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ABSTRACT: Entomopathogenic fungi can be used to control a variety of sucking and chewing insects, with little effect on beneficial
insects and natural enemies. Approximately 170 entomopathogenic fungal insecticides have been registered and used worldwide, with
the recent focus being on the mode of action and mechanism of insect-fungal interactions. During the initial period of research and
development, the industrialization of entomopathogenic fungi focused on the selection of strains with high virulence. However,
improvement in productivity, including securing resistance to environmental stressors, is a major issue that needs to be solved. Although
conidia are the primary application propagules, efforts are being made to overcome the limitations of blastospores to improve the
economic feasibility of the production procedure. Fungal transformation is also being conducted to enhance insecticidal activity, and
molecular biology is being used to investigate functions of various genes. In the fungi-based pest management market, global companies
are setting up cooperative platforms with specialized biological companies in the form of M&As or partnerships with the aim of
implementing a tank-mix strategy by combining chemical pesticides and entomopathogenic fungi. In this regard, understanding insect
ecology in the field helps in providing more effective fungal applications in pest management, which can be used complementary to
chemicals. In the future, when fungal applications are combined with digital farming technology, above-ground applications to control
leaf-dwelling pests will be more effective. Therefore, for practical industrialization, it is necessary to secure clear research data on
intellectual property rights.
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Fig. 1. Evolution of insects and entomopathogenic fungi on earth. The earliest evidence of insects infected with entomopathogenic fungi
comes from the fossil record of strata between 200 and 15 million years ago. Among them, fossils found in the Mesozoic-Early Cretaceous
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Fig. 2. Recent research trends in the field of entomopathogenic fungi. A, Research papers (retrieved from NCBI) related to entomopathogenic
fungi from the last 10 years; B, Major research areas on entomopathogenic fungi over the past five years.
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Fig. 3. Application of entomopathogenic fungi to control arthropod pests. The effects of fully sporulated fungal conidia and hyphae on
infected arthropods were investigated. All the pictures of infected pests were generated in the lab of Jae Su Kim at Jeonbuk National University.
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Fig. 4. Mode of action of entomopathogenic fungi in insects. The fungal pathogenesis consists of conidial adhesion, germination and
penetration into the insect cuticles, hyphal growth, and nutrient uptake in haemocoel. This is followed by outgrowth toward the cuticles
and sporulation on the insect cadavers, which is a symptom of mycosis.
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B PR 59 A= A st o] 283 7 Atk Alkhaibari
et al., 2016; Lohse et al., 2015). ] o] 33t A4S

7] 9J5le] o} ZAE 7|Hko 2 31 A2 AYAF U o] ¢t o]

o, Az W R A% e woledl S8 T Y

A} Ao v]3) w2 Eolr) 7153t Avery et al., 2013).

T3, 7|EollE Y At HARA T2 45 2
I FE = Aol /NI E A, Folls vt AlES =
goto] dufj=aL Qlef. 2 o2 v E-)(pyrethrin) Fx=
Szl i AlHo] thaFt SlES WA S18 2A41H)
of shufj =] a1 Qlck. E3h 9} 7R A e dofl At 3
A AR o zH ZzolA s Aol A BE Algekal
Qlek. HT Aol 23 N shsksokat 3 A
glsto] 71E sleksofito 2 A5 | oY sisS At
Z| oz WAlsl7] 913t AlleE Sk Qlck(Dara, 20155 2016).

