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Abstract
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Research to develop safer pest control technologies is critical for modern agricultural crop
protection. This need is heightened by public concern with drawbacks associated with the intense
use of synthetic chemical pesticides resulting in human and non-target organism toxicity and pests
resistant to agrochemical treatments. In contrast, microbial pesticides are environmentally friendly,
and their use presents low risk for the development of resistance in target pest populations. Thou-
sands of research publications on microbial pesticides accumulated since the 1950s and available in
PDF (electronic format) could be analyzed to identify research areas to innovate microbial pesticides
for sustainable pest control. However, searching through a large volume of research manuscripts is
challenging for researchers due to limitations for exhaustive data mining and potential inaccuracies
extracting massive science data. The use of Generative Artificial Intelligence (GenAl) tools could
assist in reviews by facilitating the identification of publications across scientific disciplines with in-
formation that scientists can use to accelerate microbial pesticide research and innovation. This study
employed a GenAl tool to assist reviewing 750 PDF publications on microbial pesticides collected
from public databases. Summaries of relevant papers identified rapidly were queried by the co-authors
with expertise in plant pathology and entomology to prepare a manuscript. Actual intelligence was
practiced further by subjecting the manuscript to further evaluation and revision incorporating the
co-authors’ expertise emphasizing genomic research. Advantages and disadvantages of using GenAl
technology in making literature reviews are discussed herein. This mini-review highlights the use of
microbial pesticides in agriculture to provide long-term pest management options and documents how
GenAl can assist actual intelligence to ideate agricultural research for sustainable crop protection.

Key words: Microbial pesticide, Generative artificial intelligence (GenAl), PDF publications, Bacte-
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INTRODUCTION

Pest management is crucial for producing
crops to feed the world. Several species of in-
vertebrate animals, including insects, mites, and
nematodes, and microbes including fungi, bacte-
ria, and viruses are considered pests because they
damage and reduce the yields of crops. Other
than viruses, crop pests are commonly controlled
by chemical pesticides produced synthetically,
or by biological pesticides also known as biope-
sticides. Chemical pesticides have been used in-
tensely since the last century, which selects crop
pest populations resistant to them. Additionally,
the public is concerned with the pervasive use of
chemical pesticides that can result in toxicity to
human and non-target organisms, and pest resis-
tance that render the pesticides ineffective. Thus,
interest in research and development to use bio-
pesticides as alternatives to chemical pesticides
keeps growing (Thomas 1999; Ruiu 2018; van
Lenteren et al. 2018; Keswani et al. 2019; Rani
et al. 2021; da Silva Folli-Pereira et al. 2022;
Elnahal et al. 2022; Mishra & Patni 2022; Thak-
ur 2022; Ayilara et al. 2023; Aioub et al. 2024,
Tadesse-Mawcha et al. 2024). There are three
general types of biopesticides: (1) microbial bio-
pesticides, consisting of microorganisms such as
bacteria, fungi, viruses, and protozoa; (2) bio-
chemical biopesticides or biorationals, derived
from natural substances such as plant extracts
and growth regulators; and (3) plant incorporated
protectants, which are derived from genetically
modified plants incorporated with genetic ma-
terial that shows pesticide activity (EPA 2025)
(https://www.epa.gov/ingredients-used-pesti-
cide-products/what-are-biopesticides#classes).

Our program involves research and devel-
opment of effective microbial pesticides includ-
ing the discovery and characterization of bacte-
ria and fungi that can be used as biopesticides
for important crops. Microbial biopesticide
research is documented in public domains and
disseminated electronically in portable docu-
ment format (PDF) files. Searches of scientific
literature using PDFs could identify research
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areas to innovate microbial pesticides. Howev-
er, searching through a large volume of research
manuscripts is challenging for researchers due to
limitations for exhaustive data mining and po-
tential inaccuracies extracting massive science
data. For example, a literature search we con-
ducted using “microbial biopesticides” yielded
a total of 5,045 entries in PubMed database of
National Center for Biotechnology Information
(NCBI) as of March 2025 (Fig. 1). And more
specific searches using “bacterial biopesticides”
yielded 8,660; “fungal biopesticides” yielded
11,190; “viral biopesticides yielded 227; and
“nematode biopesticides” yielded 1,111 (Fig. 1).
Interestingly, using “microbial” in the combined
keyword yielded fewer entries than when using
“bacterial” and “fungal” with “biopesticides”.
This was likely due to the uncommon use of the
term “microbial biopesticides” as a keyword in
published literature, which reflected complex-
ity that complicates comprehensive literature
searches.

