiss optical
microscope at 400x and 1000x magnifications (Mehta et
al., 2012; Ferrigo et al., 2017). Color on the top and bottom
sides of the plates, form, surface, edge, consistency, and
inclination were also noted for each colony. The mean
and standard deviation of the reproductive structures, as
determined by microscopic measures, were computed.
After identification, the fungal strains were submitted
to the Fungal Culture Bank, University of the Punjab
(Pakistan).

2.3. In vitro pathogenicity assays

Helicoverpa armigera were brought to the laboratory
from the Entomology Department, University of the
Punjab, Lahore, Pakistan. Fungal isolates were cultured
in 100 mL of potato dextrose broth in Erlenmeyer flasks
for 10 days at 28 + 1 °C under dark conditions. After 10
days, a cheesecloth filter was used to remove mycelium
from the media. The blastospore-rich medium was
transferred to 15-mL centrifuge tubes and centrifuged in
2000 rcf for 5 min to extract the blasts. Using Tween 80
0.01% (v/v), the pellet was resuspended and centrifuged
again to remove any remaining culture media, and the
supernatant was discarded. At 400x magnification in a
Carl Zeiss optical microscope, blastopore suspensions
were measured using a hemocytometer, and the
concentrations of 3 x 10”mL"! propagules were adjusted
for each bioassay.
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Table 1. Different strains of entomopathogenic fungi isolated from different insects in different regions of Pakistan.

Place of collection
Entomopathogenic fungi| Strain | Source Crop . GPS .

Location - - Soil type

Latitude Longitude
Beauveria bassiana Bb01 | Plant Hopper Cotton Lahore 31.582045 74.329376 Silt-loam
Beauveria bassiana Bb02 | Grey weevil Cotton Multan 30.181459 71.492157 Clayey
Beauveria bassiana Bb03 | Red cotton bug | Cotton RYK 57.883 29.233 Loamy
Beauveria bassiana Bb04 |Jassid Cotton Sadigabad 28.310350 70.127403 Clayey and sandy]
Metarhizium anisopliae | Ma0O1 | Grey weevil Cotton Lahore 31.245659 74.212891 Sandy
Paecilomyces lilacinus PI01 | Spotted bollworm| Cotton Multan 30.20146 71.48059 Calcareous
Paecilomyces lilacinus P102 | Grey weevil Cotton Sialkot 32.497223 74.536110 Clay loam
Lecanicillium lecanii V101 | Moth Cotton Lahore 31.621113 74.282364 Silt-loam
We inoculated (without spreading) 20 pL of each lecanii, ITS1 (TCCGTAGGT GAACCTGCGG) and

solution into the center of Petri plates filled with PDA
to examine survival and viability of fungal propagules. It
was maintained in the dark at 28 + 1 °C for 3 to 4 days
to monitor germination. The prepared fungal blastopore
concentration was applied to H. armigera adults with a
sprayer in three replications. Each replication had 50 larvae,
and adults were also exposed to each entomopathogenic
fungi raised on insect rearing plates at room temperature
with 70% humidity. On the 5th day, the mortality
percentage of each larval cohort was analyzed (Mahr et al,,
2001; Sugimoto et al., 2001; Husnain et al., 2014).

2.4. Molecular studies

2.4.1. DNA isolation and purification

Liquid cultures of the Entomopathogenic fungal isolates
were grown in Erlenmeyer flasks at 28 + 1 °C in potato
dextrose broth for 10 days and kept in dark conditions. To
extract and purify the DNA, we used the E.Z.N.A. Fungal
DNA Mini Kit (Omega Bio-tek, Inc. Norcross, GA). To
assess the purity and quality of the DNA, 0.8% (w/v)
agarose gel electrophoresis was used. The gel was stained
with ethidium bromide, and the DNA bands were visible
under UV light. We stored the extracted DNA at -20 °C
until it was needed.

2.4.2. PCR amplification

The molecular identification of the entomopathogenic
fungal isolates was performed, and the internal transcribed
spacer (ITS) region was amplified (Hung and Posta, 2017).
ITS region for B. bassiana (Accession No: KT310219.1),
M. anisopliae (Accession No: MK005254.1), A. lecanii
(Accession No: FJ515770.1), and P. lilacinus (Accession
No: MN242828.1) sequences previously uploaded to
GenBank were used as reference sequences and to
design new primers for previously described regions.
Primer pairs ITS1 (TCCGTAGGTGAACCTGCGG)
and ITS4 (TCCTCCGCTTATTGATATGC) for B.
bassiana, 1TS4 (TCCTCCGCTTATTGATATGC) and
ITS5 (GGAAGTAAAAGTCGTAACAAGG) for A.

472

ITS4 (TCCTCCGCTTATT GATGC) for P lilacinus,
and ITSI (TCCGTAGGTGAACCTGCGG) and ITS4
(TCCTCCGCTTATTGATATGC) for M. anisopliae were
used to amplify the ITS region (Hung and Posta, 2017)
(BGI Genomics InL, Shenzhen, China). With these
primers, the expected product size for the ITS region is 600
bp. One microliter of genomic DNA, 1 uL of forwarding
primer, 1 uL of reverse primer, 10 puL of deionized water,
and 12.5 uL of 2X Eco Taq Supermix were used in a 25.5 uL
PCR reaction (Thermo Fisher Scientific Inc., Waltham, MA,
USA). A GeneAmp 9700 DNA thermal cycler was used for
DNA amplification (PerkinElmer Inc., Waltham, MA, USA).
The first denaturation took place at 95 °C for 1 min, and
then there were 36 cycles of denaturation at 94 °C for 1 min,
annealing at 58 °C for 1 min, and extension at 72 °C for 1
min. During the final extension, 72 °C was maintained for 10
min. We analyzed PCR products using an agarose gel with a
0.8% (w/v) concentration. Molecular weight standards were
determined using a 2000 bp DNA ladder (Sigma-Aldrich
Co., St. Louis, MO, USA). Staining the gel with ethidium
bromide was followed by observation under UV light and
photography. The PCR products were then cleaned with an
E.N.Z.A Gel Extraction Kit (Omega Bio-tek, Inc., Norcross,
GA, USA) and sequenced with Sanger sequencing (BGI
Genomics InL, Shenzhen, China) (Nawaz et al., 2018).

The MEGAX software program was used for alignment
and sequence comparison tests (Tamura et al., 2013). The
ITS region of the isolated strains of entomopathogenic
fungi was compared with previously submitted sequences
of entomopathogenic fungi (B. bassiana, M. anisopliae, A.
lecanii, and P, lilacinus) at the GenBank database (Table 2).

2.4.3. DNA modeling and phylogenetic analysis

The consensus sequence was assembled using MEGAX
software. For comparative purposes, closely related DNA
sequences of the ITS region of B. bassiana, M. anisopliae,
A. lecanii, and P, lilacinus were obtained from GenBank,
and sequence alignment was performed using the
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Table 2. NCBI GenBank accession numbers of isolates belonging to the entomopathogenic fungi that were used for comparing the
variability of the ITS region with isolated entomopathogenic strains.

