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ABSTRACT

This review evaluates the potential negative impacts of entomopathogenic fungi (EPF) on natural enemies, a key component
of sustainable pest management. Literature from Scopus and PubMed, covering 12 countries, 13 EPF species, and 33 natural
enemy species, was classified according to the International Organization for Biological Control (IOBC) scale. EPF often caused
lethal effects, such as Lecanicillium muscarium killing the parasitoid Diaeretiella rapae, as well as sublethal effects, including
reduced reproduction, shortened longevity, decreased survival rates, and prolonged development. These outcomes varied
depending on specific EPF—natural enemy interactions. The findings highlight the need for more field-based and long-term
studies to ensure EPF applications do not compromise the ecological role of natural enemies in Integrated Pest Management
(IPM).

Key words: Integrated pest management, mortality, predator, parasitoid, sublethal effect

INTRODUCTION

Entomopathogenic fungi (EPF) are important biological control agents that offer an environmentally sustainable alternative to
chemical pesticides. Unlike synthetic chemicals, EPF infect and kill insect pests through direct contact and colonization of the
host's body, leaving no toxic residues and thus are safer for the environment. EPF have been recognized as effective biological
control agents that contribute to sustainable agricultural practices and support the conservation of biodiversity (Bamisile et al.,
2021).

EPF does not represent a single monophyletic group of fungi but is instead divided across various taxonomic groups. These
include approximately 12 species of Oomycetes, 399 of Microsporidia (obligate intracellular pathogens), 65 of Chytridiomycota,
474 of Entomophtoromycota, 283 of Basidiomycota, and 476 of Ascomycota (Kaczmarek & Bogus, 2021; Bihal et al., 2023). The
most popular species of entomopathogenic including Beauveria, Paecilomyces Metarhizium, Lecanicillium, Isaria, Hirsutella,
and Lecanicillium species (Khan et al., 2012; Mascarin & Jaronski, 2016; Rios-Moreno et al., 2016; Bamisile et al., 2021).

Soil-inhabiting fungi, mostly isolated from arthropod carcasses, are important in controlling pest insects and are often used
as commercial biopesticides (Behie & Bidochka, 2014). However, as their use expands, concerns have been raised about their
potential non-target effects, particularly on natural enemies like predators and parasitoids, which are important for maintaining
ecological balance. These potential non-target effects underscore the need for further research and caution in the use of soil-
inhabiting fungi (Panwar & Szczepaniec, 2024).

Natural enemies can be divided into two main groups: predators and parasites. Ladybugs and spiders are predators, preying
on various insects throughout their life cycle (Evans, 2009; Mezéfi et al., 2020). Parasitoids, such as wasps or flies that lay their
eggs on or in other arthropods, are alternatively called parasites (Frago & Zytynska, 2023). The parasitoid eggs develop into
immature insects that feed on the host, eventually killing it. Although each developing parasitoid kills only one host during its
life cycle, they are generally more specific in the insects they target compared to predators (Memmott et al., 2000). Some hosts
can have more than one parasite. This phenomenon is known as superparasitism (Heimpel, 2019). Insects can also suffer from
diseases caused by bacteria, fungi, or viruses, known as entomopathogens (Kaya & Vega, 2012).

EPF has demonstrated effectiveness in targeting and killing insect pests, yet it also presents potential risks to non-target
organisms, including natural enemies. This could disrupt biological control strategies and alter ecosystem dynamics (Panwar
& Szczepaniec, 2024). The decline in natural enemy populations could lead to unintended consequences, such as secondary
pest outbreaks or shifts in ecological interactions (Cordeiro et al., 2014; Sanchez-Bayo, 2021). Additionally, competition between
EPF and natural enemies for the same hosts and the potential development of pest resistance could further complicate IPM
efforts. Striking a balance between using EPF and preserving natural enemies is crucial for sustainable pest control (Alharbi et
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al., 2022). This review aims to identify the potential negative impacts of entomopathogenic fungi on natural enemies that can be
used as guidance for biological control, to compile and evaluate existing research on these impacts, categorizing them according
to the IOBC scale effect, and to assess the limitations, approaches, and recommendations of the reviewed studies.

This review provides information on the potential risks associated with the use of EPF on non-target organisms, particularly
natural enemies like predators and parasitoids that play essential roles in maintaining ecological balance. The findings
underscore the necessity of a balanced approach in IPM, emphasizing the preservation of natural enemies while utilizing EPF
for pest control. Such information is essential to inform researchers and practitioners in developing strategies that minimize
unpredictable ecological consequences, ensuring the long-term success and sustainability of IPM programs.

MATERIALS AND METHODS

Publications associated with the negative impacts of EPF on natural enemies were retrieved from online databases in July 2024
and reviewed. PubMed and Scopus were selected as the databases due to their extensive repositories of full-text research
articles and rigorous peer-review processes. The search was restricted to English-language journal articles published between
2014 and 2024.

The following search strings were utilized in the selection of relevant articles in the title, keywords, or abstract: ((
"Entomopathog* fung*" OR "insect pathog*" OR "disease*" OR "fung*" ) AND ( "Natural enem*" OR "Predator*" OR "Parasit*"
OR "Arthropod*" OR "Insect*" OR "Hexapod*" ) AND ( "Negative impact*" OR "Effect*" OR "Implication*" OR "Consequence*"
OR "Affect*™" OR "Adverse*" OR "Mortalit*" OR "Behavior*" OR "Surviv*" OR "Life cycle*" OR "Parasitism*" ) AND ( "Integrated
Pest Management" OR "IPM" )). The literature search yielded 1499 records from Scopus and PubMed, which were imported to
Rayyan Al (http://rayyan.qcri.org) for data management and screening.

During screening and data extraction, the duplicates, conference proceedings, reviews, book chapters, and editorial material
were removed. The remaining records were retrieved in full text and reviewed in detail. The screening was executed by three
independent reviewers against the inclusion/exclusion criteria. Three criteria were determined for study inclusion: i) studies with
EPF, ii) studies with natural enemies, and iii) studies that evaluated at least one negative impact on natural enemies by the EPF.
For study exclusion, criteria include: i) no negative impacts on natural enemies reported; ii) studies of entomopathogens that
use bacteria and viruses, in addition to fungi; and iii) studies that are not written in English. This systematic review followed the
PRISMA statement and checklist guidelines in excluding or including publications during screening stages (Moher et al., 2009).
A flow chart for the systematic review is provided in Figure 1.
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Fig. 1. Preferred Reporting ltems for Systematic Reviews and Meta-Analysis (PRISMA) diagram of systematic quantitative literature review
selection process.

Potentially relevant articles were downloaded and read in full. Information and data relevant to this review were extracted
from the eligible articles. The information included the negative impacts, IOBC levels, target area for inoculation, fungi species,
natural enemy species, country where the study was conducted, study setting, and measured parameters. The study settings
used in each article were categorized into in vivo, in vitro, and combined approaches using more than one methodology (e.g.,
field & laboratory).

For data analysis, the negative impacts on natural enemies by the EPF were recorded, and their levels were evaluated
according to the setting study of the article using scale values from the International Organization for Biological Control (IOBC)
(Table 1) (Hassan et al., 1991). All figures were constructed using Microsoft Excel 2016, MapChart Version 5.7.5, freepik.com,
and VistaCreate.
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Table 1. Effect of entomopathogenic fungi on natural enemies based on the International Organization for Biological Control (IOBC) evaluation
scale (Hassan et al. 1991)

Scale value Category Reduction of population in different settings/conditions
Laboratory and Greenhouse Field

1 Harmless <50% <25%

2 Slightly harmful 50-79% 25-50%

3 Moderately harmful 80-99% 50-75%

4 Harmful >99% >75%

RESULTS AND DISCUSSION

Trends in publications on the negative impact of entomopathogenic fungi on natural enemies over time

The search strategy identified a total of 1214 articles after 285 duplicates were removed, and 1163 articles were dismissed
in the first-level screening based on titles and abstracts. Of the 51 full-text articles screened for eligibility, 21 were excluded for
being out of context, resulting in 30 articles being included in this systematic review. The number of published studies on the
negative impacts of EPF on natural enemies fluctuated between 2014 and 2024 (Figure 2). Only one study was recorded in
both 2014 and 2015, but this number increased to three studies in 2016. Following a decline in 2017 (n=1 study), the number of
publications gradually increased and peaked during 2020 — 2023 (n=4 studies, respectively).

Number of studies

0
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Publication years

Fig. 2. Temporal trend of published studies on the negative impacts of entomopathogenic fungi on natural enemies during 2014 to 2024.
*Indicates studies published until July 2024.