Searching through and summarizing a large
volume of research papers is time-consuming
and prone to human error that may result in syn-
thesizing inaccurate information due to a large
volume of data processing. Recent developments
in artificial intelligence (AI) produced tools to
automate electronic document reviewing pro-
cesses (van Dijk et al. 2023; Fabiano et al. 2024;
Ge et al. 2024). Large Language Models (LLMs)
are a type of Al tool allowing the application
of Generative Artificial Intelligence (GenAl) to
assist literature reviews. Some LLMs may be
accessed through subscription-serviced vendors
such as OpenAl, Google, and Anthropic. Howev-
er, there are a few that are available through pub-
licly available resources such as huggingface.co
and ollama.ai. Offering such as ollama.ai may be
used offline if data security is a concern. Addi-
tionally, current public browsers such as Google
Chrome and Microsoft Edge are equipped with
Al functions that significantly improve the effi-
ciency of internet searches using publicly avail-
able data.

This study explored how reviewing PDFs
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Fig. 1. Number of publications identified through search in PubMed database of National Center for Biotechnology
Information (NCBI) using “microbial”, “bacterial”, “fungal”, “viral”, and “nematode” in combined keyword with

“biopesticides” as of March 2025.

of scientific publications on microbial biope-
sticide research could be assisted by GenAl.
Actual intelligence (Acl) based on our pro-
fessional expertise was applied to curate and
edit the draft version of this manuscript, which
corrected output errors from the GenAl-aided
literature search. Information was validated by
closely reviewing selected references. Recent
developments in genomics of biopesticide mi-
croorganisms and the research significance are
highlighted. The assistance of GenAl technol-
ogy in literature reviews is discussed.

PDF MANUSCRIPT DATA
COLLECTION AND GENAI
PROCEDURE

To test the use of GenAl procedure, 750
PDFs in the public domain were downloaded.
A Langchain method was used with a retrieval
augmented generation (RAG) protocol imple-
mented to interface with an LLM. PDFs were
parsed into chunks using an embedding tool
(nomic-embed-text) and a vector store database
(chromdb). A description of the process needed
is available at the github repository (https://
github.com/grlazo/AIRA/). Parameters of the
vector store specified the chunksize to 800 with

an overlap setting of 80. A variety of publicly
available LLMs were screened via the ollama
0.5.7 (ollama.ai) framework. The LLM “Llama
3.18b” was chosen, which is in an 8 billion pa-
rameter trained model in a 4-bit quantized form
with a 4K embedding length and 131K context
window. Prompts retrieved the top 20 matches
from the vector store and formulated a response
based on the prompt presented to the LLM. Pa-
rameters can be adjusted for optimization of in-
formation received which in this case presented
conditions apparently suitable for demonstra-
tion purposes.

Topics were resourced from subject matter
experts and a series of prompts were presented
and the answers scored (Table 1). The infor-
mation retrieved was further evaluated, edited
and updated based on responses available from
public search engines including Google search,
Microsoft Bing, and Meta Al. Selected PDFs
were further examined by at least one coauthor.
Corrections minimized possible hallucinations
generated by Al. This enabled the application
of Acl where humans correct GenAl outputs as
needed. GenAl assistance to analyze and clas-
sify data adhered to guidance by the American
Phytopathological Society (https://apsjournals.
apsnet.org/page/authorinformation#AI).



Initial topics and questions to sequester responses from GenAl based on 750 research publications related

Questions

“What is a microbial pesticide, and can you provide some historical perspective
on how they came about?”

“Why would microbial pesticides be used and are there any notable successful

“What types of microbial pesticides are in use and can you provide a ratio of the
types that are currently in use?”

“Of the bacterial pesticides in use can you provide the mode of action and are
there notable examples to be aware of?”

“Of the fungal pesticides in use can you provide the mode of action and are there
notable examples to be aware of?”

“Of the viral pesticides in use can you provide the mode of action and are there
notable examples to be aware of?”

