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Abstract. The current study aimed to isolate some insect pathogenic fungi from the
soil of wheat crops in different areas and test their effects on the adult stages of the
red flour beetle Tribolium castaneum. Five species of fungi naturally infecting the
flour beetle were recorded, and these genera were Beauveria bassiana and
Metarhizium anisopliae, identified morphologically. Five local strains of insect
pathogenic fungi were isolated, based on their macroscopic and microscopic
characteristics. The concentrations of fungal spore suspensions affected the adults
of the studied insect, with Beauveria bassiana being the most effective. The mortality
rate of adults reached 93.33% when the highest concentration of the fungal
suspension (17x108) was used after 10 days of treatment, while the mortality rate
was 86.67% when using the suspension of Metarhizium anisopliae at the same
concentration. One strain matched the species B. bassiana and four strains matched
M. anisopliae. The identity of the strains was confirmed by amplifying and
sequencing the ITS5-ITS4 region, and comparing the sequences to molecular
databases and phylogenetic analyses. 99% identity values were recorded with B.
bassiana and M. anisopliae strains in molecular databases. Phylogenetic analyses
confirmed that the sequences extracted from these strains fall within the group
containing the reference sequences of B. bassiana and M. anisopliae, respectively,
in the database. These results contribute significantly to the understanding of
entomopathogenic fungi, which will aid in the development of biotechnological
products in the field of biological control

Highlights:

1. Soil fungi Beauveria bassiana and Metarhizium anisopliae infect red flour
beetles.

2. Fungal spore suspensions showed high mortality rates in beetle adults.

3. Molecular analyses confirmed strains' identity, supporting biological control
development.
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Introduction
The red flour beetle, scientifically known as Tribolium castaneum (Herbst)

(Coleoptera: Tenebrionidae)(1), is a major pest that causes damage to grains and flour.
This beetle is also widely used in research related to insect behavior and food safety(2).
However, the use of insect-pathogenic fungi to control T. castaneum has faced
limitations due to concerns about environmental sustainability(3).

With the spread of stored grain pests as a result of human activities and seed
transport, these pests have evolved to adapt to diverse food sources. The red flour beetle
T. castaneum, which is brown in color, is one of the most common and destructive
insects of stored products(4). Due to its high appetite, it can consume a wide range of
foods, including those stored in soil, warehouses, grocery stores, and homes(5), as well
as grain products such as wheat and flour(6, 7). Approximately 10 to 40% of stored
grains worldwide are damaged annually due to insect pests, especially in tropical and
subtropical regions of developing countries (8, 9). When present in large numbers, these
beetles release a chemical mixture that can negatively affect the quality of the product,
as it contains carcinogenic quinones. Insects such as beetles, mites, and weevils are
major factors in the destruction of stored food, imparting a pungent odor to the affected
materials due to volatile compounds, such as benzoquinones(10). Grains and their
products become contaminated by these secretions, affecting their market value(11, 12).

Certain types of fungi have been used as biological control agents against
harmful insects(13, 14). These substances can deter these organisms from feeding or
laying eggs on a resource. They have also been used to protect stored food products(15).
This has led to the need for the development of non-toxic and safe alternatives for
humans and animals, one of which is biological control. This involves reducing the pest
population of a harmful species to a level that does not cause significant harm to
humans, animals, or their activities through the use of other biological agents such as
insects, nematodes, bacteria, fungi, or others. Insect pathogenic fungi are considered
significant agents due to their widespread presence in nature, low cost, and high
specificity in targeting particular pests(3, 16).

On the other hand, insect pathogenic fungi (EPF) used in biological control
can face challenges in field environments due to environmental conditions that may

affect their ability to infect and control pests. Factors such as unsuitable temperature
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and humidity can reduce their effectiveness, making them less successful compared to
traditional chemical insecticides(17, 18). Other control methods, including synthetic
chemicals and natural compounds, may interact with biological control agents and affect
their efficacy (19, 20). These interactions may have either positive or negative effects
on the growth and performance of EPFs in pest control.

Identifying fungi based on their morphological characteristics and molecular
structure is a crucial step in selecting biological control agents(21, 22). Therefore, the
main objective of the research was to isolate and identify certain fungal strains for their
potential use and integration into control programs against the adult stages of the T.

castaneum

Methods

1. Collection of Samples and Isolation of Insect-Pathogenic Fungi

Adult insect samples were collected from a laboratory colony established from
infected flour samples in Al-Diwaniyah City, Iraq, between October 2023 and September
2024. The insects were reared at a temperature of 30°C and relative humidity of 75%
in glass containers on wheat flour mixed with a small quantity of regular baker's yeast
ina 10:1 (W: W) ratio. The insects were identified according to the taxonomic keys (23),
and the adults were surface-sterilized using 70% ethanol, followed by a 5% sodium
hypochlorite solution, and rinsed three times in sterilized water.