Entomopathogenic fungi Strain Origin ITS
Beauveria Bassiana IIFT-B8 Cuba KT310219
Beauveria Bassiana IIFT-B12 Cuba KT310221
Beauveria Bassiana IHBF15 India MT111138
Beauveria Bassiana CICR-RSS-0058 India MK680181
Beauveria Bassiana BbGD 48 China MH483696
Beauveria Bassiana IIFT-B10 Cuba KT310220
Beauveria Bassiana Bb69/3 Tiirkiye KP862996
Beauveria Bassiana BbKm-1 Tiirkiye MT441868
Beauveria Bassiana JLOO5 China MH020635
Beauveria Bassiana BbGD19 China MH483665
Beauveria Bassiana BbGDO08 China MH483652
Beauveria Bassiana F19-N Mongolia MG640376
Beauveria Bassiana SHU.M.161 China KU158472
Beauveria Bassiana SHU.M.058 China KU158437
Beauveria Bassiana SHU.M.017 China KU158425
Beauveria Bassiana 113 Iran MZ956768
Beauveria Bassiana YK26 Tiirkiye MZ781311
Beauveria Bassiana EABb04_01tip Spain KC753382
Beauveria Bassiana DTG-54 Tiirkiye MW534279
Beauveria Bassiana SASRI BB444 South Africa JX110368
Beauveria Bassiana B4 18S Mexico GU189515
Beauveria spp. JS-2009a Canada GQ354257
Beauveria Bassiana EABbD 04/01-Tip Spain DQ364698
Beauveria Bassiana BbL_1 Lebanon MT533246
Beauveria Bassiana BbFn-2 Tiirkiye MT441874
Beauveria Bassiana JEF-462 South Korea MN122426
Beauveria Bassiana BbGX22A02 China MH4383871
Beauveria Bassiana BbGD67 China MH483713
Beauveria Bassiana BbGD20 China MH483667
Beauveria Bassiana TMSL74C Portugal LT220531
Beauveria Bassiana TMSL142 Portugal LT220530
Beauveria Bassiana TMCRI13 Portugal LT220529
Beauveria Bassiana TMCRO5 Portugal LT220528
Beauveria Bassiana TM1613 Portugal LT220527
Beauveria Bassiana TMI1537A Portugal LT220526
Beauveria Bassiana TM1306 Portugal LT220525
Beauveria Bassiana GMSL19 Portugal LT220524
Beauveria spp. GMSL117 Portugal LT220523
Beauveria Bassiana GMSL116 Portugal LT220522
Beauveria Bassiana GMSL11 Portugal LT220521
Beauveria Bassiana GMSL106 Portugal LT220520
Beauveria Bassiana GMSL07 Portugal LT220519
Beauveria Bassiana GMGJ93A Portugal LT220517
Beauveria Bassiana GMG]J80 Portugal LT220516
Beauveria Bassiana GMGJ75A Portugal LT220515
Beauveria Bassiana GMCR67 Portugal LT220514
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Beauveria Bassiana GMCR62 Portugal LT220513
Beauveria Bassiana GMCR56 Portugal LT220512
Beauveria Bassiana GMCR51 Portugal LT220511
Beauveria Bassiana PYCC 8681 Portugal OK094889
Beauveria Bassiana YK23 China MZ781314
Beauveria Bassiana 2773 Spain KC753391
Beauveria Bassiana SC33B07 China MW113401
Beauveria spp. CauBb35 India MW633024
Beauveria Bassiana CauBb53 India MW627305
Beauveria Bassiana GXTR1010 Iran JQ999971
Beauveria Bassiana F-HY002-1A China MN252575
Beauveria Bassiana BbFn-1 Tirkiye MT441873
Beauveria Bassiana Bb20 Tirkiye KP862976
Beauveria Bassiana Aydinsoke Tirkiye KP862967
Beauveria Bassiana K2TG-94 Tirkiye MW534280
Beauveria Bassiana KPA-89 Tirkiye MW534278
Beauveria Bassiana EF_395 China MT529044
Beauveria Bassiana EF_113 China MT528762
Beauveria Bassiana EF_107 China MT528756
Beauveria Bassiana EF_71 China MT528720
Beauveria Bassiana EF_59 China MT528708
Beauveria Bassiana BB04 Pakistan OL825010
Beauveria Bassiana BB03 Pakistan OL825009
Beauveria spp. BB02 Pakistan 0L825008
Beauveria Bassiana BBO01 Pakistan OL825007
Beauveria Bassiana LY2 China MZ262366
Beauveria Bassiana n67 China MZ356505
Beauveria Bassiana WICC B208 Malaysia OK036438
Beauveria Bassiana CBS 325.67 Malaysia MH858984
Beauveria Bassiana TEF27 China MN515360
Beauveria Bassiana B-Bot China MK862360
Beauveria Bassiana BbSr-1 China MT441882
Beauveria Bassiana EF_8 China MT528657
Beauveria Bassiana EF_16 China MT528665
Beauveria Bassiana EF_17 China MT528666
Beauveria Bassiana EF_18 China MT528667
Beauveria Bassiana EF_24 China MT528673
Metarhizium anisopliae F-1 China MF467274
Metarhizium anisopliae Mal30 Mexico JN256674
Metarhizium anisopliae Mal29 Mexico JN256673
Metarhizium anisopliae XL501 China GU909512
Metarhizium anisopliae LRC 148 Australia EU307893
Metarhizium anisopliae DhMz3R India KU983783
Metarhizium anisopliae ArMz2S India KU983775
Metarhizium anisopliae NRCBMaEPF54 India MT114694
Metarhizium anisopliae CNHE China FJ545294
Metarhizium anisopliae SBI-Mal6 India MZ081556
Metarhizium anisopliae LSNM3 China FJ545313
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Metarhizium anisopliae ARSEF 1009 China HMO055446
Metarhizium anisopliae NRCBMaEPF40 India MT110992
Metarhizium anisopliae NRCBMaEPF18 India MN888763
Metarhizium anisopliae M38 Costa Rica MG786742
Metarhizium anisopliae OEMC3 Costa Rica KY053455
Metarhizium anisopliae ArMz4R India KU983800
Metarhizium anisopliae ArMz1S India KU983774
Metarhizium anisopliae CNHB3 China FJ545293
Metarhizium anisopliae CNGU3 China FJ545289
Metarhizium spp. V1008 Greece LR792756
Metarhizium spp. ERL 700 Greece LR792750
Metarhizium anisopliae Ma01 Pakistan OL839175
Metarhizium anisopliae 88173 Thailand MKO005254
Metarhizium anisopliae NRCBMaEPF50 India MT111128
Metarhizium spp. 29AL Costa Rica MT005747
Metarhizium anisopliae NRCB Ma EPF-16 India MK834813
Metarhizium spp. M29 Costa Rica MG786740
Metarhizium anisopliae Ma68 Mexico JN256675
Metarhizium anisopliae VL001 Vietnam EU530667
Metarhizium anisopliae VL001/125 Vietnam EU530666
Metarhizium anisopliae NRCBMaEPF48 India MT111119
Metarhizium anisopliae NRCBMaEPF42 India MT110996
Metarhizium anisopliae NRCBMaEPF6 India MN892391
Metarhizium anisopliae NRCBMaEPF17 India MN888761
Metarhizium spp. 30U Costa Rica MT005748
Metarhizium anisopliae NRCBMaEPF10 India MN892393
Metarhizium anisopliae CBS 218.29 Netherlands MH855048
Metarhizium spp. EMP4 India KY408033
Metarhizium anisopliae WnMz2S India KU983787
Metarhizium anisopliae SBI-Mal6 India MZ081556
Metarhizium anisopliae NRCBMaEPF53 India MT114688
Metarhizium anisopliae NRCBMaEPF47 India MT111118
Metarhizium anisopliae NRCBMaEPF40 India MT110992
Metarhizium anisopliae NRCBMaEPF12 India MN892390
Metarhizium anisopliae NRCBMaEPF18 India MN888763
Metarhizium spp. M9 Costa Rica MG786736
Metarhizium spp. M6 Costa Rica MG786733
Metarhizium anisopliae NRCBMaEPF24 India MN893383
Metarhizium anisopliae AUMC5130 Egypt MN710409
Metarhizium anisopliae NRCB Ma EPF-24 India MK836090
Metarhizium anisopliae NRCB Ma EPF-09 India MK834805
Metarhizium anisopliae NRCBMaEPF58 India MT111550
Metarhizium anisopliae NRCBMaEPF45 India MTI111116
Metarhizium anisopliae NRCBMaEPF43 India MT111094
Metarhizium spp. YH31 China MN602855
M. guizhouense ARSEF:14330 China MN255811
Metarhizium spp. M38 Costa Rica MG786742
Metarhizium spp. OEMC3 Costa Rica KY053455
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Table 2. (Continued.)