“Is there any mention of newer technologies in the use of microbial biopesticides
in comparison to traditional application methods and can you provide some ex-
amples where success has been demonstrated?”
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Table 1.
to microbial biopesticides.
Number Topic
1 Historical perspective
2 Economical and Academical Sig-
nificance use cases?”
3 Biological natures of microbial bio-
pesticides
4 Bacterial pesticides
5 Fungal pesticides
6 Viral pesticides
7 New technology
8 Microbial pesticides in genomic era

“Is there any mention of genome-based approaches which can be utilized for mi-
o

crobial biopesticide application, and can you provide examples

HISTORICAL PERSPECTIVE

The concept and practice of using micro-
organisms for pest control can be dated back
to ancient times (Flint & van den Bosch 1981).
Yet most documentational reports began in
the 1800s. Ironically, many early works on
microbial biopesticides started with pathogens
on silkworm, a desirable insect. In 1835, an
infectious disease of insect was observed by
Agostino Bassi of Italy, in silkworm larvae
caused by the fungus Beauveria bassiana. A
Russian entomologist Elie Metchnikoff, reared
Metarhizium anisopliae, a fungal pathogen,
for suppression of the sugar beet curculio,
Cleonus punctiventris, using fungal spores
in 1884 (Hoddle & Van Driesche 2009). Both
B. bassiana and M. anisopliae are still domi-
nantly used fungal biopesticides nowadays. In
1911, the German scientist Berliner observed
a disease of larvae of the flour moth, Anagasta
kuehniella, and by 1938, a bacterium, Bacillus
thuringiensis, was identified as the pathogen
and being marketed for caterpillar pest control
(Hoddle & Van Driesche 2009). These early
works established the concepts of insect pa-
thology, and, furthermore, procedures to rear

the insect causative organisms that enabled the
pest control practices.

As of March 2025, there are 446 microbial
biopesticides registered by United States En-
vironmental Protection Agency (EPA) (https://
www.epa.gov/ingredients-used-pesticide-prod-
ucts/biopesticide-active-ingredients). The num-
ber of microbial biopesticide products is still in
a trend of increasing mainly due to (1) regula-
tors urging for sustainable plant protection, (2)
food companies and consumers demanding ze-
ro-residue food, and (3) big agrochemical com-
panies showing interest in biological alterna-
tives as a new business opportunity (Preininger
et al. 2018).

RELEVANCE AND ECONOMIC
SIGNIFICANCE OF
MICROBIAL BIOPESTICIDES

The justifications of using microbial bio-
pesticides are that they are environmentally
friendly, targeting only the intended pests but
not beneficial insects or other natural enemies,
and ecologically safer relative to chemical pesti-
cides (Daraban et al. 2023). These are reflected
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in target-specific range, delayed mode of action,
reduced persistence, low residue levels, and safe
in practice handling (Oguh ef al. 2019). One key
feature of microbial pesticides is that they are
derived from natural sources, i.e. they are al-
ready in the environment (El-Wakeil et al. 2006;
Daraban et al. 2023). For this reason, they are
considered natural products, in contrast to the
non-natural synthetic chemical pesticides. How-
ever, in all circumstances, it is a good practice
that the time and manner of application of biope-
sticides should be kept in mind and the precau-
tions that must be strictly observed.

Various microorganisms including fungi,
bacteria, viruses, nematodes, and protozoa
have been studied and tested for their effica-
cy against various plant pests and pathogens
(Ruiu 2018; Kvakkestad et al. 2020). A rough
estimate from our literature search shows that
bacteria are the most used biopesticide type
(60-70%), followed by fungi (20-30%). In line
with our current research interests, this review
focuses on bacterial and fungal biopesticides.
It is also not intended to be a comprehensive
literature review, but to highlight some basic
perspectives of pesticidal microorganisms
through selected examples. A particular inter-
est is in microbial genomics, a more recently
developed technology which has potential to
revolutionize microbial biopesticide research
and application. Reviews of other biopesti-
cides such as viral biopesticides can be found
in multiple publications (Ruiu 2018; Mondal et
al. 2021; Tadesse-Mawcha et al. 2024).