The fluctuation in the number of studies on the negative effects of EPF on natural enemies from 2014 to 2024 can be
attributed to shifts in research focus and awareness. Initially, there was limited interest in non-target effects, but this began to
grow by 2016 due to rising ecological risk concerns, including potential toxicity to certain plant species and grazing livestock
(Bamisile et al., 2021). According to the Food and Agriculture Organization (FAO) of the United Nations, approximately 40% of
agricultural yield is lost to pests, resulting in $220 million in global losses (FAO, 2021). Staple grains such as rice, maize, and
wheat recorded the highest yield losses, at 30.0%, 22.5%, and 21.5%, respectively (Savary et al., 2019). This situation likely
increased federal funding for biological control research, averaging 42% across the USA's universities, federal, and state levels.
Contributions from states range between 29% and 35%, commodity groups provide 19 - 24%, and private sources furnish the
balance (Leppla et al., 2024). This funding boost likely encouraged researchers to study non-target insects, resulting in two
studies in the USA in 2022 and 2023. The growing interest in eco-friendly approaches, driven by the plant pathologist's role in
improving agricultural yields and pest management, likely led to more research activity (Collinge et al., 2022).

Geographical distribution of studies on entomopathogens causing negative impacts

A total of 13 EPF species that negatively impact natural enemies in these regions from 12 countries (Figure 3). Brazil had
the highest number of studies (n=7; 23.3% of the total number of studies) (Savi et al., 2024), followed by Iran with 6 studies
(20.0%) (Atrchian et al., 2022). Spain contributed 13.3% (n=4) to the total studies (Garcia-Espinoza et al., 2024), while the USA
comprised 10.0% (n=3) of total studies (Pagac et al., 2023). China and Denmark each contributed 6.7% (n=2) (De Azevedo et
al., 2018) (Li et al., 2024). A single study was recorded in Argentina, Egypt, Greece, New Zealand, South Africa, and Uruguay,
respectively (Liu et al., 2019) (Corallo et al., 2021) (Mama Sambo et al., 2022) (Betsi & Perdikis, 2023) (Fergani et al., 2023)
(Manfrino & Rocca, 2024). Beauveria bassiana was the most studied species across nearly all countries. Iran had the highest
diversity of EPF species studied (n=6), followed by Brazil (n=5). Beauveria bassiana and Metarhizium brunneum were the only
species studied in Denmark and Spain. Nine EPF species were examined exclusively in a single country, including Acremonium
sclerotigenum, Akanthomyces muscarius, Cordyceps fumosorosea, Hirsutella thompsonii, Isaria fumosorosea, Lecanicillium
muscarium, Metarhizium rileyi, Paecilomyces variotii, and Simplicillium species.

Thirty-three species of natural enemies, including predatory and parasitoid insects from six orders, were recorded across
the studies (Figure 3B). Approximately 51.5% of the natural enemies recorded were parasitoids, while 48.5% were predators.
The order Hymenoptera was the most frequently studied group, with research conducted in countries such as Iran, Denmark,
Brazil, Spain, China, Uruguay, Egypt, South Africa, and the United States of America. In contrast, studies involving the order
Diptera were limited to Denmark. Among the species, Diaeretiella rapae was the most studied (n=3), followed by H. didymator,
A. colemani, H. axyridis, C. externa, and C. carnea.
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Fig. 3. Geographical distribution of entomopathogenic fungi species and taxonomic variation of natural enemies. A) The geographical distribution
of study sites from 30 reviewed articles, highlighting the study frequency and composition of entomopathogenic fungi species by country. B)
Venn's diagram illustrates the orders of natural enemies studied across different countries. (n = number of studies per order; the overlaps section
represents studies evaluating multiple orders).

South America, Asia, and Europe had the highest representation in the studies, each contributing 23.08%, while Africa
contributed 15.38%. North America and Australia each accounted for approximately 7.69% of the geographical distribution of
studies. Southeast Asia, despite its tropical climate and rich diversity of entomopathogenic fungi (Rajula et al., 2020; Garner et
al., 2024), did not meet the inclusion criteria for any of the studies. This region’s research focus remains more on the benefits
of entomopathogenic fungi for plant pests rather than their negative impacts on natural enemies (Rajula et al., 2021; Sani et al.,
2023; Ningrum et al., 2024).

Beauveria bassiana is the most commonly used entomopathogenic fungus (Figure 3). B. bassiana is an effective
entomopathogenic fungus known for its ability to parasitize hundreds of insect species, making it a valuable, environmentally
friendly biological control agent. Its effectiveness is largely attributed to its genetic diversity, which enhances its adaptability
to different insect hosts and environmental conditions. This genetic diversity allows various strains of B. bassiana to adapt to
specific environmental conditions and target specific insect species with high virulence. Several mutated genes and positively
selected genes reported previously (Zhang et al., 2020) may underpin the virulence of B. bassiana during the infection process,
which provides insights into the potential effects of natural variation on the virulence of B. bassiana, which is crucial for identifying
potential virulence factors. The selection of highly virulent strains, informed by their genetic diversity, enhances the efficacy of B.
bassiana as a biological control agent in integrated pest management programs.

The natural enemies from the order Hymenoptera, with 2.5-3.2 times more species than other orders, are the most studied
and the largest order among the reviewed articles due to their significant species diversity (Forbes et al., 2018). This is because
most larvae of the Parasitica infraorder - one of the two infraorders of apocritan Hymenoptera; the other being Aculeata, which
includes ants, bees, and stinging wasps- are mandatory parasites of insects and other arthropods, feeding on their host's tissues
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until the host dies, thereby earning the term "parasitoids." Hymenoptera can thrive in both temperate and tropical regions (Gaston
1991; Stork 1991). They are excellent alternatives to chemical pest control and play a crucial role in biological control programs.
Among all natural enemies used for biological control, parasitic Hymenoptera have been particularly successful (Upadhyay et
al., 2000).

Negative impact of entomopathogens on natural enemies
EPF has been identified to cause mortality (lethal effect) of natural enemies in most studies. This is followed by sublethal
effects such as survival rate (Figure 4).
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Fig. 4. Negative impact of entomopathogenlc fungi identified from 30 reviewed studies, with insect icon illustrations representing different
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impacts on natural enemies. Numbers on bars indicate the number of studies associated with each impact category.

EPF, while widely used as an alternative method for plant pest control, can have various negative impacts on natural enemies.
Direct treatment of predators with EPF at different concentrations has shown detrimental effects across all developmental stages
of some predator species (Abbas, 2020) particular, 14 out of 30 reviewed articles (45.1%) reported a decrease in population due
to increased mortality. This finding highlights a critical issue: many EPF are currently employed in biological control programs
without a comprehensive understanding of their potential impacts on the surrounding ecosystem, including their effects on
natural enemies.

Mortality rate of natural enemies caused by entomopathogenic fungi

Ten species of EPF were reported to cause mortality in natural enemies, as documented in 14 laboratory studies and one
field study (Table 2). The most severe negative impact of EPF is mortality, which can range from 18-99%. The highest mortality
rate (99.9%) was observed for the EPF L. muscarium against D. rapae, a parasitoid. This variability is influenced by factors
such as the species of EPF and the natural enemies involved. For instance, B. bassiana caused 40.80% mortality in C. noackae
and 53.50% mortality in M. pygmaeus (Table 2), demonstrating that the same fungus can have varying mortality effects on
the different species of natural enemies. This variation is partly due to the heterogeneity of the insect cuticle, which can differ
significantly in composition and thickness across various life stages of an insect (Ortiz-Urquiza & Keyhani, 2013). As a member
of the order Hymenoptera, C. noackae possesses a significantly thicker cuticle (ranging from 1.3 to 109.8 ym) compared to M.
pygmaeus, which belongs to the order Hemiptera (8.73-10.13 um) (Lilly et al., 2016; Peeters et al., 2017).

The IOBC scale was used to assess the mortality effects on natural enemies (van Lenteren, 2012). Of the 25 EPF-natural
enemy interactions identified, the majority were classified as moderately harmful (IOBC level 3) with 11 interactions, followed
by slightly harmful (level 2) with seven interactions, harmful (level 4) with four interactions, and harmless (level 1) with three
interactions. This shows that EPF has a lethal negative impact on natural enemies, with the moderately harmful category being
the most prevalent.

Reproductive ability of natural enemies treated with Entomopathogenic Fungi

The fungal treatments significantly influenced the fecundity of various insect species, often prolonging the time required for
different life stages compared to controls (Table 3). Specifically, fungi such as M. anisopliae and B. bassiana affected the pre-
pupal and pupal development times, as well as the overall time from oviposition to emergence or mummification in parasitized
insects. These sublethal effects include alterations in reproductivity activity, including decreased total fecundity, prolonged pre-
oviposition and oviposition periods, and potential reductions in the reproductive success of natural enemies (Table 3). Decrease
in reproduction may occur because natural enemies often avoid preying on or parasitizing insects infected by EPF, favouring
instead insects that are not exposed to these pathogens (Mesquita & Lacey, 2001). Consequently, the eggs produced by natural
enemies exposed to EPF may be lower compared to controls. These findings indicate that a reduction in the reproduction of
natural enemies can occur not only when EPF is applied directly to natural enemies but also when EPF is applied directly to the
hosts of natural enemies and to leaves treated with EPF (Jarrahi & Safavi, 2016a; De Azevedo et al., 2018).
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Table 2. Mortality effect of entomopathogenic fungi on natural enemies under different study conditions. % = percentage of mortality; IOBC
level = International Organization for Biological Control (IOBC) evaluation scale.