M. robertsii ArMz4R India KU983800
M. guizhouense RIFA 86A USA KF624796
M. pingshaense 4342 Greece LR792764
M. guizhouense 4321 Greece LR792761
M. pinghaense ARSEF 2162 China M055447
M. guizhouense ARSEF 977 China HMO055445
M. guizhouense ARSEF 703 China HMO055444
M. anisopliae NHJ6195 China AY646393
M. anisopliae NRCBMaEPF41 India MT110994
Metarhizium Spp. strain R Greece LR792770
M. robertsii strain 727 Greece LR792768
A. lecanii ICAL-6 18S Spain FJ515770
A. lecanii ICAL-4 18S Spain FJ515768
Lecanicillium spp. CHI113 Chile MH231248
E. typhina AL Epl Ireland MZ509315
L. longisporum CBS 384.35 Czech Republic MHS855713
L. attenuatum xinmin li:V6 China MH231313
A. lecanii ACB30112 China MW465671
A. lecanii strain Z3 China MW165534
L. attenuatum NBRC 103236 India AB378511
L. attenuatum KYKO00039 Japan AB378508
L. attenuatum KYKO00134 Japan B378515

L. muscarius CBS 318.701 Czech Republic MH859692
L. muscarius CBS 318.70A Czech Republic MH859685
L. attenuatum NBRC 103238 India AB378512
L. muscarium B2V USA MF872368
A. lecanii AL Ak2 Ireland MZ509283
L. attenuatum CGMCC5328 China JQ901939
A. lecanii V101 Pakistan OL827536
A. lecanii ICAL-1 Spain FJ515765
Cordyceps confragosa Tn-29 Pakistan LT626265
Cordyceps confragosa Tn-27 Pakistan LT626263
A. lecanii ICAL-7 Spain FJ515771
Cordyceps confragosa Tn-30 Pakistan LT626264
L. longisporum CBS 384.35 Czech Republic MH855713
A. lecanii KYK00324 Japan AB378513
A. lecanii NBRC 103236 India AB378511
A. lecanii NBRC 103235 India AB378510
A. lecanii KYK00039 Japan AB378508
A. lecanii KYK00034 Japan AB378507
A. lecanii KYK00134 Japan AB378515
A. lecanii KYKO00326 Japan AB378514
A. lecanii NBRC 32311 Japan AB111495
L. muscarium C13 USA MF872370
L. attenuatum NBRC 103237 Japan AB360369
L. muscarium B2_V USA MEFE872368
L. attenuatum CGMCC5328 China JQ901939
Paecilomyces lilacinus P01 Pakistan OL827568
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P, lilacinus Pl02 Pakistan OL827569
P, lilacinus F129 Pakistan MN242828
P, lilacinus SR50 China KX009140
P, lilacinus xz16 China KJ935014
P lilacinus RIZ4-4 Nigeria MW260105
P lilacinus NKCM1001 Japan AB244777
P, lilacinus PU16Z12577 China MT254824
P, lilacinus CES3 India MN173144
P, lilacinus SF_327 Mexico MT529603
P, lilacinus 001JFC Mexico KR025540
P, lilacinus C13 USA KJ938575
P, lilacinus Kw596W KUWAIT FR751342
P, lilacinus SY45B-a Canada HM242264
P, lilacinus LTBF 007-1 Brazil GQ229080
P, lilacinus UWEP 853 USA AY213668
P, lilacinus Mal02-Mod Italy MH426603
P, lilacinus DSM100329 DF58_RLCS20 Germany MT453285
Purpureocillium Spp. GFR22 China MT447527
P, lilacinus BCC<THA>:86507 Thailand MH430168
Purpureocillium Spp. MCM_HumanF8-1 Thailand AB915809
P, lilacinus B3A Canada HM242262
P, lilacinus MY683 Thailand GU980015
P, lilacinus PUtpl1 China MT279299
P, lilacinus IIPRPI-2 India MK713625
P, lilacinus R38 Kenya MT420635
P, lilacinus 131 Brazil MH137675
P, lilacinus YCG1 China KM268709
P, lilacinus MY2861 Thailand GU980027
P, lilacinus 3-F20 China MWO081316
P, lilacinus BCC 2012 Thailand EU828665
P, lilacinus OTU92 China MN202751
P, lilacinus UH.1552.175 USA MZ374592
P, lilacinus FC18 India MT672601
P, lilacinus NKCM1001 Japan AB244777

MUSCLE algorithm implemented in MEGA X (Tamura et
al., 2013). The DNA sample with the minimum Bayesian
information criterion (BIC) value is expected to have
the best substitution pattern. More than fifty nucleotide
sequences were used in this analysis to construct
maximum likelihood phylogenetic trees of these studied
fungal isolates separately. For Bayesian inference of the
phylogenetic reconstruction, the ITS region sequence data
were used to construct a phylogenetic tree of every isolate
of entomopathogenic fungi (Hung and Posta, 2017).

2.5. Total biomass and blastopore production of B.
bassiana with different carbon and nitrogen sources

Carbonand nitrogen supplybothimpactentomopathogens’
biomass and blastopore development. The Czapeks Dox

broth medium (Difco-Czapek-Dox Broth) was used as a
control and was adjusted to examine the effect of different
carbon and nitrogen sources at varying concentrations.
Carbon sources included sucrose, lactose, starch, and
dextrose at 1% and 2% concentrations. Nitrogen sources
were NaNO,, NH,NO,, KNO,, and (NH,)SO, with 1%
and 2% concentrations. After serializing media with the
optimized concentration of carbon and nitrogen source,
inoculation was done in a laminar flow and then incubated
at 28 °Cand 90 rpm. After 8-9 days, a sterilized cheesecloth
filter weighing 1 g was used to remove mycelium from
the media once fungus development was complete. The
blastospore-rich medium was then transferred to 15-mL
centrifuge tubes and centrifuged at 2000 rcf for 5 min
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to extract the blasts. Using Tween 80 0.01% (v/v), the
pellet was resuspended and centrifuged again to remove
any remaining culture media, and the supernatant was
discarded. Blastopore and biomass production were
measured. Blastopores were counted using the serial
dilution method (propagules/mL), and biomass was
determined by filtering the blastopore suspension with a
cheesecloth filter and drying it in an oven at 60 °C for 2
days. Total biomass was calculated as follows:

Total biomass = Wt. of oven-dried — Wt. of cheesecloth
filter

2.6. Evaluation of food grains for conidial production of
the promising strain of entomopathogens

The crushed grains of sorghum (Sorghum vulgwere), rice
(Oryza sativa L.), pearl millet (Pennisetum typhoides
L.), maize (Zea mays L.), wheat (Triticum aestivum L.),
and millet (Pennisetum glaucumi) were assessed for
their suitability as substrates for spore production. After
seed crushing, sterile distilled water was added to each
substrate to maintain the moisture content at 50%. After
thoroughly mixing, the bottles were plugged with cotton
and autoclaved. Afterward, each medium was inoculated
with a 2 mm diameter mycelial plug obtained from a
14-day-old culture grown on PDA at 28 °C in the dark. The
bottles were incubated in the incubator at 28 + 1 °C. Three
replications were maintained for each treatment. Conidia
harvesting began on the 10th day after inoculation and
continued every 5th day thereafter for up to 25 days, with
1 gram of cultured material sampled each time. Serial
dilutions were then prepared on PDA plates using the
dilution method.