BACTERIAL BIOPESTICIDES

Bacterial biopesticides have been used
to control both insect/mite pests (Glare et al.
2017; Ruiu 2018; Gangwar ef al. 2022; Tomar
et al. 2024) and plant pathogens (Bonater-
ra et al. 2012; Glare et al. 2012; Boro et al.
2022). Over 200 bacterial species of bacte-
ria have been tested for use as biopesticides.
Most entomopathogenic bacteria belong to
the Bacillaceae family (Alsaedi et al. 2017;
Tadesse-Mawcha et al. 2024). Other groups of

entomopathogenic bacteria include gammapro-
teobacteria such as the endosymbionts of in-
secticidal nematodes Photorhabdus, Xenorhab-
dus, Serratia species (Hurst et al. 2000; Akhtar
et al. 2025), Yersinia entomophaga (Landsberg
et al. 2011), and Pseudomonas entomophila
(Vodovar et al. 2006); betaproteobacteria such
as Burkholderia rinojensis (Cordova-Krey-
los et al. 2013), Chromobacterium subtsugae
(Martin et al. 2007); and alphaproteobacterial
such as Agrobacterium radiobacter (McCar-
dell & Pootjes 1976). Actinobacteria is also an
important source of biopesticides. Different
Streptomyces species produces a variety of
insecticidal toxins, such as the macrocyclic
lactone (Copping & Menn 2000; Diab et al.
2024), and Saccharopolyspora spinosa produc-
es spinosins (Kirst 2010; Ruiu 2018; Kumar et
al. 2021; Tadesse-Mawcha et al. 2024).

Bacillus thuringiensis is the most widely
used bacterial biopesticides (Schnepf et al.
1998; Bel et al. 2024). As an insect pathogen,
B. thuringiensis insecticidal activity is at-
tributed to parasporal crystals, which are toxic
to a wide variety of insect species among the
orders Lepidoptera, Coleoptera, Hymenoptera,
Diptera, Homoptera, Orthoptera, and Mallo-
phaga, and against nematodes, mites, and pro-
tozoa (Schnepf ef al. 1998). Once the insect
larva consumes a crop leaf containing crytals,
the protoxin is activated by gut alkaline pH by
action of protease. The activated protein binds
to gut wall receptor and causes permeation in
hemocoel. The toxin dissolves in body cavity
and lava dies in 24-48 h from septicemia lead-
ing to dead larvae (Rajamani & Negi 2021).

In the context of biocontrol of plant dis-
eases, the three families of Bacillus lipopep-
tides- surfactins, iturins, and fengycins are
known for their antagonistic activity for a wide
range of potential phytopathogens such as B.
subtilis to apple gray mold disease caused by
Botrytis cinerea (Ongena et al. 2005) and B.
amyloliquefaciens to Fusarium oxysporum
f. sp. cubense (Yuan et al. 2012). Iturin and
Fengycin have antifungal activities, while sur-
factin has broad range of potent antibacterial
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activities (Meena & Kanwar 2015). Recent in-
vestigations have found that these lipopeptides
can also influence the ecological fitness of the
producing strain in root colonization and have
a key role in the bacteria-plant interactions
that stimulates host defense mechanisms (On-
gena & Jacques 2008).

Many members of the Pseudomonas fluo-
rescens complex are in fact known as effective
biocontrol agents of plant pathogens and as
plant growth promoters. For this reason, they
are of great interest for biotechnological ap-
plications (Haas & Keel 2003; Haas & Défago
2005). The antagonistic activity of fluorescent
Pseudomonas is mainly related to the produc-
tion of several antibiotic compounds, lytic en-
zymes, lipopeptides, and siderophores. Several
volatile organic compounds are also synthe-
sized by fluorescent Pseudomonas including
different kinds of molecules that are involved
in antagonistic interactions with other organ-
isms and in the induction of systemic respons-
es in plants (Garcia-Hidalgo et al. 2020; Raio
2024).

Agrobacterium radiobacter strains have
been used to treat germinating seeds, roots and
stems of stone fruit and nut trees for disease
protection. 4. radiobacter strain K84 occurs
naturally in many types of soil. As a pesticide
active ingredient, it is used in nurseries and
greenhouses for controlling the closely related
bacterium 4. tumefaciens, which causes crown
gall disease in plants due to the tumor-induc-
ing (Ti) plasmid (McCardell & Pootjes 1976).
A. radiobacter was formerly incorrectly syn-
onymized with A. tumefaciens (Arahal et al.
2023). Unlike other members of its genus, it
does not harbor a tumor-inducing (Ti) plasmid
and is hence not plant pathogenic.