Fungi Species

Natural enemies Mortality (%)

IOBC level

Setting study

Reference

A. sclerotigenum

B. bassiana

P. variotii

Simplicillium sp.

L. muscarium

M. anisopliae IRN.1

B. bassiana CEP 091
A. muscarius CEP 182
C. fumosorosea CEP 315
M. anisopliae 2411

B. bassiana

B. bassiana

M. anisopliae

B. bassiana ESALQPL63
B. bassiana

H. thompsonii

B. bassiana ICMP 8701
B. bassiana B4

M. brunneum EAMa 01/58-Su
B. bassiana strain D1-5
M. anisopliae sensu lato M14

D. rapae 96.50 4 Greenhouse
D. rapae 98.60 4
D. rapae 56.60 3
D. rapae 76.70 4
D. rapae 99.90 4
M. sexmaculatus 43.75 2 Laboratory
O. insidiosus 42.20 2 Laboratory
O. insidiosus 55.60 3
O. insidiosus 54.40 3
C. externa 18.00 1 Laboratory
S. interruptus 59.96 3 Field
C. carnea 56.11 3
Formicide ants 65.10 3
C. noackae 40.80 2 Laboratory
C. noackae 22.60 1
C. externa 26.00 2 Laboratory
M. pygmaeus 53.30 3 Laboratory
T. evansi 58.75 3 Laboratory
A. limoniucus 30.00 2 Laboratory
A. japonicus 52.00 3 Laboratory
A. cucumeris 81.20 3
H. didymator 62.50 3 Laboratory
T. dendrolimi 36.00 2 Laboratory
H. hebetor 6.67 1 Laboratory

Akbari et al., 2020

Atrchian et al., 2022
Manfrino & Rocca, 2024

Corallo et al., 2021
Fergani et al., 2023

Domingues et al., 2020

Dias et al., 2020

Betsi & Perdikis, 2023
Savi et al., 2024

Liu et al., 2019
Lietal., 2024

Miranda-Fuentes et al., 2019
Wu et al., 2022
Jarrahi & Safavi, 2016b

Table 3. Negative impact of entomopathogenic fungi on the reproduction of natural enemies.

Fungi Species  Natural Enemies  Effect on Reproduction of Natural Enemies References
M. anisopliae Habrobracon Treatment of M. anisopliae on H. armigera larvae with sublethal concentration  Jarrahi & Safavi,
hebetor (LC,): 2016a
e Attime intervals of 48 and 72 hr post-infection, the pre-oviposition
to was longer than control with 0.67 + 0.14 and 1.11 + 0.26 days,
respectively.
e Attime intervals of 24, 48, and 72 hr post-infection can
significantly reduce the oviposition ability of H. armigera to 15.53 +
0.58, 14.08 + 0.45, and 12.89 + 0.51 days, respectively.
e Attime intervals of 24, 48, and 72 hr post-infection can
significantly reduce the fecundity total of H. armigera to 100.13 +
3.47,63.67 £ 3.66, and 45.67 + 4.39 eggs, respectively.
e Attime intervals of 0, 24, 48, and 72 hr post-infection, can
significantly reduce the net reproductive rate (Ro) of H. armigera
to 43.895 + 0.969, 27.767 + 0.963, 14.235 + 0.818, and 7.677
0.734, respectively.
H. thompsonii T. evansi Application of H. thompsonii on P. longipes eggs reduced its total fecundity Savi et al., 2024
to 12 eggs per female, while application to adult P. longipes reduced total
fecundity to 9.40 + 2.40 eggs per female.
B. bassiana A. limoniucus Sublethal concentrations of EPF (LC, & LC, ) significantly reduced the Liu et al., 2019
fecundity of A. limonicus, and sublethal concentrations of EPF (LC, )
significantly shortened the oviposition period of A. limonicus.
B. bassiana A. japonicus Treatment of B. bassiana with concentrations 107, 108, and 10° significantly Li et al., 2024

M. brunneum

M. brunneum

H. didymator

A. aphidimyza

reduces the fecundity of A. japonicus to 70.00 + 2.45, 69.33 + 3.58, and
38.00 £ 1.21 eggs/female, respectively.

Treatment of M. brunneum on the reproductive potential of F1 generation
of female parasitoids; 48.80% parasitized larvae compared with the control
65.90%

Significantly more Aphidoletes aphidimyza eggs were found on untreated
leaves (93.00%) than on fungus-treated leaves (65.00%)

Miranda-Fuentes et
al., 2019

De Azevedo et al.,
2018
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Longevity rate of natural enemies treated with Entomopathogenic Fungi

Ten interactions between EPF and natural enemies were identified, all resulting in reduced lifespan of the natural enemies
(Table 4). Ideally, natural enemies should exhibit high fecundity and long longevity to optimize reproductive opportunities during
their lifetime (Plouvier & Wajnberg, 2018). Exposure to fungal pathogens such as M. brunneum, B. bassiana, and M. anisopliae
significantly shortened the longevity of various beneficial insects, including A. aphidimyza midges, T. podisi females, and D.
rapae parasitoids (Martins et al., 2014; De Azevedo et al., 2018; Battisti et al., 2022). This shows that the negative impacts of
EPF can also affect the longevity of natural enemies.

Table 4. Negative impact of entomopathogenic fungi on the longevity of natural enemies

Fungi Species

Natural Enemies

Effect on Longevity of Natural Enemies

References

M. brunneum

B. bassiana

M. anisopliae

B. bassiana

M. anisopliae

Aphidoletes
aphidimyza

Telenomus podisi

D. rapae

Dolichogenidea
gelechiidivoris

The longevity of A. aphidimyza midges exposed to M. brunneum was
significantly reduced to 6.4 + 0.3 days, which was 1.9 days shorter than
untreated leaves.

The longevity of adult T. podisi females exposed to B. bassiana was
significantly reduced to 13.4 + 0.35 days, which was 5.14 days shorter
compared to the control group.

The longevity of adult T. podisi females exposed to M. anisoplia was
significantly reduced to 14.1 + 0.35 days, a decrease of 4.49 days
compared to the control.

The longevity of adult females D. rapae when aphids were first exposed
to the parasitoid and then sprayed with B. bassiana was significantly
reduced in all treatments (0, 24, 48 hr after parasitization) with 4.53 +
0.17,4.40 £ 0.19, and 2.20 + 0.20 days, respectively.

The longevity of adult females D. rapae when aphids were first

sprayed with B. bassiana and then exposed to the parasitoid was
significantly reduced in all treatments (0, 24, 48 hr after being sprayed
with B. bassiana) with 1.50 + 0.29, 3.00 + 0.58, and 2.73 + 0.15 days,
respectively.

Wasps had relatively longer longevity, with up to 8 days of median
survival time.

De Azevedo et al.,
2018

Battisti et al., 2022

Martins et al., 2014

Mama Sambo et
al., 2022

H. thompsonii Phytoseiulus The longevity of female P. longipes was reduced when applied to eggs Savi et al., 2024
longipes (10.8 = 2.44), female adults (6.0 + 0.99), and male adults (5.3 + 0.8).
B. bassiana A. limoniucus Sublethal effects of B. bassiana with LC, and LC,, concentrations Liu et al., 2019

significantly reduced the longevity of F A. limoniucus females to 9 and
7 days. LC,, concentration significantly reduced the longevity of F, A.
limoniucus with males to 18.65 + 1.92.

M. anisopliae Trichogramma The longevity of T. atopovirilia was reduced by the application of M. Araujo et al., 2020
Strain IBCB348 atopovirilia anisopliae 1BCB348.

B. bassiana Strain The longevity of T. atopovirilia was reduced by the application of B.

CG716 bassiana CG716.

L. longisporum D. rapae The longevity of F1 females D. rapae was reduced when aphids were José da Silva et al.,

first exposed to the parasitoid and then sprayed with L. longisporum at
intervals of 0, 24, and 48 hr, resulting in lifespans of 6.07 + 0.28, 4.06 +
0.48, and 2.92 + 0.45 days, respectively.

The longevity of F1 females D. rapae was reduced when aphids were
first exposed to the entomopathogen and then parasitized at intervals of
0, 24, and 48 hr, resulting in lifespans of 1.33 £ 0.33, 2.93 £ 0.30, and
2.67 £ 0.23 days, respectively.