712 A At AlE-2 oA slleol g =2 Y
S 7P 5 S FH 0 A7t AaE g on, B
32K conidia)@} oF3ERKblastospore)ef= F71A| & o 3£}

Table 1. Entomopathogenic fungal insecticides registered in local countries since 2010

Year Trade name Manufacturer Country of origin Source
2011 NoFly WP Futureco United States  Isaria fumosorosea FE 9901
2014 BioCeres WP BioSafe United States  Beauveria bassiana ANT-03
2016 Botanigard MAXX Lam International United States  Beauveria bassiana combination (GHA + pyrethrins)
2016  PFR-97™20% WDG  ARBICO Organics EU Isaria fumosorosea strain 97
2016 XPulse Lam International United States  Beauveria bassiana combination (GHA + neem oil)
2017 BioAct Prime Bayer Greece Paecilomyces liacinus 251
2017 Broadband BASF Autralia Beauveria bassiana PPRI5339
2017 Chongchaesak GR FarmHannong Korea Beauveria bassiana ERL836
2017 Ostrinil Arysta LifeScience EU Beauveria bassiana 147
2017 ARY-0711B-01 Arysta LifeScience EU Beauveria bassiana NPP111B005
2018 Velifer BASF Canada Beauveria bassiana PPRI 5339
2019 Approved BASF EU Beauveria bassiana PPRI 5339
2019 Approved Exosect EU Beauveria bassiana IM1389521
2019 Chongchaesak WP FarmHannong Korea Beauveria bassiana ERL836
Pending Bb-Protec Andermatt United States  Beauveria bassiana R444
Pending Velifer BASF United States  Beauveria bassiana PPRI5539

This list of commercial products was referred to Arthus and Dara (2019), Rana et al. (2019) and local news.

Entomopathogenic fungi-mediated pest management and R&D strategy 203



oL i g
=
i3
o
ik
i3
ol
)
Og&
)
o r
3o
i
ol
i)
B
=
D

o

A/ 2t ]
SR e b e F R e e e A T L
o2 M roberstii, B. bassiana 5-2] T2 o] th3t
AtMT (Agrobacterium tumefaciens-mediated transformation),
CRISPR-Cas9 52| Bt 7|zo] 7N AL 9l om, vhefet
LY Watol = w27 4-8-2 oK Chen et al., 2017).

A=, 2SR Zate] BedS S Aoz Jstsl ke
™ g2 QQlo] otk 4] 0 & 315 3vof TS| Sl
= -

< 7R 25 YA AE v Flo] 7RsE Ao chLovett
and St. Leger, 2017). 3T 2| Tofli= EAMIESH Q] A-of=

Opportunity
for entomopathogenic fungi (EPF)

— Technical supportfrom
biotechnology and genetics

R&D of EPF
— Strategy to improve control efficacy in fields
(e-Biopesticide)

A 7|5 At AT HESA] 57 RNA-seq ¥} metabolite 541 © &
177} o213 o] o WheA] T skEel o R
24 Qo] 35 Sho] 285 Ao oy,

ol

UOTO| XD} ot

S okt mEue

7] et w9, ahd B A sfs-2] ’AlSEollA
A

al
O A7k AT mEol Fagt Aol tietew
= AE5Hbiopesticide, biological)> QFA3} a1 7
SHA| 1 o] QLo ARl WAl A nE 7 elE 4= 9L
EE50] W] o8 Alglo|ti Arthurs and Dara, 2019). SFA]wk
&Aoo o] B % Fa iRl of wheh Aol =27k oA
= WA, BEFot 5o] = Aol tiet Bilol d= i
ORX|AL itk o]FolA ESH YA FHentomopathogenic

fungi)2 71 M3 g2 tiv] 218 7]2to] Aolsto] A3Hd A

2 r o

-
#

Strength: Safe and
environment-friendly

., Strategic cooperation
* Partnership

Biologicals
(EPF)

Goal: pest management

}Weakness: control efficacy

M&A

Weakness: resistance
& toxicity

1
\

R&D of chemical pesticide

— Strategy to reduce resistance and environmental toxicity

Fig. 5. Analysis of chemicals and biologicals used for pest management and the current status of the two pest control agents for
collaboration. The effectiveness of biologicals including entomopathogenic fungi is recognized as a partner that can compensate for the
shortcomings of research and development (R&D) and field application of chemicals.
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Fig. 6. Suggested e-Biopesticides for highly competitive biopesticide development. The pictures of the entomopathogenic fungal isolate
and smart farm were provided by Jae Su Kim of Jeonbuk National University and a public resource, respectively.
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