Bacterial pesticides demonstrate the di-
verse modes of action and their potential for
large-scale commercialization. Their modes of
action included (1) production of antibiotics
that kill or inhibit the growth of plant patho-
gens; (2) direct interaction with plant patho-
gens, suppressing growth or reproduction; (3)
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competition with the pathogen for nutrients
and niches in the host plant; (4) induction of
host resistance, or the triggering of the plant’s
immune system to produce resistance against
specific pathogens; and (5) plant growth pro-
motion, or the enhancement of nutrient uptake
to promote healthy growth and increase toler-
ance to stresses.

FUNGAL BIOPESTICIDES

Fungal biopesticides are commonly used
to control insects, yet many fungi also work
against other fungi, bacteria, and other plant
pathogens (Leathers et al. 1993; Afshan 2023).
Fungal biopesticides do not have to be ingest-
ed by target insects to cause infection. This is
a distinct feature from bacterial and viral bio-
pesticides. They can penetrate through the in-
sect cuticle and cause infection either creating
competition for space and nutrients or produc-
ing toxic secondary metabolites. Main fungal
entomopathogens include species covering the
following phyla: Chytridiomycota, Zygomyco-
ta, Oomycota, Ascomycota, and Deuteromyco-
ta (Ruiu 2018).

Beauveria bassiana is one of the most
common fungal pesticides used to control insect
pests. In taxonomy, B. bassiana is the anamorph
(asexually reproducing form) of Cordyceps
bassiana. The latter teleomorph (the sexually
reproducing form) has been collected only in
eastern Asia (Li et al. 2001). B. bassiana has
been reported to control various insects, in-
cluding termites, thrips, whiteflies, aphids and
various beetles. In the disease cycle, the fungal
spores/blastopores/conidia from insect killed
by the fungus land on target insect, germinate
through penetration peg. Inside the host hemo-
coel, fungi produce mycelium, blastopores and
toxins. Mycelium inside host will germinate
outward and kill the host (Tadesse-Mawcha et
al. 2024).

Another popular fungal pesticide that has
been used to control insects is Metarhizium
anisopliae (Tang et al. 2019; Zekeya et al.
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2022). One significant feature of the use of
M. anisopliae is its compatibility with insecti-
cides. In rice field, the fungus effectively in-
fected two important planthoppers Nilaparvata
lugens and Sogatella furcifera. In this case, M.
anisopliae were used along with insecticides
thiamethoxam and pymetrozine in field ap-
plication. The combined use of M. anisopliae
with insecticides resulted in more effective
control of plant leathoppers (Tang ef al. 2019).

Members in the genus Trichoderma are
noteworthy to mention for their extensive use
as biopesticide against numerous aeronauti-
cal and soil-borne plant pathogens in field or
greenhouse experiments (van Lenteren et al.
2018; Guzman-Guzman et al. 2023). Most bio-
control agents are from the species 7. asperel-
lum, T. harzianum, T. viride, and T. hamatum.
In taxonomy, Trichoderma is the anamorphs of
Hypocrea, an ascomycete. In general, Trich-
oderma spp. are non-plant pathogenic and
opportunistic plant symbionts. The fungus
establishes beneficial interactions with their
hosts. However, many species of Trichoderma
are pathogens of cultivated mushrooms ref-
ereed as “green mold” disease. Many fungal
cell wall-degrading enzymes like chitinases,
hydrolases, 1,3- proteases, glucanases, and
mannanases are produced by different mem-
bers of this genus (Thambugala et al. 2020;
Saldana-Mendoza et al. 2023). Other fungal
species commercially exploited worldwide for
pest management include Verticillium lecanii,
Lecanicillium spp., Hirsutella spp., Paecilo-
myces, and Isaria spp. (Ruiu 2018).

Fungal pesticides are generally considered
to be environmentally friendly in terms of low
toxicity to mammals and birds. They can be
applied through various methods, including
spraying or immersing insects in fungal sus-
pensions. The efficacy of fungal pesticides can
be improved by optimizing application tech-
niques, such as using the correct concentration
and mode of delivery (Rajendran 2021).