2017

Survival rate of natural enemies treated with Entomopathogenic Fungi

Survival rates of natural enemies decreased following treatment with EPF, with variation across species (Table 5). The
survival rate of natural enemies can decrease by 22-93%, depending on the specific fungal species and the natural enemies
treated (Table 5). The largest decrease in survival rate was reported in a previous study (Shrestha et al., 2017), where B.
bassiana reduced the emergence of adult A. abdominalis by 10% and control treatment by 87%. This shows another negative
impact of EPF on natural enemies.
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Table 5. Negative impact of entomopathogenic fungi on the survival rate of natural enemies

Fungi Species

Natural Enemies

Effect on Survival Rate of Natural Enemies

References

B. bassiana GHA

B. bassiana GHA
B. bassiana ANT-
03

I. fumosorosea
B. bassiana CEP
091

A. muscarius CEP
182

C. fumosorosea
CEP 315

M. anisopliae

H. thompsonii

B. bassiana

B. bassiana

B. bassiana

B. bassiana

L. longisporum

L. longisporum

B. bassiana B2

B. bassiana

B. bassiana

L. longisporum

M. brunneum

M. anisopliae

B. bassiana

Chilocorus cacti

Hyperapis
bigeminata
C. cacti

H. bigeminata
Orius insidiosus

D. gelechiidivoris
T. evansi
Spalangia
cameroni
Muscidifurax
raptor

Spalangia endius
Amblydromalus

limoniucus
Encarsia formosa

D. rapae

T. atopovirilia

D. rapae

Aphelinus
abdominalis

Encarsia formosa

Aphidoletes

aphidimyza

Telenomus podisi

T. podisi

B. bassiana GHA reduced the survival of adults Chilocorus spp. (57%)
and larvae Chilocorus spp. (84%).

B. bassiana GHA reduced the survival of adult H. bigeminata spp. (84%)
and H. bigeminata larvae (93%).

B. bassiana ANT-03 reduced the survival of adult Chilocorus spp. by
40%.

1. fumosorosea reduced the survival of H. bigeminata larvae by 69%.
Survival rate of O. insidiosus was reduced by approximately 50% in
individuals treated with B. bassiana CEP 091 compared to the control.
The survival rate of O. insidiosus was reduced by approximately 50% in
individuals treated with A. muscarius CEP 182 compared to the control.
The survival rate of O. insidiosus was reduced by approximately 50%

in individuals treated with C. fumosorosea CEP 315 compared to the
control.

Survival time of D. gelechiidivoris was significantly reduced, whereby
50% of wasps died by day three post-infection with dry M. anisopliae.
Survival rate of larvae and nymphs of P. longipes was reduced when H.
thompsonii was applied to eggs with 74.4% + 7.0 and 38.8% * 6.9%.
Survival of S. cameroni treated with B. bassiana strains shows survival
times less than the control (in the range 5.63 - 6.13 days).

Survival of M. raptor treated with B. bassiana strains shows survival
times less than the control (in the range 5.20 — 5.36 days).

Survival of S. endius-treated B. bassiana strains shows survival times
less than the control (6.04 + 0.24 days).

The survival rate of A. limonicus treated with B. bassiana LC30 was
decreased by 90 + 4.3% compared to the control.

Survival rate of E. formosa treated with L. longisporum LRC190 was
decreased to 33-82% (larvae) and 45-66% (pupae).

Survival rate of E. formosa treated with L. longisporum LRC216 was
decreased to 22-57% (larvae) and 48-60% (pupae).

The survival rate of E. formosa treated with L. longisporum LRC229 was
decreased to 53% (larvae) and 63% (pupae).

Parasitoid emergence was affected in treatments consisting of spraying
L. longisporum immediately (O hr) after or before parasitism.

Reduced the percentage of emerged T. atopovirilla adults to 75.8%
compared to the control 93.5%.

The mean emergence for the treatments with B. bassiana spraying after
different periods ranged from 22.70 - 40.89%.

High spore concentration of B. bassiana as measured by rates of

adult emergence (10 * 5.56%) compared to the control treatment adult
emergence (87 = 4.40%).

The emergence of parasitoid adults from treated pupae was observed
in the control (85%), while LRC216 (48%) and LRC190 (45%) had the
highest impact on immature E. formosa.

The proportion of midges that emerged from the soil was significantly
higher in the control containers (71%) compared to those in the fungus-
treated containers (53%).

A significant reduction in the percentage of emergence with M.
anisopliae treatment (10.3%) compared to the control (45.3%).

A significant reduction in the percentage of emergence with B. bassiana
treatment (10.2%) compared to the control (45.3%).

Matos Franco et al.,
2022

Manfrino & Rocca,
2024

Mama Sambo et
al., 2022
Savi et al., 2024

Pagac et al., 2023

Liu et al., 2019

Fazeli-Dinan et al.,
2016

José da Silva et al.,
2017

Araujo et al., 2020
Martins et al., 2014

Shrestha et al.,
2017

Fazeli-Dinan et al.,
2016

De Azevedo et al.,
2018

Battisti et al., 2022

Developmental time of natural enemies treated with Entomopathogenic Fungi

The negative impact of EPF on natural enemies was also observed in developmental time (Table 6). Fungal treatments
significantly affected the developmental time and stages of various insects, with some fungi prolonging the egg, pre-adult,
and mean generation times of M. sexmaculatus, M. anisopliae, and M. rileyi, reducing the duration of pre-pupae stages. The
impact on developmental times varied by fungal species and application timing, influencing the periods between oviposition,
mummification, and emergence of adults, particularly in D. rapae and H. hebetor. These results indicate that fungal pathogens
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can alter life cycle durations and developmental phases in insect populations.

The development period of natural enemies does not always indicate that their ability to control pests is decreasing. Rapid
development can lead to a quicker increase in natural enemy populations, and a short parasitoid development time is often
advantageous for biological control (Murdoch et al., 2003). Adult size is typically a primary trait in parasitoid selection, as fitness-
related traits such as fecundity and longevity generally increase with larger size (Colinet et al., 2007). Both approaches require
further observations on the ability of natural enemies to attack pests to determine whether the development time is beneficial or
harmful.

Additionally, EPF treatment also affects the behavior of natural enemies, particularly in their consumption or parasitization of
pests. Behavioral changes are evident through decreased consumption/parasitization of natural enemies against pests exposed
to EPF (Table 6). This is likely due to the development of a fungal hyphal layer around the pests, which may deter natural
enemies from consuming or parasitizing them. For example, lacewings often avoid fully consuming S. littoralis larvae infected by
the fungus M. brunneum, possibly to avoid fungal-infected areas or because the fungal infection degrades the larvae’s nutritional
quality (Quesada-Moraga et al., 2022). Understanding these sublethal effects on natural enemies allows the development of
effective integrated pest management programs.

Table 6. Negative impact of EPF on the developmental time of natural enemies

Fungi species Natural Enemies  Effect on Developmental Time of Natural Enemies References
M. anisopliae M. sexmaculatus  The egg phase, preadult phase, and average generation time of EPF-treated  Atrchian et al., 2022
M. sexmaculatus became longer compared to the control.

M. anisopliae C. externa The larvae treated with M. anisopliae had a lower average duration of the Dias et al., 2020
pre-pupae stage.

M. rileyi C. externa The larvae treated with M. rileyi had a lower average duration of the pre-
pupae stage.

L. longisporum  D. rapae The developmental time from oviposition to mummification of the D. rapae José da Silva et al.,

F1 generation was negatively affected by the spraying of L. longisporumat0 2017
hr after parasitism; this treatment extended the mummification of D. rapae to

7.13 days.

The developmental time from oviposition to emergence in the F1 generation

of D. rapae treated with L. longisporum for both males and females was

shorter than in the control.

M. brunneum H. didymator The fungal treatment significantly affected the pupal development time of the =~ Miranda-Fuentes et
parasitoid, causing a slight yet significant reduction when S. littoralis larvae al., 2019
were inoculated with the fungus (6 days) compared to the non-inoculated
control (6.73 days).

M. anisopliae H. hebetor The treatment of M. anisopliae on H. armigera larvae with a sublethal Jarrahi & Safavi,
concentration (LC, ), which is then parasitized by H. hebetor after 72 hr, can 2016b
affect the development time of the H. hebetor life stage to be longer in each
stadia (egg, larva, pupa, preadult), namely 1.86 + 0.12; 3.27 + 0.16; and 9.68
+ 0.15 days.

Treatment of M. anisopliae on H. armigera larvae with sublethal
concentration (LC, ) after 24, 48, and 72 hr can affect the total immature by
13.06 £ 0.19, 13.75 £ 0.23, and 14.82 + 0.31, respectively.

B. bassiana D. rapae Shortened developmental time from oviposition to mummification of D. rapae  Martins et al., 2014
when aphids were first exposed to the parasitoid and then sprayed with B.
bassiana (Dr+Bb) at Oh after the parasitism, with 6.03+£0.03 days.

Shorten developmental time from oviposition to emergence of D. rapae
when aphids were first exposed to the parasitoid and then sprayed with B.
bassiana (Dr+Bb) at 24 and 48 hr after the parasitism, with 9.68 + 0.13 days
for males and 9.67 + 0.18 and 10.07 + 0.13 for females, respectively.
Shorten developmental time from oviposition to mummification of D. rapae
when aphids were first exposed to the entomopathogen and then parasitized
(Bb + Dr) at 0 and 24 hr after the inoculation with 6.05 + 0.05 and 6.00 + 0.05
days, respectively.

Shorten developmental time from oviposition to emergence of D. rapae when
aphids were first exposed to the entomopathogen and then parasitized (Bb +
Dr) at 24 and 48 hr after the inoculation with 10.05 + 0.05 and 10.17 + 0.07
days for males.