2.7. Field efficacy of Beauveria bassiana against H.
armigera on cotton crop

Field experiments were performed to check the efficacy
of different conidial concentrations dosage of B. bassiana
in cotton crop variety “NIAB 78” against H. armigera at
the Auriga Research Station, Lahore. The experiment was
arranged as randomized complete block design with six
treatments (T, T,, T,, T,, T,, and T ) and replicated thrice.
T, was the untreated control, while T, was water only. T, to
T, included B. bassiana (Bb04) at conidial concentrations
of 2 x 10%, 2 x 10% and 2 x 107 (cfu/mL), and T, included
a chemical insecticide nitenpyram (Table S1). The dead
insects on randomly selected ten plants were counted.
Data were recorded 1 day before application, on the 3rd
day, and on the 7th day after the treatments were applied
(Mahr et al., 2001; Mohammed and Hatcher, 2017).

2.8. Statistical analysis

ANOVA was applied to determine the significance level (p
< 0.05) and means were compared by Duncans multiple
range test. The collected data were subjected to a pooled
variance analysis. Wherever needed, percentage standards
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were converted to arc sin values, whereas root conversion
(x + 0.5) was used for larval or nymphal counts (total and
mycoses).

3. Results

3.1. The occurrence of entomopathogens in different
ecological niches in Punjab

Eight isolates of entomopathogens including M. anisopliae
(01 No.), A. lecanii (01 No.), P. lilacinus (02 No.), and B.
bassiana (04 No.) were isolated. M. anisopliae was found
on grey weevils in cotton crops with an infection rate
ranging from 70% to 80%. A. lecanii was also found in
moths collected from Lahore. During the survey, multiple
strains of B. bassiana were found on planthoppers, jassids,
grey weevils, and red cotton bugs in cotton and rice in
various climatic regions such as Sialkot, Rhim Yar Khan,
Multan, Lahore, and Sadiq Abad (Table 1).

3.2. Morphological and cultural characteristics of the
fungal isolates

B. bassiana conidiogenous cells were compactly bunched
or spiraled or introverted, colorless, short, with a globose
base or flask-like base, and increased apically, branching
a short distance under each of numerous apically formed
conidia. The conidial shape was globose, subglobose, and
globose in clusters. The color of the conidia was white to
pinkish grey, but it changed from white to pale yellow
with time. Conidiophores were colorless, and their heads
commonly fused with each other (Fernandes et al., 2006).

Conidiophores of M. anisopliae were compact,
resembling somatic patches, with phialides bearing
conidiogenous cells arranged in whorls, organized in a
candle-like appearance. They were cylindrical, and the
conidia were single-celled, hyaline, slightly pigmented, and
formed long chains (Glare et al., 2021). A. lecanii also had
erect and verticillate conidiophores with loosely delimited
whorls of phialides conidiogenous cells. Phialides were
usually awl-shaped with a slightly expanded base. Conidia
were single-celled, hyaline organisms with slimy heads and
smooth walls (Sugimoto et al., 2003). P. lilacinus colonies
were spherical and initially white before turning wine-red;
the reverse was predominantly dark brown before turning
lavender (Dong et al., 2012).

Morphologically, all the isolates showed typical
characteristics of M. anisopliae, A. lecanii, and P. lilacinus.
Ml 01 isolate from grey weevil showed slight yellowish
pigment with green-colored conidia. In the case of A.
lecanii, V101 exhibited pinkish pigmentation with white-
colored conidia. The P. lilacinus conidiophores are well-
developed with septate and hyaline conidiogenous cells.
The conidia are produced singly in number with lemon
shape and greyish purple color. Conidial heads were
frequently compacted with a short conidial chain. The
morphological characteristics of all B. bassiana isolates
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differed in hyphal and conidial characteristics. The isolates
differed in terms of conidial color and pigmentation.
Bb02 and Bb03 produced greyish conidia, while the other
isolates produced white conidia. Bb03 and Bb02 started
sporulation in 8-10 days, whereas the remaining isolates
began sporulation on PDA media in 7-10 days.

All entomopathogenic fungal isolates (B. bassiana,
M. anisopliae, V. lecanii) shared the same microscopic
characteristics described in the atlas of entomopathogenic
fungi (Figure 1) (Nguyen et al., 2017).

However, diversity was found between the studied
strains. We found variations in days for sporulation,

colony diameter, conidial yield, and time to cover the
specified food for mass production. A. lecanii isolated
from moths exhibited the lowest conidia yield (3.21 x
10°) within the shortest period (8 days) to cover the whole
diet. When we employed liquid broth for solid substrate
fermentation, B. bassiana isolated from grey weevil and
red cotton bug from different locations had the highest
conidial production (3.3 x 10°) and took the longest (8-
10 days) to cover the complete diet. P. lilacinus strains
were isolated from jassids and red cotton bugs in Sialkot
and Multan regions. When we employed liquid broth
for solid substrate fermentation, the average conidial

Figure 1. Morphological and cultural patterns of isolated
entomopathogenic fungi. A and AO1 represent the culture and conidial
shape of Beauveria bassiana, while B and B01 display the culture and
spore 1 shape of Metarhizium anisopliae. C and CO1 showcase the
culture and conidial shape of Akanthomyces lecanii, and D and D01
exhibit the culture and conidial shape of Paecilomyces lilacinus.
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production was (2.1 x 10%), and it took the longest (9-12
days) to cover the whole diet (Table 3, Table S2).

3.3. Pathogenicity of entomopathogenic fungi against H.
armigera

All the entomopathogenic isolates of B. bassiana, M.
anisopliae, V. lecanii, and P lilacinus were evaluated
against H. armigera and then reared on insect culture
plates and supplemented with leaves on 2% agar gel at
room temperature. These insect plates were observed
continuously, and mortality data were recorded for H.
armigera after 72 h. The statistical and visual results
are presented in Figures 2 and 3, and supplementary
material is presented in Table S3. B. Bassiana (Bb04)
showed a highly significant mortality percentage against
H. armigera. B. bassiana strain Bb01 exhibited the least
mortality against the tested insects. A. lecanii (V101), M.
anisopliae (MaO1), P. lilacinus (P101), and (P102) showed
higher mortality percentages but required more than 72 h
to achieve mortality. Based on these results, the strain of B.
Bassiana (Bb04) was selected for further studies.

3.4. Molecular identification

The ITS region of all studied entomopathogenic fungal
isolates was successfully amplified with different ITS primer
pairs. BLAST analysis of the sequences obtained revealed
high similarity (99% to 100%) between the ITS regions of
the studied isolates and identified four isolates as B. bassiana,
one isolate as M. anisopliae, one isolate as A. lecanii, and two
isolates as P, lilacinus. The obtained sequences were deposited
in GenBank, and accession numbers are shown in Table 4.