MICROBIAL PESTICIDE
RESEARCH AND
DEVELOPMENT IN THE
GENOMIC ERA

Various studies during the last century
identified and characterized hundreds of bac-
terial and fungal species/strains with pesticidal
properties from different hosts and regions
around the world. However, conventional
methodology often failed to reveal the genetic
mechanisms of pesticidal activity, as well as
many taxonomy issues among morphologi-
cally similar strains. Recent developments in
next-generation DNA sequencing technology
and genomics provided deeper insights into the
genetic makeup of bio-pesticidal microorgan-
isms. Two immediate and important impacts of
genome sequencing discussed herein include:
(1) accelerated identification of pathogenic
genes and related regulatory factors; and (2)
improved taxonomy systems for strain detec-
tion and selection through effective and accu-
rate characterization of microbial populations.

Taking B. thuringiensis as an example.
Since the first B. thuringiensis genome se-
quence was released in 2004 (Han et al. 2006),
there are currently 1,410 genome sequences of
this bacterium deposit in GenBank, including
105 complete and 5 metagenome-assembled ge-
nomes (MAGs). A full B. thuringiensis genome
spans from 5.313 to 6.861 Mbp. The number
of genes annotated varies from 5,343 to 7,227,
and the number of plasmids ranges between 1
and 14. The guanine-cytosine content (GC) is
between 31.4 and 35.48%. Analyses of these
genome sequences confirm the vast genetic
diversity among the studied strains. By explor-
ing new strains, novel toxin genes and proteins
have been detected (Jouzani et al. 2017; Pache-
co et al. 2021; Yilmaz et al. 2025). An example
genome of B. thuringiensis is shown in Table 2.
The bacterial strain (IS5056) contains a circular
chromosome of 5,491,935 bp and 14 plasmids
ranging from 6,880 to 328,151 bp.
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Genomic studies on B. thuringiensis ge-
nomes have helped identify different genes
encoding insecticidal proteins. The cry gene
family, produced during the late exponential
phase of growth in the bacterium, is a large
and still-growing family of homologous genes.
Each gene encodes a protein with strong spe-
cific activity against only one or a few insect
species. The effectiveness and efficiency of
genomic discoveries of insecticidal genes can
be shown in the following example (Pacheco et
al. 2021). In this work, the complete genome
of B. thuringiensis strain GR007 that is toxic
to Spodoptera frugiperda and Manduca sexta
larvae were sequenced and annotated. Four
replicons (one circular chromosome and three
megaplasmids) were identified. The two larg-
est megaplasmids (pGR340 and pGR157) con-
tain multiple genes coding pesticidal proteins:
10 crystal (cry) toxin genes (crylAb, crylBb,
crylDa, crylFb, crylHb, crylld, crylJa, cry-
1Ka, crylNb, and cry2Ad), two vegetative
insecticidal protein (vip) genes (vip3Af and
vip3Ag), two binary toxin genes (vpa2Ac and
vpb1Ca), five genes that codify for insecti-
cidal toxin components (Tc’s), and a truncated
crylBd-like gene.

The whole genome sequencing fungal strains
is more challenging because of the much larger
genome size. With B. bassiana as an example,
the first genome sequence was completed in 2012
with strain ARSEF 2860 (33.69 Mbp, 2 scaffolds).
As of March 2025, there are 208 whole genome
sequences submitted to the GenBank, compared
to 1,410 genome sequences of B. thuringiensis.
The full-length genome of B. bassiana spans
from 28.68 to 38.31 Mbp with GC content be-
tween 48.5 and 53%. Of mentioning is the recent
advancement of fungal genome sequencing at
the resolution of chromosomal level as listed in
Table 2. B. bassiana Strain HN6 was reported to
have 12 chromosomes ranging from 387,253 to
6,424,025 bp with a total of 37,134,214 bp. The
genome of 7. harzianum Strain BOL 12QD har-
bors 7 chromosomes ranging from 4,296,277 to
7,677,970 bp with a total of 39,618,724 bp. It is
expected that such chromosomal level sequencing

will serve as significant references and genome
structure frameworks facilitating genome research
in both B. bassiana and T. harzianum, as well as
other related fungi.