Shortened developmental time from oviposition to emergence of D. rapae
when aphids were first exposed to the entomopathogen and then parasitized
(Bb + Dr) at 24 hr after the inoculation, with 9.53 + 0.16 days for females.
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Table 6. Continued
M. anisopliae H. didymator M. anisopliae sprayed on leaves of melon increased pupal development Garcia-Espinoza et
time of H. didymator and preimaginal to 12.71 + 0.30 and 19.46 + 0.30, al., 2024
respectively.
M. anisopliae unsprayed on leaves of melon increased the preimaginal
stages of H. didymator to 13.44 + 0.38 and 20.38 + 0.44, respectively.
B. bassiana H. didymator B. bassiana sprayed on leaf melon increased the pupal development time of
H. didymator to 12.56 + 0.29.

Fungus application methods

The use of EPF requires appropriate application methods to optimize the infection process while minimizing impacts on
natural enemies. Various studies have employed several application methods, including spraying on host targets, foliar spraying,
soil inoculation, application on glass tubes, filter paper, rearing media, treatment tubes, direct spraying on natural enemies,
immersion, seed coating, and soil drenching (Table 7).

The application of EPF as a biological control method has shown promising results in managing pests and the benefits
associated with the host plant (Bamisile et al., 2021). However, its effects on non-target organisms, particularly natural enemies
like predators and parasitoids, warrant careful evaluation. Different fungi species, when applied using various methods such
as spraying, soil inoculation, or seed coating, have demonstrated significant impacts on the survival, reproduction, and overall
fitness of these beneficial organisms (Jarrahi & Safavi, 2016; De Azevedo et al., 2018; Garcia-Espinoza et al., 2024).

The most used methods in several studies are foliar spray and direct spraying on natural enemies (Table 7). The foliar spray
method is widely employed for pest control due to its effectiveness (Heviefo et al., 2020). According to Butt et al. (2016), high
insect mortality observed in foliar applications could be due to the large number of fungal conidia that come into direct contact
with the insect cuticle. This direct contact allows the fungus to quickly germinate and invade the insect's hemocytes, thereby
accelerating the onset of mycosis. This is likely to be the case as well when direct application to natural enemies is evaluated, as
contact with conidia can produce similar effects to those observed with the foliar spray method. The lethal and sublethal effects
of entomopathogenic fungi vary depending on several factors, including the fungal species tested, isolate, the organism being
evaluated, application method (Table 7), concentration, and the time interval between the application of the entomopathogen and
the release of natural enemies, among other abiotic factors (Battisti et al., 2022).

Table 7. Impact of different application methods on natural enemies

Application method Species of Fungi Optimum Effects on Natural Enemies
Concentration
(cfu/ml)
Spraying on the M. anisopliae 2 x 108 Reduced the development time, daily fecundity, net reproductive
host target rate, and generation time of the adult parasitoid (Habrobraon
habator)
B. bassiana 1x 108 Caused mortality in the parasitoid (Cleruchoides noackae)
M. anisopliae
B. bassiana 1x108 Increased time employed by lacewing predators to consume aphids
1.5%x10° Reduced percentage of emerged adults and longevity of parasitoid
(Tricogramma pretiosum)
1 x10° Reduced the percentage of mummies, emergence, and longevity of
D. rapae F1 generation
1x10° Reduced the percentage of mummification, emergence of
parasitoids (Aphelinus abdominalis)
H. thompsonii 6 x 102 Reduced egg hatching, survival, total fecundity, and longevity of the
predator (Phytoseiulus longipes) and caused larval mortality.
L. longisporum 1x108 Reduced the percentage of mummification, adult emergence,

longevity, and parasitization of parasitoids (Diaeretiella rapae)
while increasing the developmental time from oviposition to
emergence for both male and female D. rapae

M. brunneum 1x 108 Caused mortality in adult parasitoids (Hyposoter didymator) and
reduced reproductive potential of the F1 generation of female
parasitoids, and shortened pupal development time.

1x 108 Reduced feeding ability and weight gain of predators (C. carnae)
M. anisopliae 1x 108 Reduced survival time and longevity of parasitoid (D. gelechiidivoris)
Lecanicillium 2.6 x 107 Reduced the percentage emergence and survival rate of adult
longisporum parasitoids (Encarsia formosa)
Soil inoculation M. brunneum 5x 108 Reduced the percentage of emergence and caused mycosis

symptoms in predators (Aphidoletes aphidimyza)
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Table 7. Continued

Foliar spray M. brunneum 5x 108 Reduced predator longevity and egg numbers of predators (A.
aphidimyza)
A. sclerotigenum 1% 108 Caused mortality in parasitoids (D. rapae)
B. bassiana
P. variotii
Simplicillium sp.
L. muscarium
B. bassiana 11.5 x 107 Caused mortality in predators (Macrolophus pygmaeus)
1x 10" Caused the lowest mortality in parasitoid pupae
(Eretmocerus mundus)
1% 108 Reduced population of predators (C. carnea, ant, and Scymnus
interruptus)
B. bassiana 1% 108 Increased the pupal development time of the parasitoid (H.
didymator)
M. brunneum 1% 108 Increased pupal development time and preimaginal time stage of
parasitoid (H. didymator)
Smearing on the M. ansiopliae 1.38 x 108 Reduced longevity and percentage emergence of adult parasitoids
inner surface of the (Telenomus podisi)
glass tube B. bassiana 1% 108
Filter paper B. bassiana 1.91x107 Reduced survival times of parasitoids (Spalangia cameroni,
inoculation Muscidifurax raptor, S. endius)
Applied to the B. bassiana 7 x10° Inhibited reproduction of predators (Amblyseius cucumeris
rearing media
Applied to the B. bassiana 1x10° Increased the mortality of predators (Anastatus japonicus) and
treatment tube reduced the total fecundity of A. japonicus
Direct spraying on M. anisopliae 2.6 x 107 Caused mortality in adult predators (Menochilus sexmaculatus)
natural enemies and increased egg developmental stage time, pupal developmental
stage time, and pre-adult (male) time
B. bassiana 4.31 x 107 Reduced the percentage survival of adult and larva predators

(Chilocorus spp.) and reduced the percentage survival of adult and
larva predators (Hyperaspis bigeminata)

I. fumosorosea 9 x 108 Reduced the percentage survival of larvae (H. bigeminata)
B. bassiana 1x107 Caused mortality in predators (Orius insidiosus)
A. muscarius 1x107
C. fumosorosea 1x107
M. anisopliae 1x107 Caused mortality in C. externa.
B. bassiana 1x107 Caused mortality in the predator (C. externa
M. anisopliae 1 %108 Reduced the average duration of the C. externa pre-pupae stage
M. rileyi 1x10° Reduced the average duration of the C. externa pre-pupae stage
M. anisopliae 1.15 x 107 Caused mortality and reduced the handling time of the parasitoid
(H. hebetor)
Immersion B. bassiana 2.5 x10° Caused the mortality of parasitoids (7. denrolimi) and reduced the
time spent in post-oviposition antennation.
3.5 x 10* Caused mortality in female predators (A. limonicus) and reduced

survival rate, the egg duration, preadult development, total pre-
ovipositional, predation rates, fecundity, longevity, oviposition
period, and predation rates of predators
Seed coating M. brunneum 1x108 Reduced the percentage parasitization of parasitoid (H. didymator)
Soil drenching M. brunneum 1x108 Reduced the percentage of parasitoid parasitization (H. didymator)

Limitations and recommendations

One of the primary challenges identified in these studies is the conditions under which the experiments were conducted.
Many bioassays were performed in controlled laboratory or greenhouse environments, which do not fully replicate the complex
and variable conditions of the field. This is because experiments conducted in laboratories and greenhouses are designed to
evaluate the effects of a given treatment. Environmental conditions are optimised to increase the chance of these effects being
elicited. This limitation raises concerns about the applicability of the findings to real-world agricultural settings, where factors such
as temperature, humidity, and light can significantly influence the effectiveness of biological control agents and their interactions
with pests. The effectiveness of these EPF, as well as their interactions over multiple generations of pests and natural enemies,
remains insufficiently understood in field conditions. We anticipate that the application of EPF as a pest control method in the
field may exert negative impacts on natural enemies. This possibility is supported by field studies reporting moderate harmful
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effects (Fergani et al., 2023). Moreover, although EPF applications do not directly target natural enemies, inoculum present on
plant leaves and pests may serve as a source of EPF transmission to natural enemies (De Azevedo et al., 2018; Fazeli-Dinan
et al., 2016).

To address these challenges, future research should be conducted under realistic field conditions to better account for
environmental variability. In addition, research on parameters such as feeding behaviour by observing how long natural enemies
take to obtain prey, as well as understanding the mechanism of spore transmission from EPF to natural enemies. This approach
will provide a more realistic assessment of the effects on natural enemies and offer evidence for the simultaneous use of
entomopathogens and natural enemies within an integrated pest management context. We also recommend monitoring the
natural enemies present in the agricultural field beforehand. The results of this monitoring can be used to determine the EPF
species to be applied. We found that certain EPF species do not cause high mortality to natural enemies, such as M. anisopliae
sensu lato M14 against H. hebetor, which is classified as harmless based on the IOBC index (Table 2).