3.5. DNA modeling and phylogenetic analysis

DNA models were examined based on their Akaike
information criterion (AIC), BIC, InL, and nucleotide
frequencies. The GTR model was determined to be the best
model for phylogenetic analysis of the DNA sequence of the
B. bassianalTSregionbecauseitattained the lowest BIC value
0f 46,602.95 and exhibited the best substitution pattern. The
JC model was determined to be the best for phylogenetic
analysis of the DNA sequence of the M. anisopliae, A. lecanii,
and P, lilacinus ITS region because it attained the lowest BIC
value (2162.66, 1916.75, and 1916.75, respectively) with
the best substitution pattern. The phylogenetic consensus
trees of the studied entomopathogenic fungal isolates were
developed separately based on Bayesian inference and the
bootstrap technique. Three maximum-likelihood trees were
constructed using the sequences of the ITS region of B.
bassiana (Bb01, Bb02, Bb03, Bb04), M. anisopliae (Ma01),
A. lecanii (V101), and P, lilacinus (P101, P102) isolates from
a different region of Pakistan and ITS sequences of these
studied isolates that were obtained from GenBank separately
(Figures 4-7). Phylogenetic analysis based on the ITS region
of different entomopathogenic fungi and their strains and
reference strains of various species of entomopathogenic
fungi by the maximum-likelihood method with Tamura’s
three-parameter model using the MEGA X software
program confirmed the identification of fungi.

3.6. Effect of nitrogen and carbon sources on the growth
and sporulation of B. bassiana (Bb04)

B. bassiana (Bb04) growth was affected by the different
sources and concentrations of carbon and nitrogen in

Table 3. Morphological and cultural characters of entomopathogenic fungal isolates.
Strain [ —omidia Colony (mm)“| Sporulation 7| Plate cover *| Sporulation (days)"
rain olony (mm orulation #| Plate cover orulation (days
Color Shape Length (um)| Width (um) Y P P ¥
Bb01 |White Globose 3.4bcd 2.6¢ 38.6d 2.3a 11b 7a
Bb02 | grayish Globose 3.9abcd 3.1a 32.30e 1.53a 14a 8a
Bb03 | Grayish Globose 3.8abcd 2.7bc 33.19 1.62a 14a 8a
Bb04 |White Subglobose | 4.1ab 2.9ab 41.1c 1.34a 10bc 7a
Ma0l | Green Ellipsoid 6.5a 2.2d 32.30e 1.53a 10bc 8a
V101 | White Oval to oblong| 5.9abc 2.2d 52.13a 1.41a 8d 5b
plor | White With g Georm [ 2.1cd 2.8bc 43.23b 1.2a 9cd 8a
grayish shade
White with| ... .
Pl02 pinkish shade Ellipsoid 1.8d 2.3d 4.11f 1.34a 10bc 7a

The morphological and growth properties of the Entomopathogenic fungal isolates are used to organize them. At the 0.05 level, the
mean difference between the two groups is significant; based on Tukey’s test, values with the same letters do not differ significantly

within a column.

" On potato dextrose agar, growth rate (colony diameter) was monitored daily from the 5th to the 20th day following inoculation (mm

day™).

“Sporulation of different fungal isolates per plate (x10° cfu) on the 10th day.
"Number of days required for studied fungal isolates to cover the whole Petri plate.
YNumber of days required for studied fungal isolates to begin sporulation.
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Figure 2. Mortality percentage of H. armigera with a
different strain of entomopathogenic fungi after 72 h of
blastopore application. The X-axis represents the different
entomopathogenic fungi and their strains. In the x-axis,
Bbl, Bb2, Bb3, and Bb4 represent the different strains
of Beauveria bassiana, and Pl01 and Pl02 represent
the different strains of Purpureocillium lilacinus. Ma0Ol
represents the strain of M. anisopliae, V101 represents the
strain of Akanthomyces lecanii, and Y-axis represents the
mortality percentage of H. armigera (p < 0.001).

Figure 3. Entomopathogenic fungi Beauveria bassiana (A), Metarhizium anisopliae (B),
Akanthomyces lecanii (C), and Purpureocillium lilacinus (D) colonized on H. armigera.

Table 4. Deposited sequences of entomopathogenic fungal studied Strains in the NCBI GenBank database.

Fungi Strain Isolation source ITS deposited sequences accession no.

Bb01 Grey weevil OL825007
. . Bb02 Grey weevil OL825008

Beauveria bassiana
Bb03 Red cotton bug OL825009
Bb04 Red cotton bug OL825010

Metarhizium anisopliae Ma01 Grey weevil OL839175

Lecanicillium lecanii V101 Red cotton bug OL827536

Paecilomyces lilacinus Plor Jassid OL82736
P102 Moth 1827569

Czapeck-Dox broth. The results showed that the total
dry mycelia weight was significantly higher than that of
control for 1% starch concentrated medium followed by
1% sucrose, 1% dextrose, and 1% lactose, respectively.
Blastopore formation was highestin 1% starch concentrated

medium, followed by 1% sucrose and 1% dextrose. One
percent lactose showed the lowest blastopore production.
These data were recorded on the 8th day after inoculation.
With a 2% concentration of carbon sources, dextrose
showed high growth, followed by sucrose and lactose,
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62 MK680181.1 B. bassiana strain CICR-RSS-0058 .
52 OK036438.1 B. bassiana strain WICC B208
MT528657.1 B. bassiana clone EF 8
MW633024.1 B. bassiana isolate CauBb35 ITS1 28038-67 P3992
| MW113401.1 B. bassiana strain SC33B07
| MT107137.1 B. bassiana isolate NM108040-2 .
| MH020635.1 B. bassiana strain JL0O05 .
,— MT441874.1 B. bassiana isolate BbFn-2
MW534280 .1 B. bassiana isolate K2TG-94 .
9 MT441868.1 B. bassiana isolate BboKm-1
95 MW534278 1 B. bassiana isolate KPA-89
| KT310221.1 B. bassiana strain IFT-B12
| KT310220. 1 B. bassiana strain IFT-B10
MH483667.1 B. bassiana strain BbGD20
0OL825008 B. bassiana strain BB02
0OL825009 B. bassiana strain BB03
100 MT111138.1 B. bassiana strain IHBF15
100 0OL825010 B. bassiana strain BB04
MG640376.1 B. bassiana clone F19-N .
KU158472.1 B. bassiana isolate SHU.M.161 .
KU158437.1 B. bassiana isolate SHU.M.058 .

61

Figure 4. Maximum-likelihood phylogram inferred from partial ITS sequence
data showing the phylogenetic relationship between Beauveria bassiana (BbO1,
Bb02, Bb03, Bb04) strains isolated from planthoppers, grey weevils, red cotton
bugs, and jassids in Pakistan (BbOl to Bb04) and all the available Beauveria
species sequences obtained from GenBank. The genus and species names of the
GenBank sequences are shown. The numbers on the node of branches indicate the
phylogenetic relationship among the isolates in terms of branch length. The tree
with the highest log-likelihood value is -781.57.