Another significant contribution of ge-
nome sequencing is the improvement of micro-
bial taxonomy or systems for strain classifi-
cation and identification. Taxonomy is critical
for understanding the evolution of microorgan-
isms and serves as the basis for evaluation of
biocontrol agents. Accurate strain differenti-
ation and collection are the first step towards
identification of microbial strains with specific
pest control properties. Genome sequencing
techniques allowed for a more in-depth study
of microorganisms with unclarified classifica-
tion issues based on traditional methodologies
such al morphology. For example, B. bassiana
has long been used to describe a species com-
plex of morphologically similar and closely
related isolates. Recent molecular analyses
indicated that B. bassiana consists of many
distinct lineages that should be recognized as
distinct phylogenetic species (Rehner & Buck-
ley 2005; Rehner ef al. 2011)

To evaluate the taxonomic status of B.
bassiana with appropriate phylogenetic frame-
works, whole genome sequences information
was used in addition to morphological and sec-
ondary metabolites data, (Kobmoo ef al. 2021).
In this case, whole genome shotgun sequencing
of 78 strains was performed. Clean reads were
mapped to the B. bassiana reference genome
ARSEF8028 (Valero-Jiménez et al. 2016).
The selected single nucleotide polymorphisms
(SNPs) (729,549 SNPs) from 1,132 genes were
used for construction of phylogenetic tree.
Three phylogenetic clades with high levels of
divergence were found. Along with morpholog-
ical data and secondary metabolite profiles, one
clade remains to be B. bassiana, and two other
clades were assigned to new species, B. namna-
oensis and B. neobassiana.

The integration of genomics with micro-
bial pesticide research holds great promise for
research and discovering new microbial bio-
pesticides. Future developments may include
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(1) synthetic biology approaches to engineer
microbes with custom pesticide properties;
(2) CRISPR-based gene editing to enhance
microbial effectiveness and specificity; (3)
Al-driven genomic analysis to accelerate the
discovery of new bio-pesticidal organisms;
(4) metagenomic study by analyzing the ge-
nomes of soil and plant-associated microbes,
new bacterial or fungal species with pesticidal
properties can be discovered; and (5) investi-
gation of RNA interference (RNAi) mechanism
that could be used to produce a new generation
of pesticides. By leveraging genomics, micro-
bial pesticides can be optimized for efficien-
cy, safety, and environmental sustainability,
making them an effective and efficient tool for
modern pest management.

CONCLUDING REMARKS

Public interests in microbial biopesticides
as sustainable alternatives to chemical pesti-
cides for agricultural pest management remains
to be high in the years to come. The historical
development of microbial biopesticides dates
to ancient times and significant literature re-
cords started in the 1800s with landmark dis-
coveries of B. bassiana, M. anisopliae, and B.
thuringiensis. The relevance and economic sig-
nificance of microbial biopesticides continues
to benefit agriculture through their target spec-
ificity, reduced environmental persistence, and
safety compared to chemical pesticides. These
aspects are highlighted in the context of bac-
terial biopesticides such as B. thuringiensis,
Pseudomonas, and Agrobacterium, and fungal
biopesticides including B. bassiana, M. aniso-
pliae, and Trichoderma species. Continued ge-
nomic research is expected to advance the de-
velopment of technologies based on microbial
biopesticides. Multi-omics including genomic
approaches offer the opportunity to enhance
our understanding of the diversity of microbes
that could be used as pesticides by identifying
pathogenic genes and finetuning the molecular
taxonomy of bio-pesticidal bacteria and fungi.

Incorporating GenAl to screen publica-

tions in public databases facilitated the review
process by identifying relevant PDFs from the
voluminous scientific literature available elec-
tronically. However, this step occurring in the
initial phase of the pursuit of knowledge with
the assistance of GenAl resulted in mistakes
that had to be corrected through Acl by the
authors during the curation process. This inter-
face of GenAl and Acl is critical for research-
ers to determine the reliability of what can be
gained from topical literature reviews. Human
oversight through Acl is fundamental to max-
imizing the benefit of using GenAl as a tool
assisting in reviews like this one on microbial
pesticide research for crop protection.
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