CONCLUSION

Entomopathogenic fungi offer a promising and environmentally friendly approach to pest control. However, there are still
many questions about whether the use of EPF is safe for natural enemies. This review highlights the interactions between
entomopathogenic fungi and natural enemies, showing lethal effects such as increased mortality, as well as sublethal effects
on reproduction, longevity, survival rates, development time, and parasitism that significantly impact natural enemies. This
finding could serve as an early warning to evaluate the use of EPF in pest control. At present, further field research is very
necessary to explore these potential impacts at the field scale and to assess the broader ecological consequences of applying
entomopathogenic fungi on natural enemies in their natural environment.

ACKNOWLEDGEMENTS
The authors thank the Universiti Driven Research Programme (UDRP) — Biodiversity and Conservation (ConBioD) for their
support.

ETHICAL STATEMENT
Not applicable

CONFLICT OF INTEREST
The authors declare no conflict of interest.

REFERENCES

Abbas, M.S.T. 2020. Interactions between entomopathogenic fungi and entomophagous insects. Advances in Entomology, 8(3):
130-146. https://doi.org/10.4236/ae.2020.83010

Akbari, S., Mirfakhraie, S., Aramideh, S. & Safaralizadeh, M.H. 2020. Effect of fungal isolates and imidacloprid on cabbage
aphid Brevicoryne brassicae and its parasitoid Diaeretiella rapae. Zemdirbyste, 107(3): 255-262. https://doi.org/10.13080/
z-a.2020.107.033

Alharbi, W., Sandhu, S.K., Areshi, M., Alotaibi, A., Alfaidi, M., Al-Qadhi, G. & Morozov, A.Y. 2022. Revisiting implementation of
multiple natural enemies in pest management. Scientific Reports, 12(1): 11897. https://doi.org/10.1038/s41598-022-18120-z

Araujo, E.S., Poltronieri, A.S., Poitevin, C.G., Miras-Avalos, J.M., Zawadneak, M.A.C. & Pimentel, I.C. 2020. Compatibility
between entomopathogenic fungi and egg parasitoids (Trichogrammatidae): A laboratory study for their combined use to
control Duponchelia fovealis. Insects, 11(9): 630. https://doi.org/10.3390/insects11090630

Atrchian, H., Mahdian, K. & Izadi, H. 2022. Sub-lethal effects of Metarhizium anisopliae on the life table parameters of the
predatory coccinellid Menochilus sexmaculatus Fabricius. Journal of Applied Entomology, 146(9): 1136-1144. https://doi.
org/10.1111/jen.13052

Avery, P.B., George, J., Markle, L., Martini, X., Rowley, A.L., Meagher, R.L., Barger, R.E., Duren, E.B., Dawson, J.S. & Cave,
R.D. 2022. Choice behavior of the generalist pentatomid predator Podisus maculiventris when offered lepidopteran larvae
infected with an entomopathogenic fungus. BioControl, 67: 201-211. https://doi.org/10.1007/s10526-021-10124-4

Bamisile, B.S., Siddiqui, J.A., Akutse, K.S., Aguila, L.C.R. & Xu, Y. 2021. General limitations to endophytic entomopathogenic
fungi use as plant growth promoters, pests and pathogens biocontrol agents. Plants, 10(10): 2119. https://doi.org/10.3390/
plants10102119

Battisti, L., Warmling, J.V., De Freitas Vieira, C., De Oliveira, D.H.R., De Lima, Y.R.A., De Freitas Bueno, A., Potrich, M.,
Schmaltz, L.E., Mazaro, S.M., Lopes, .O.N. & Bueno, A.D.F. 2022. Selectivity of Metarhizium anisopliae and Beauveria
bassiana to adults of Telenomus podisi (Hymenoptera: Scelionidae). Semina: Ciencias Agrarias, 43(2): 727-738. https://doi.
org/10.5433/1679-0359.2022v43n2p727

Behie, S.W. & Bidochka, M.J. 2014. Ubiquity of insect-derived nitrogen transfer to plants by endophytic insect-pathogenic fungi:
An additional branch of the soil nitrogen cycle. Applied and Environmental Microbiology, 80(5): 1553-1560. https://doi.
org/10.1128/AEM.03338-13

Betsi, P.C. & Perdikis, D.C. 2023. Lethal and sub-lethal effects of organic-production-approved insecticides and fungicides
on the predator Macrolophus pygmaeus (Rambur) (Hemiptera: Miridae). Insects, 14(11): 866. https://doi.org/10.3390/
insects14110866

Bihal, R., Al-Khayri, J.M., Banu, A.N., Kudesia, N., Ahmed, F.K., Sarkar, R., Arora, A. & Abd-Elsalam, K.A. 2023. Entomopathogenic
fungi: An eco-friendly synthesis of sustainable nanoparticles and their nanopesticide properties. Microorganisms, 11(6):
1617. https://doi.org/10.3390/microorganisms11061617

Malaysian Applied Biology (2025), 54(4): 25-39 36



Review Article https://doi.org/10.55230/mabjournal.v54i4.3566

Butt, T.M., Coates, C.J., Dubovskiy, .M. & Ratcliffe, N.A. 2016. Entomopathogenic fungi: new insights into host-pathogen
interactions. Advances in Genetics, 94: 1-58. https://doi.org/10.1016/bs.adgen.2016.01.006

Colinet, H., Boivin, G. & Hance, T. 2007. Manipulation of parasitoid size using the temperature-size rule: Fitness consequences.
Oecologia, 152(3): 425-433. https://doi.org/10.1007/s00442-007-0674-6

Collinge, D.B., Jensen, D.F., Rabiey, M., Sarrocco, S., Shaw, M.W. & Shaw, R.H. 2022. Biological control of plant diseases - what
has been achieved and what is the direction? Plant Pathology, 71: 1024-1047. https://doi.org/10.1111/ppa.13555

Corallo, A.B., Pechi, E., Bettucci, L. & Tiscornia, S. 2021. Biological control of the Asian citrus psyllid, Diaphorina citri Kuwayama
(Hemiptera: Liviidae) by entomopathogenic fungi and their side effects on natural enemies. Egyptian Journal of Biological
Pest Control, 31(1): 15. https://doi.org/10.1186/s41938-020-00358-2

Cordeiro, E.M.G., Corre™a, A.S. & Guedes, R.N.C. 2014. Insecticide-mediated shift in ecological dominance between two
competing species of grain beetles. PLoS ONE, 9(6): e100990. https://doi.org/10.1371/journal.pone.0100990

de Azevedo, A.G.C., Stuart, R.M. & Sigsgaard, L. 2018. Presence of a generalist entomopathogenic fungus influences the
oviposition behaviour of an aphid-specific predator. BioControl, 63(5): 655-664. https://doi.org/10.1007/s10526-018-9889-1

Dias, P.M., Loureiro, E.D.S., Pessoa, L.G.A., Devoz, G.L.R., Barbosa Junior, G.B., Werner, A.M., Navarrete, A.A., Barbosa,
J.C., Batista Filho, A. & de Alcantara Neves, P.M.O.J. 2020. Selectivity of entomopathogenic fungi to Chrysoperla externa
(Neuroptera: Chrysopidae). Insects, 11(10): 716. https://doi.org/10.3390/insects11100716

Domingues, M.M., Becchi, L.K., Velozo, S.G.M., de Souza, A.R., Barbosa, L.R., Soares, M.A., Serréo, J.E., Zanuncio, J.C.,
Wilcken, C.F. & Soliman, E.P. 2020. Selectivity of mycoinsecticides and a pyrethroid to the egg parasitoid Cleruchoides
noackae (Hymenoptera: Mymaridae). Scientific Reports, 10(1): 14617. https://doi.org/10.1038/s41598-020-71151-2

Evans, E.W. 2009. Lady beetles as predators of insects other than Hemiptera. Biological Control, 51(2): 255-267.

FAO. 2021. Climate change fans spread of pests and threatens plants and crops, new FAO study. FAO publications catalogue
2022. https://www.fao.org/newsroom/detail/Climate-change-fans-spread-of-pests-and-threatens-plants-and-crops-new-
FAO-study/en [3 October 2024].