MF487274.1 M. anisopliae strain F-1 .
JN256673.1 M. anisopliae isolate Ma129 .
GUZ09512.1 M. anisopliae
EU307893.1 M. anisopliae var. anisopliae strain LRC 148
KU983783.1 M. anisopliae isolate DhMz3R
KU983775.1 M. anisopliae isolate ArMz2S .
KU983774.1 M. anisopliae isolate ArMz1S
MT114694.1 M. anisopliae isolate NRCBMaEPF54 .
MT110992.1 M. anisopliae isolate NRCBMaEPF40 .
MN888763.1 M. anisopliae isolate NRCBMaEPF18 .
FJ545294 1 M. anisopliae isolate CNHE
MG786742.1 M. anisopliae strain M38
JN256674.1 M. anisopliae isolate Ma130 .
0OL839175 M. anisopliae strain Ma01
LR792756.1 Metarhizium species strain V1008 .
LR792750.1 Metarhizium species strain ERL 700
FJ545313.1 M. anisopliae isolate LSNM3
HMO055446.1 M. pinghaense strain ARSEF 1009 .
MZ081556.1 M. anisopliae isolate SBI-Ma16
52 \_E FJ545293.1 M. anisopliae isolate CNHB3

64 FJ545289.1 M. anisopliae isolate CNGU3 .

— KY053455.1 Metarhizium sp. voucher OEMC3 .
28— KU983800.1 M. robertsil isolate AMz4R

Figure 5. Maximum-likelihood phylogram inferred from partial ITS
sequence data showing the phylogenetic relationship between Metarhizium
anisopliae (MaOl) strains isolated from grey weevils in Pakistan.
Metarhizium anisopliae (Ma01) and all the available Metarhizium species
sequences were obtained from GenBank. The genus and species names
of the GenBank sequences are shown. The numbers above the branches
indicate the phylogenetic relationship among the isolates regarding
branch length. The tree with the highest log-likelihood value is -876.35.

respectively. Starch showed almost negligible fungal indicating nonsignificant results. Further numerical
growth as indicated by dry mycelial weight. Blastopore results are given in Figure 8 and Table S4. Nitrogen sources
formation at a 2% concentration of carbon source “starch” were NaNO,, NH,NO,, KNO,, and (NH,)SO, with 1%
exhibited the highest blastopore production. However, and 2% concentrations. The results indicated that the total

the values did not significantly differ from each other, dry weight of mycelia in the 1% NaNO, and 1% NH NO,
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64 MH855713.1 L. longisporum strain CBS 384.35 .
&4 MF872368.1 L. muscarium isolate B2V .
MH859685.1 A muscarius strain CBS 318.70A .
MH859692.1 A. muscarius strain CBS 318.701 .
o4 MVW465671.1 A. attenuatus strain ACB30112.1 .

112509315.1 E. typhina strain AL Ep1 .

100 FJ515770.1 L. lecanii isolate ICAL-6 185 .

100 MH231248.1 Lecanicilium sp. strain CH113 .
12359614.1 A. attenuatus stran JMRC:NRZ:1289 .
MZ509283.1 A. lecanii strain AL Ak2 .

87 \_|: FJ515768.1 L. lecanii isolate ICAL-4 185 .
100 0OL827536 L. lecanii strain VIO1 .

o4

&3

87

MW165534.1 A. lecani strain Z3 .
AB378511.1 L. attenuatum . strain: NBRC 103236
AB378508.1 L. attenuatum . isolate: KYK00039
AB378515.1 L. attenuatum . isolate: KYK00134
AB378512.1 L. attenuatum . strain: NBRC 103238
1
1

a7

a7

87 MNS08945.1 A attenuatus strain LYS2-10-3 .
37 JQ901938.1 L. attenuatum strain CGMCC5328 .

Figure 6. Maximum-likelihood phylogram inferred from partial ITS sequence data
showing the phylogenetic relationship between Akanthomyces lecanii (V101) strains
isolated from the moths in Pakistan. Akanthomyces lecanii (V101) and all the available
Lecanicillium species sequences were obtained from GenBank. The genus and species
names of the GenBank sequences are shown. The numbers on the node of the branches
indicate the phylogenetic relationship among the isolates in terms of branch length. The

tree with the highest log-likelihood value is -786.29.

HIM242262 1 P lilacinus isolate B3A .

KM268702.1 Paecilomyces sp. YCG1(1) .
(GU880015.1 P lilacinus strain MYE83 .
(5US80027 .1 P. lilacinus strain MY2861 .
MT529603.1 P. lilacinum clone SF 327 .
EUB28665.1 P lilacinus strain BCC 2012 .
HM242264 1 P lilacinus isolate SY45B-a .
KR025540.1 P. lilacinum isolate 001JFC .
KJ935014.1 Purpureocillium sp. xz16 .
KX009140.1 Purpureocillium sp. isolate SR50 .
OL827568 Paecilomyces lilacinus strain PI01
MN242828.1 P lilacinum isolate F129 .
MW260105.1 P lilacinum isolate RIZ4-4 -
AB244777.1 P lilacinus . strain-NKCM1001
FR751342.1 P. lilacinus . isolate Kw596W
MT254824 1 P_ lilacinum isolate PU16Z12577
AY213668.1 P. lilacinus strain UWFP 853 .

E—
21%':

13 MK713625.1 P_lilacinum strain IPRPI-2 .
MT279299.1 P. lilacinum isolate PUtp11 .
MW081316.1 P lilacinum strain 3-F20

an OL827569 Paecilomyces lilacinus strain P102

52 MTE72601.1 P. lilacinum isolate FC18 .

MN173144.1 P_lilacinum isolate CES3 .

Figure 7. Maximum-likelihood phylogram inferred from partial ITS sequence data
showing the phylogenetic relationship between Purpureocillium lilacinus (P101)
strain isolated from spotted bollworms and PI02 strain isolated from grey weevils
in Pakistan. Purpureocillium lilacinus (P101, P102) and all the available Paecilomyces
species sequences were obtained from GenBank. The genus and species names
of the GenBank sequences are shown. The numbers on the node of the branches
indicate the phylogenetic relationship among the isolates in terms of branch length.

The tree with the highest log-likelihood value is -1113.66.

MH231313.1 L. attenuatum voucher personal collection:xinmin iV .

MZ374592.1 Purpureocillium sp. isolate UH.1552.175 .

87 |: KJ938575.1 P. lilacinum .
MH426603.1 Purpureocillium sp. strain Mal02-Mod -
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Figure 8. Effect on fungal growth of B. bassiana (Bb04) using different
carbon and nitrogen sources and their different concentrations (p < 0.001).

concentrated medium was not significant, but significant
differences were observed with 1% KNO, and 1% (NH,)SO,.
The 2% concentration of NH NO,, KNO,, and NaNO, did
not yield significant results, but they exhibited a significant
difference when compared to the medium containing (NH,)
SO,. Blastopore formation is also affected by concentration
variation. The highest blastopore formation was observed
in the medium with 2% NaNO3, followed by 2% KNO, in
second place, and 2% NHNO, in third place. (NH,)SO,
exhibited the lowest blastopore production. Statistically,
there were no significant differences observed among all
nitrogen sources at both concentrations. These data were
recorded on the 8th day after inoculation. Further numerical
results were given in Figure 8 and Table S5.

3.7. Evaluation of food grains for conidial production of
a promising strain of entomopathogens

Food grains were also used for the mass production of
different fungal strains, so different grains were used to
evaluate the conidial production of B. bassiana (Bb04). For
this purpose, we used sorghum, rice, maize, millet, wheat,
and pearl millet crushed grains. The study focused on the
time required for mycelia startup, conidial formation,
and the number of conidia on the 20th day following
inoculation. The mycelial mat and sporulation increased
day by day after the inoculation. On the 20th day, mycelium
covered the entire grain surface. The sporulation varied
with varying grain sources at different intervals (Figure
9). Maize proved to be the best substrate for the growth
of B. Bassiana and showed a significant conidial yield
(6.8 x 10° cfu/mL). Sorghum followed maize grain with
a conidial yield of 3.3 x 10° (cfu/mL). Rice and millet
substrates showed similar effectiveness in supporting
conidial development. Wheat turned out to be the poorest
substrate for culturing B. bassiana.

3.8. Field efficacy of B. bassiana (Bb04) against H. armigera
For in vitro control of H. armigera, we used foliar sprays
with varied concentrations of B. bassiana (Bb04) on
the cotton field. This experiment employed three foliar
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applications, and insect population data was collected
both before and 3 and 4 days after the foliar application
of B. bassiana. The collected data revealed that treatments
“T37 “T4) and “T5,” based on B. bassiana (Bb04) pesticide,
did not show significant differences on the third day after
application (DAA). However, a difference in mortality
percentage was observed on the 7th day after application,
with the mortality curve reaching its peak following the
second and third applications. The nitenpyram-based
treatment resulted in the highest mortality on the 3rd day
after application (DAA). Nonetheless, by the 7th day after
the first application, the number of living H. armigera
had increased. The B. bassiana (Bb04)-based pesticide
treatment “T,” (2 x 107) showed mortality after the third
foliar application. After the 1stapplication, all bio pesticide-
based treatments had no significant difference on the 3rd
day after the first application (DAA). This trend changed
on the 7th day after the first application. We observed that
with higher spore concentration treatments, the mortality
rate increased, and the mortality percentage curves rose
over time. This trend was not observed in the chemical
control treatment “T,.” which showed maximum mortality
percentage on the day of foliar application, but living H.
armigera percentage became higher over time. Statistical
analysis of these three foliar applications showed that the
first application treatments, “T % “T,” “T,” and “T.”, were
not significantly different from each other. However, the
treatments “T3” and “T6” exhibited slightly nonsignificant
results compared to treatments “T4” and “T5. After the
second spray, nonsignificant results began to appear, with
treatments “T1” and “T2” becoming nonsignificant to
each other. Significant results were still observed between
the other treatments. Treatments “T3,” “T4,” and “T5”
were nonsignificant to each other but showed significant
differences when compared to the other treatments. “T "
treatment showed a significant result among all treatments.
During the observation of the 3rd foliar application, the
first two treatments were not significantly different from
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Figure 9. Conidial production of B. bassiana (Bb04) using
different seed-based media on different days (p < 0.001).

each other. Treatment “T5” exhibited a significant result
among all treatments, while “T4” was not significantly
different from treatments “T5,” “T3,” and “T6,” but showed
significance for treatments “T'1” and “T2” These results
are shown in Figures 10 and 11 and Tables S6 and S7.

4. Discussion

The ecology and method of entomopathogenic fungi
hold great promise for application in sustainable
agriculture (Becher et al., 2018). The current study aimed
to identify the most effective entomopathogenic fungi
for the biological control of various agricultural insects.
Various entomopathogenic fungal strains (M. anisopliae,
A. lecanii, B. bassiana, P. lilacinus) were isolated from
different districts of Punjab for this purpose (Wakil et
al., 2013). The disease incidence frequency may alter as
the agroclimatic region changes (Lydia et al., 2017). The
infection frequency of the investigated entomopathogens
was high in northern and southern Punjab (Waheed et al.,
2012). The northern area had a virtual humidity of 80%-
89% and a temperature of 26.5-27.7 °C, whereas southern
Punjab had a lower humidity of 75%-78% and a higher
temperature of 30-32.5 °C. We may conclude that the
potential use of B. bassiana as a biopesticide is dependent
on environmental conditions.

A total of eight entomopathogenic fungal strains were
isolated, cultured, and identified on a morphological,
cultural, and molecular basis (Khan et al., 2016; Hung
and Posta, 2017; Teja and Rehamn, 2017). Out of the eight
fungal strains, four were identified as Beauveria bassiana
(Bb01, Bb02, Bb03, and Bb04), two as Purpureocillium
lilacinus (P101, Pl02), one as Metarhizium anisopliae
(MI01), and one as A. lecanii (V101).

The pathogenicity of different isolates of
entomopathogenic fungi was assessed, revealing varied
insecticidal activity among all fungi. Additionally,
differences in insecticidal effectiveness were observed

among different strains of a single entomopathogenic
fungus (Nguyen et al., 2017). The B. bassiana strain Bb04
showed a significant mortality percentage against fall
armyworms. M. anisopliae (Ma01) exhibited the highest
mortality percentage against moths but not against fall
armyworms, and it yielded minimal results against spotted
worms (Teja and Rehamn, 2017). Based on these results,
B. bassiana (Bb04) strain was selected for further studies.
The nutrients play a fundamental role in fastening fungal
growth and sporulation (Kichaoui et al., 2017). Carbon
and nitrogen have a fundamental role in the growth and
sporulation of entomopathogenic fungi (Bugti et al., 2018).
Therefore, the effect of different carbon and nitrogen
sources with different concentrations on the growth and
sporulation of B. bassiana was analyzed in the Czapeck-
Dox broth medium. With a 2% sucrose concentrated
medium, the total dry mycelia weight was much higher.
The production of blastopore was most significant
in a solution containing 2% starch. In the case of 1%
carbon sources, sucrose showed much higher growth and
blastopore formation, but their values could not cross
the significant range; therefore, the obtained findings
were nonsignificantly different from each other Figure 8
(Singh et al., 1972). For fungal growth, nitrogen enlarges
the hyphae and extends the fungal occupying substrate
(Mehta et al., 2012). Therefore, specific nitrogen resources
were applied with different concentrations to check their
effect on B. bassiana (Bb04). The findings revealed that the
total dry mycelial weight of B. bassiana (Bb04) was notably
higherina 1% NH,NO, concentrated medium compared to
other media. In the case of a 2% concentration of NH,NO,,
KNO,, and NaNO,, no significant difference was observed
among them. However, a substantial difference was noted
with the medium containing (NH,)SO,. Concentration
changes had an effect on blastopore production as well.
Figure 9 (Dhar and Kaur, 2010) shows that 2% NaNO,
produced the most blastopore compared to other media.
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Figure 10. Comparative analysis of the foliar applications of different conidial concentrations of B.
bassiana (Bb04) and biopesticide efficacies compared with chemical control against H. armigera. Section
“A” represents the results of the first applied treatment, Section “B” represents the results of the second
applied treatment, and Section “C” represents the results of the third applied treatment. The Y-axis
represents the percentage of mortality of H. armigera resulting from different treatments. The X-axis
represents the different treatments applied against H. armigera. “T1” was considered a control treatment,
so no treatment was applied in the “T1” block. In “T2” treatment, water was applied, in “T3” treatment
B. bassiana (Bb04) conidial concentration was 2 x 10° cfu/mL, in “T4” treatment, B. bassiana (Bb04)
conidial concentration of fungus was 2 x 10° cfu/mL, in “T5” treatment, B. bassiana (Bb04) conidial
concentration of fungus was 2 x 10’ cfu/mL, and in “T6” treatment, chemical insecticide nitenpyram was
applied to the cotton crop for controlling H. armigera.

The p-value of the first applied treatment was <0.63 on the 1st day, <0.52 on the 2nd day, and <0.002 on
the 3rd day. The p-value of the second applied treatment was <0.00 on the 1st, 2nd, and 3rd days. The
p-value of the third applied treatment was <0.00 on the 1st and 3rd days, and <0.0029 on the 2nd day.