Fazeli-Dinan, M., Talaei-Hassanloui, R. & Goettel, M. 2016. Virulence of the entomopathogenic fungus Lecanicillium longisporum
against the greenhouse whitefly, Trialeurodes vaporariorum and its parasitoid Encarsia formosa. International Journal of
Pest Management, 62(3): 251-260. https://doi.org/10.1080/09670874.2016.1182228

Fergani, Y.A., Refaei, E.A.E., Faiz, N.M. & Hamama, H.M. 2023. Evaluation of chlorpyrifos and Beauveria bassiana as a strategy
in the Egyptian sugar beet fields: impact on Spodoptera littoralis (Boisduval) and its associated predators populations and
the sugar beetroot yield. Egyptian Journal of Biological Pest Control, 33(1): 105. https://doi.org/10.1186/s41938-023-00744-
6

Forbes, A.A., Bagley, R.K., Beer, M.A,, Hippee, A.C. & Widmayer, H.A. 2018. Quantifying the unquantifiable: Why Hymenoptera,
not Coleoptera, is the most speciose animal order. BMC Ecology, 18(1): 21. https://doi.org/10.1186/s12898-018-0176-x

Frago, E. & Zytynska, S. 2023. Impact of herbivore symbionts on parasitoid foraging behaviour. Current Opinion in Insect
Science, 56: 101027. https://doi.org/10.1016/j.cois.2023.101027

Garcia-Espinoza, F., Yousef-Yousef, M., Garcia del Rosal, M.J., Cuenca-Medina, M. & Quesada-Moraga, E. 2024. Greenhouse
melon crop protection and production through the compatible use of a parasitoid with endophytic entomopathogenic
ascomycetes. Journal of Pest Science, 97: 1899-1912. https://doi.org/10.1007/s10340-023-01735-0

Garner, AJ., Samanta, D., Weaver, M.M. & Horton, B.P. 2024. Changes to tropical cyclone trajectories in Southeast Asia under
a warming climate. npj Climate and Atmospheric Science, 7(1): 156. https://doi.org/10.1038/s41612-024-00707-0

Gaston, K.J. 1991. The magnitude of global insect species richness. Conservation Biology, 5(3): 283-296. https://doi.
org/10.1111/j.1523-1739.1991.tb00140.x

Gonzéalez-Mas, N., Cuenca-Medina, M., Gutiérrez-Sanchez, F. & Quesada-Moraga, E. 2019. Bottom-up effects of endophytic
Beauveria bassiana on multitrophic interactions between the cotton aphid, Aphis gossypii, and its natural enemies in melon.
Journal of Pest Science, 92(3): 1271-1281. https://doi.org/10.1007/s10340-019-01098-5

Hassan, S.A., Bigler, F., Bogenschutz, H., Boller, E., Brun, J., Calis, J.N.M., Chiverton, P., Coremans-Pelseneer, J., Duso, C.,
Grove, A., Heimbach, U., Helyer, N., Hokkanen, H., Lewis, G.B., Mansour, F., Moreth, L., Polgar, L., Samsoe-Petersen,
L., Sauphanor, B., Staubli, A., Sterk, G., Vainio, A., van de Veire, M., Viggiani, G. & Vogt, H. 1991. Results of the fifth
joint pesticide testing programme carried out by the IOBC/WPRS-Working Group "Pesticides and beneficial organisms."
Entomophaga, 36(1): 55-60. https://doi.org/10.1007/BF02374636

Heimpel, G.E. 2019. Linking parasitoid nectar feeding and dispersal in conservation biological control. Biological Control, 132:
36-41. https://doi.org/10.1016/j.biocontrol.2019.01.012

Heviefo, G.A., Nyamador, S.W., Datinon, B.D., Glitho, I.A. & Tamo, M. 2020. Comparative efficacy of endophytic versus
foliar application of the entomopathogenic fungus Beauveria bassiana against the crucifer diamondback moth larvae for
sustainable cabbage protection. International Journal of Biological and Chemical Sciences, 14(4): 1448-1458. https://doi.
org/10.4314/ijbcs.v14i4.22

https://doi.org/10.1016/j.biocontrol.2009.05.011

Jarrahi, A. & Safavi, S.A. 2016a. Effects of pupal treatment with Proteus® and Metarhizium anisopliae sensu lato on functional
response of Habrobracon hebetor parasitising Helicoverpa armigera in an enclosed experiment system. Biocontrol Science
and Technology, 26(2): 206-216. https://doi.org/10.1080/09583157.2015.1088933

Jarrahi, A. & Safavi, S.A. 2016b. Sublethal effects of Metarhizium anisopliae on life table parameters of Habrobracon hebetor
parasitizing Helicoverpa armigera larvae at different time intervals. BioControl, 61(2): 167-175. https://doi.org/10.1007/
$10526-015-9707-y

José Da Silva, R., Fernandes Martins, |.C., De Conte Carvalho De Alencar, J., Da Silva, K.P., Cividanes, F.J., Duarte, R.T., Agostini,
L.T, Silva, R.J., Polanczyk, R.A. & Pratissoli, D. 2017. The effect of the entomopathogenic fungus Lecanicillium longisporum
(Petch) Zare & Gams (Hypocreales: Cordycipitacea) on the aphid parasitoid Diaeretiella rapae Mclintoch (Hymenoptera:
Braconidae, Aphidiinae). Entomologia Generalis, 36(3): 219-229. https://doi.org/10.1127/entomologia/2017/0072

Malaysian Applied Biology (2025), 54(4): 25-39 37




Review Article https://doi.org/10.55230/mabjournal.v54i4.3566

Kaczmarek, A. & Bogus, M.l. 2021. Fungi of entomopathogenic potential in Chytridiomycota and Blastocladiomycota, and in
fungal allies of the Oomycota and microsporidia. IMA Fungus, 12(1): 29. https://doi.org/10.1186/s43008-021-00074-y

Kaya, H.K. & Vega, F.E. 2012. Scope and basic principles of insect pathology. In: Insect Pathology. F.E. Vega & H.K. Kaya (Eds.).
Academic Press, San Diego. pp. 1-12. https://doi.org/10.1016/B978-0-12-384984-7.00001-4

Khan, S., Guo, L., Maimaiti, Y., Mijit, M. & Qiu, D. 2012. Entomopathogenic fungi as microbial biocontrol agent. Molecular Plant
Breeding, 3(7): 63-79. https://doi.org/10.5376/mpb.2012.03.0007

Leppla, N.C., Lebeck, L.M. & Johnson, M.W. 2024. Status and trends of biological control research, extension, and education in
the United States. Annals of the Entomological Society of America, 117(3): 149-161. https://doi.org/10.1093/aesa/saae005

Li, X.L., Zhang, J.J., Li, D.D., Cai, X.Y., Qi, Y.X. & Lu, Y.Y. 2024. Toxicity of Beauveria bassiana to Bactrocera dorsalis and effects
on its natural predators. Frontiers in Microbiology, 15: 1362089. https://doi.org/10.3389/fmicb.2024.1362089

Lilly, D.G., Latham, S.L., Webb, C.E. & Doggett, S.L. 2016. Cuticle thickening in a pyrethroid-resistant strain of the common bed
bug, Cimex lectularius L. (Hemiptera: Cimicidae). Plos One, 11(4): e0153302. https://doi.org/10.1371/journal.pone.0153302

Liu, J.F,, Zhang, Z.Q., Beggs, J.R. & Wei, X.Y. 2019. Influence of pathogenic fungi on the life history and predation rate of mites
attacking a psyllid pest. Ecotoxicology and Environmental Safety, 183: 109585. https://doi.org/10.1016/j.ecoenv.2019.109585

Mama Sambo, S., Akutse, K.S., du Plessis, H., Aigbedion-Atalor, P.O., Mohamed, S.A. & Ndlela, S. 2022. Interactions between
the entomopathogenic fungus Metarhizium anisopliae ICIPE 20 and the endoparasitoid Dolichogenidea gelechiidivoris, and
implications for combined biocontrol of Tuta absoluta. Biology, 11(9): 1323. https://doi.org/10.3390/biology11091323

Manfrino, R.G. & Rocca, M. 2024. Susceptibility of Orius insidiosus to Beauveria bassiana, Akanthomyces muscarius, and
Cordyceps fumosorosea and their effects on predator behavior. Entomologia Experimentalis et Applicata, 172(10): 902-909.
https://doi.org/10.1111/eea.13493

Martins, I.C.F., Silva, R.J., Alencar, J.R.D.C.C., Silva, K.P., Cividanes, F.J., Duarte, R.T., Agostini, L.T., Polanczyk, R.A. &
Pratissoli, D. 2014. Interactions between the entomopathogenic fungi Beauveria bassiana (Ascomycota: Hypocreales) and
the aphid parasitoid Diaeretiella rapae (Hymenoptera: Braconidae) on Myzus persicae (Hemiptera: Aphididae). Journal of
Economic Entomology, 107(3): 933-938. https://doi.org/10.1603/EC13542

Mascarin, G.M. & Jaronski, S.T. 2016. The production and uses of Beauveria bassiana as a microbial insecticide. World Journal
of Microbiology and Biotechnology, 32(11): 177. https://doi.org/10.1007/s11274-016-2131-3

Matos Franco, G., Chen, Y., Doyle, V.P., Rehner, S.A. & Diaz, R. 2022. Will the application of biocontrol fungi disrupt predation
of Acanthococcus lagerstroemiae by coccinellids? Journal of Invertebrate Pathology, 193: 107789. https://doi.org/10.1016/j.
jip.2022.107789

Memmott, J., Martinez, N.D. & Cohen, J.E. 2000. Predators, parasitoids and pathogens: Species richness, trophic generality and
body sizes in a natural food web. Journal of Animal Ecology, 69(1): 1-15. https://doi.org/10.1046/j.1365-2656.2000.00367 .x

Mesquita, A.L.M. & Lacey, L.A. 2001. Interactions among the entomopathogenic fungus, Paecilomyces fumosoroseus
(Deuteromycotina: Hyphomycetes), the parasitoid, Aphelinus asychis (Hymenoptera: Aphelinidae), and their aphid host.
Biological Control, 22(1): 51-59. https://doi.org/10.1006/bcon.2001.0950

Mezé6fi, L., Markd, G., Nagy, C., Koranyi, D. & Marko, V. 2020. Beyond polyphagy and opportunism: Natural prey of hunting
spiders in the canopy of apple trees. Peerd, 8: €9334. https://doi.org/10.7717/peerj.9334

Miranda-Fuentes, P., Quesada-Moraga, E., Aldebis, H.K. & Yousef-Naef, M. 2020. Compatibility between the endoparasitoid
Hyposoter didymator and the entomopathogenic fungus Metarhizium brunneum: A laboratory simulation for the simultaneous
use to control Spodoptera littoralis. Pest Management Science, 76(3): 1060-1070. https://doi.org/10.1002/ps.5616

Moher, D., Liberati, A., Tetzlaff, J., Altman, D.G., Antes, G., Atkins, D., Barbour, V., Barrowman, N., Berlin, J.A., Clark, J., Clarke,
M., Cook, D., D'Amico, R., Deeks, J.J., Devereaux, P.J., Dickersin, K., Egger, M., Ernst, E., Ggtzsche, P.C., Grimshaw,
J., Guyatt, G., Higgins, J., loannidis, J.P.A., Kleijnen, J., Lang, T., Magrini, N., McNamee, D., Moja, L., Mulrow, C., Napoli,
M., Oxman, A., Pham, B., Rennie, D., Sampson, M., Schulz, K.F., Shekelle, P.G., Tovey, D. & Tugwell, P. 2009. Preferred
reporting items for systematic reviews and meta-analyses: The PRISMA statement. PLoS Medicine, 6(7): e1000097. https://
doi.org/10.1371/journal.pmed.1000097

Murdoch, W.W., Briggs, C.J. & Nisbet, R.M. 2003. Consumer-Resource Dynamics (MPB-36). Princeton University Press,
Princeton. 456 pp.

Ningrum, R.W., Noni Rahmadhini & Windriyanti, W. 2024. Exploration and pathogenicity test of Beauveria bassiana against
grayak caterpillars (Spodoptera litura F.). Jurnal limu-llmu Pertanian Indonesia, 26(1): 54-60. https://doi.org/10.31186/
jipi.26.1.54-60

Ortiz-Urquiza, A. & Keyhani, N.O. 2013. Action on the surface: entomopathogenic fungi versus the insect cuticle. Insects, 4(3):
357-374. https://doi.org/10.3390/insects4030357

Pagac, A.A., Geden, C.J., Martin, G.P., Patterson, P.H. & Machtinger, E.T. 2023. Susceptibility of the adult house fly (Diptera:
Muscidae) and 3 of its principal parasitoids (Hymenoptera: Pteromalidae) to the GHA strain of Beauveria bassiana and 4
isolates from field-collected muscid flies. Journal of Medical Entomology, 60(6): 1364-1373. https://doi.org/10.1093/jme/
tjad108

Panwar, N. & Szczepaniec, A. 2024. Endophytic entomopathogenic fungi as biological control agents of insect pests. Pest
Management Science, 80(9): 4160-4172. https://doi.org/10.1002/ps.8322

Peeters, C., Molet, M., Lin, C.C. & Billen, J. 2017. Evolution of cheaper workers in ants: A comparative study of exoskeleton
thickness. Biological Journal of the Linnean Society, 121(3): 556-563. https://doi.org/10.1093/biolinnean/blx011

Plouvier, W.N. & Wajnberg, E. 2018. Improving the efficiency of augmentative biological control with arthropod natural enemies:
a modeling approach. Biological Control, 125: 121-130. https://doi.org/10.1016/j.biocontrol.2018.05.010

Quesada-Moraga, E., Garrido-Jurado, |., Yousef-Yousef, M. & Gonzalez-Mas, N. 2022. Multitrophic interactions of
entomopathogenic fungi in BioControl. BioControl, 67(5): 457-472. https://doi.org/10.1007/s10526-022-10163-5

Rajula, J., Pittarate, S., Suwannarach, N., Kumla, J., Ptaszynska, A.A., Thungrabeab, M., Mekchay, S. & Krutmuang, P. 2021.
Evaluation of native entomopathogenic fungi for the control of fall armyworm (Spodoptera frugiperda) in Thailand: A

Malaysian Applied Biology (2025), 54(4): 25-39 38




Review Article https://doi.org/10.55230/mabjournal.v54i4.3566

sustainable way for eco-friendly agriculture. Journal of Fungi, 7(12): 1073. https://doi.org/10.3390/jof7121073

Rajula, J., Rahman, A. & Krutmuang, P. 2020. Entomopathogenic fungi in Southeast Asia and Africa and their possible adoption
in biological control. Biological Control, 151: 104399. https://doi.org/10.1016/j.biocontrol.2020.104399

Rios-Moreno, A., Garrido-Jurado, |., Resquin-Romero, G., Arroyo-Manzanares, N., Arce, L. & Quesada-Moraga, E. 2016.
Destruxin A production by Metarhizium brunneum strains during transient endophytic colonisation of Solanum tuberosum.
Biocontrol Science and Technology, 26(11): 1574-1585. https://doi.org/10.1080/09583157.2016.1223274

Sanchez-Bayo, F. 2021. Indirect effect of pesticides on insects and other arthropods. Toxics, 9(8): 177. https://doi.org/10.3390/
toxics9080177

Sani, I., Jamian, S., Saad, N., Abdullah, S., Mohd Hata, E., Jalinas, J. & Ismail, S.I. 2023. Identification and virulence of
entomopathogenic fungi, Isaria javanica and Purpureocillium lilacinum isolated from the whitefly, Bemisia tabaci (Gennadius)
(Hemiptera: Aleyrodidae) in Malaysia. Egyptian Journal of Biological Pest Control, 33(1): 14. https://doi.org/10.1186/s41938-
023-00657-4

Savary, S., Willocquet, L., Pethybridge, S.J., Esker, P., McRoberts, N. & Nelson, A. 2019. The global burden of pathogens and
pests on major food crops. Nature Ecology and Evolution, 3(3): 430-439. https://doi.org/10.1038/s41559-018-0793-y

Savi, P.J., de Moraes, G.J., Hountondji, F.C.C., Nansen, C. & de Andrade, D.J. 2024. Compatibility of synthetic and biological
pesticides with a biocontrol agent Phytoseiulus longipes (Acari: Phytoseiidae). Experimental and Applied Acarology, 93(2):
273-295. https://doi.org/10.1007/s10493-024-00926-3

Shrestha, G., Enkegaard, A., Reddy, G.V.P., Skovgard, H. & Steenberg, T. 2017. Susceptibility of larvae and pupae of the aphid
parasitoid Aphelinus abdominalis (Hymenoptera: Aphelinidae) to the entomopathogenic fungus Beauveria bassiana. Annals
of the Entomological Society of America, 110(1): 121-127. https://doi.org/10.1093/aesa/saw066

Stork, N.E. 1991. The composition of the arthropod fauna of Bornean lowland rain forest trees. Journal of Tropical Ecology, 7(2):
161-180. https://doi.org/10.1017/S0266467400005319

Upadhyay, R.K., Mukerji, K.G. & Chamola, B.P. 2000. Biocontrol Potential and its Exploitation in Sustainable Agriculture. Kluwer
Academic/Plenum Publishers, New York. 317 pp. https://doi.org/10.1007/978-1-4615-4209-4

van Lenteren, J.C. 2012. IOBC Internet Book of Biological Control, version 6. IOBC Global, Wageningen. 435 pp.

Wu, VY., Fang, H., Liu, X., Michaud, J.P., Xu, H., Zhao, Z., Zhang, S., Liu, Y. & Peng, Y. 2022. Laboratory evaluation of the
compatibility of Beauveria bassiana with the egg parasitoid Trichogramma dendrolimi (Hymenoptera: Trichogrammatidae)
for joint application against the oriental fruit moth Grapholita molesta (Lepidoptera: Tortricidae). Pest Management Science,
78(8): 3608-3619. https://doi.org/10.1002/ps.7003

Zhang, Z., Lu, Y., Xu, W., Sui, L., Du, Q., Wang, Y., Zhao, Y., Jiang, T., Zhang, L. & Song, X. 2020. Influence of genetic diversity of
seventeen Beauveria bassiana isolates from different hosts on virulence by comparative genomics. BMC Genomics, 21(1):
451. https://doi.org/10.1186/s12864-020-06791-9

Malaysian Applied Biology (2025), 54(4): 25-39 39