Comparison of strains revealed that B. bassiana (Bb04)
has great potential to effectively manage insect pests when
adequately developed as a biopesticide (Ibrahim, 2012).
Therefore, the in vitro experiment was performed to check
the efficacy of B. bassiana (Bb04) against H. armigera
compared to chemical pesticides. The biopesticide did not
yield any significant results, but T, (nitenpyram) treatment
notably achieved the highest peak of mortality on the 3rd
day after the 1st application (DAA). The biopesticide effects
were observed on the 7th DAA. We noticed that in T, the
number of H. armigera rose again, but in T,, T,, and T, the
number of H. armigera gradually decreased. On the 7th day
after the third application, we observed that T, T,, T ,and T
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treatments were not significantly different from each other,
and the biopesticide gradually approached the mortality
rate of the chemical pesticide (Prasad and Pal, 2014). The
lower mortality of the fungus compared to chemicals may be
attributed to the fact that chemical insecticides act quickly,
leading to a significant reduction in the whitefly population.
In contrast, entomopathogens act more gradually on the
pests, allowing them to survive on the plant while waiting
for the disease’s incubation time to elapse.

5. Conclusions
We selected B. bassiana (Bb04) based on its growth
performance on different sources and pathogenicity as
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Figure 11. Comparative analysis of all the foliar
applications of different conidial concentrations of
Beauveria bassiana (Bb04) and biopesticide efficacies
compared with chemical control against Helicoverpa
armigera. (The comparative p-values for all applications

were <0.00 on the Ist, 2nd, and 3rd days.)

the most promising entomopathogenic fungal strain after
screening the best entomopathogenic fungi. The total dry
weight of mycelia was significantly higher than that of the
control for 1% starch concentrated medium followed by
1% sucrose, 1% dextrose, and 1lactose, respectively. The
plate pathogenicity assay revealed that B. bassiana (Bb04)
inflicted the highest mortality to H. armigera as compared
to other strains. BLAST analysis revealed high similarity
(99%-100%) between the ITS regions of the studied
isolates. The results confirmed that the use of B. bassiana
(Bb04) was an eco-friendly and sustainable approach that
could replace chemical insecticides.
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Supplementary material

Table S1. Experimental layout to assess the effect of Beauveria bassiana (Bb04) application at different concentrations on H. armigera
under field conditions in comparison to the chemical insecticide nitenpyram.

R, T, T, T, T, T, T,
RZ TS T6 Tl TZ T4 T3
R, T, T, T, T, T, T,

T1: Control, T2: Water, T3: Beauveria bassiana strain Bb04 spore concentration 2 x 10°cfu/g, T4: Beauveria bassiana strain Bb04 spore
concentration of fungus 2 x 10° cfu/g, T5: Beauveria bassiana strain Bb04 spore concentration of fungus 2 x 10’cfu/g, T6: chemical
insecticide nitenpyram.

Table S2. Analysis of variance for the growth of different isolated entomopathogenic fungi.

Ne\y DF SS MS F value p-value
Number of days for sporulation 7 22.5000 3.21429 3.21 0.0252
Error 16 16.0000 1.00000

Total 23 38.5000

Colony diameter on the 10th day (mm) 7 4146.70 592.385 592 0.0000
Error 16 16.00 1.000

Total 23 4162.70

Sporulation per plate (10°cfu) on 10th day 7 2.3892 0.34131 0.34 0.9228
Error 16 16.0000 1.00000

Total 23 18.3892

Number of days taken to cover the plate 7 100.500 14.3571 14.4 0.0000
Error 16 16.0000 1.00000

Total 23 116.500

Fungal spore length 7 43.97 6.28190 7.77 0.004
Error 16 12.94 0.80875

Total 23 56.91

Fungal spore length 7 2.33167 0.33310 36.3 0.0000
Error 16 0.14667 0.00917

Total 23 2.47833

Table S3. Analysis of variance for the effect of entomopathogenic fungi on armyworm survival percentage.

Sov DF SS MS F value p-value
Treatment 9 8071.91 896.879 13.50 0.00

Error 17 1132.72 66.630

Total 26 9204.63




Table S4. Analysis of variance for the effect of different carbon sources on B. bassiana.

NAWAZ et al. / Turk J Agric For

SOV DF SS MS F value p-value
Fungal growth on 1% carbon sources 4 0.10497 0.02624 9.09 0.0023
Error 10 0.02887 0.00289

Total 14 0.13384

Fungal growth on 2% carbon sources 4 0.04503 0.01126 30.7 0.00000
Error 10 0.00367 0.00037

Total 14 0.04869

Spore production on 1% carbon sources 4 12.0627 3.01567 38.3 0.00000
Error 10 0.7867 0.07867

Total 14 12.8493

Spore production on 2% carbon sources 4 17.6640 4.41600 33.6 0.00000
Error 10 1.3133 0.13133
Total 14 18.9773

Table S5. Analysis of variance for the effect of different nitrogen sources on B. bassiana.

Sov DF SS MS F value p-value
Fungal growth on 1% nitrogen sources 4 2.88123 0.72031 6.46 0.0078
Error 10 1.11487 0.11149

Total 14 3.99609

Fungal growth on 2% nitrogen sources 4 7.52493 1.88123 36.3 0.0000
Error 10 0.51820 0.05182

Total 14 8.04313

Spore production on 1% nitrogen sources 4 13.2973 3.32433 32.0 0.0000
Error 10 1.0400 0.10400

Total 14 14.3373

Spore production on 2% nitrogen sources 4 96.2293 231 231 0.0000
Error 10 1.0400 0.1040

Total 14 97.2693




Table S6. Analysis of Variance for the Effect of Beauveria bassiana (Bb04) application at different concentrations on H. armigera under
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field conditions in comparison to chemical insecticide nitenpyram.

SOV DF SS MS F value p-value
At day of 1st application 5 560.26 112.051 0.70 0.6325
Error 12 1914.74 159.562

Total 17 2475.00

3rd day after 1st application 5 839.12 167.824 0.88 0.5242
Error 12 2293.36 191.113

Total 17 3132.48

7th day after 1st application 5 7435.44 1487.09 7.59 0.0020
Error 12 2350.65 195.89

Total 17 9786.09

At day of 2nd application 5 5913.31 1182.66 12.3 0.0002
Error 12 1151.60 95.97

Total 17 7064.90

3rd day after 2nd application 5 13641.6 2728.32 49.4 0.0000
Error 12 662.2 55.18

Total 17 14303.8

7th day after 2nd application 5 24202.2 4840.43 71.9 0.0000
Error 12 808.0 67.34

Total 17 25010.2

At day of 3rd application 5 29670.5 5934.09 111 0.0000
Error 12 642.5 53.54

Total 17 30313.0

3rd day after 3rd application 5 29203.4 5840.68 6.93 0.0029
Error 12 10116.5 843.04

Total 17 39319.9

7th day after 3rd application 5 57990.0 11598.0 292 0.0000
Error 12 476.2 39.7

Total 17 58466.2

Table S7. Comparative analysis for the effect of Beauveria bassiana (Bb04) for all applications on H. armigera under field conditions in

comparison to the chemical insecticide nitenpyram.

SOV DF SS MS F value p-value
At day of all applications 5 19560.9 3912.17 8.43 0.0000
Error 48 22276.6 464.10

Total 53 41837.4

3rd day after all applications 5 31114.5 6222.90 10.9 0.0000
Error 48 27478.8 572.47

Total 53 58593.3

7th day after all applications 5 75932.0 15186.4 41.1 0.0000
Error 48 17747.5 369.7

Total 53 93679.5
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