At the same time, soil samples were collected from wheat fields in Al-Diwaniyah
(Shamiya area) following the methodologies outlined by (24) and (25). Five areas were
randomly selected, from which samples were collected from the first 10 cm of soil depth,
with a total weight of 200 g. Three serial dilutions were made using sterile water (10-1,
10-2, and 10-3). Then, 0.1 ml of the 10-2 and 10-3 dilutions were inoculated onto sterile
culture plates containing growth medium. These dilutions were evenly distributed over
the surface of the medium using a Drygalski spatula. Two different types of sterile culture
media were used:

The medium (semi-selective growth) proposed by (26), with modifications
(glucose 40 g/L, peptone 10 g/L, thiabendazole 0.004 g/L, chloramphenicol 0.5 g/L,
violet 0.01 g/L, agar 15 g/L, distilled water 1 L, pH 6).A medium for insect-pathogenic
fungi  suggested by(27), with  modifications (oat flakes 20 g/L,
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hexadecyltrimethylammonium bromide 0.6 g/L, chloramphenicol 0.5 g/L, agar 15 g/L,
distilled water 1 L, pH 6). In all cases, plates were incubated at 28 + 2 °C for 5 to 14
days. All inoculation procedures for spore suspension and dilution were performed in
triplicate. Fungal growth was periodically observed on the plates. (28, 29).

2. Morphological Diagnosis of Insect-Pathogenic Fungi

To identify fungal strains morphologically, we began by observing the visible
characteristics of the colonies. For each colony, characteristics such as color on the upper
and lower surfaces of the plates, surface texture, shape, edges, and height were
examined.(29-32). Microscopic observations were made to examine the size and
arrangement of fungal hyphae, sporophytes, and spores, with the aim of determining
the morphology of the entomopathogenic fungal genera of interest.(29, 32)
Observations and measurements for the reproductive structures at 400x and 1000x
using an ocular micrometer. Micrographs by using a Carl Zeiss optical microscope (model
467065-9902-18VA).

3. Molecular Diagnosis of Insect-Pathogenic Fungi

Each fungal sample was inoculated into a liquid medium containing barley extract
(12.7 g/L, pH 6, Oxide) and incubated at 28 *+ 2°C in the dark for 7 days to allow for
biomass growth. DNA was isolated using the HiPurA™ Fungal Genomic DNA Purification
Kit (Canvax, Spain) according to the manufacturer's protocol. The DNA concentrations
of the isolated samples were determined on an agar gel by comparison with standard
concentrations of Lambda DNA (Thermo Fisher Scientific Inc., USA) and using the Qubit
Fluorometric Quantification Method (Qubit).

Molecular identification of fungal strains was performed by sequencing and
amplifying the ITS4-ITS5 region of ribosomal DNA. ITS primers (as shown in Table 1)
were used, and PCR reactions were performed in a final volume of 20 pl, which contained
DNase-free water, 1X buffer, 2.5 mM MgCl , 200 pmol of each dNTP, 10 pmol of each
primer, 0.5 units of Taq polymerase, and 1 ug of extracted DNA. A thermal cycler from
Hangzhou Bioer Technology CO. (GenePro Thermal Cycler, Model TC-E-48D, B-48D) was
used. The amplification program included an initial DNA denaturation step at 94°C for 4
min, followed by 35 cycles of denaturation at 94°C for 40 s, annealing at 55°C for 40 s,
and extension at 72°C for 40 s, with a final extension step at 72°C for 10 min. The

resulting amplicons were evaluated by electrophoresis on a 2% (w/v) agarose gel stained
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with Red Gel Solution (Biotium, 10000X). The amplicons were sequenced by MACROGEN

sequencing service, Korea.

Table 1: Primers that were used in this study.

Fungi name ITS Sequence Product Size Product  Annealing Authors
Primers Size temperature
Code

B. bassiana ITS4 3-TCCTCCGCTTATTGATATGC-5 620bp 550C (33, 34)

ITS5 '5-GGAAGTAAAAGTCGTAACAAGS'-G

ITS4 3- TCCGTAGGTGAACCTTGCGG-5'
ITS5 '5-TCCTCCGCTTATTGATATGC-3'

M. anisopliae 500bp  55C (34)

Sequences were analyzed and consensus sequences were generated using
Geneious version 9.1.5.. These sequences were then compared to those available in the
NCBI (http://www.ncbi.nlm.nih.gov/BLAST) and FungalBarcoding
(http://www.fungalbarcoding.org) databases. Phylogenetic trees were constructed using
ITS region sequences selected from the NCBI GenBank database
(http://www.ncbi.nlm.nih.gov/genbank/) corresponding to the main species within the
Beauveria and Metrarhizium genera. ITS region sequences were used to determine tree
roots. Sequence alignments for each fungal group were performed using MEGA 11 with
the Clustal Omega, where gap penalties were applied for both gap opening and gap
extension.

4. Pathogenicity Test of Fungal Species on the Insect in Laboratory Conditions

Pathogenicity tests were conducted to study the effect of graded concentrations
of study fungal on the insect under laboratory conditions, where the temperature ranged
from 27°C to 30°C and the relative humidity was maintained at 53%-40%. Fifteen adult
insects, randomly collected, were placed inside a sterilized plastic container.

A spore suspension of both B. bassiana and M. anisopliae was prepared at a
concentration of 17 x 106 spores per cubic centimeter by diluting the spores in sterile
distilled water from each pure colony, which had been previously cultured on SDA
medium for 7 days at 25°C £+ 2°C. The suspension was filtered through two layers of
gauze, and the number of spores was determined using a hemocytometer. Insects were

treated with the spore suspension using the baiting method (35, 36).
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The fungal spore suspension was placed on the beetle food substrate with 5 ml
of spore suspension at concentrations of 17 x 106 spores/cm3, 17 x 107 spores/cm3,
and 17 x 108 spores/cm3 (concentrations were calculated using the formula (cm3) taken
from the main suspension = desired concentration / concentration of the original
suspension and then multiplied by the volume of the suspension to be prepared). These
baits were used after ten days to allow the accumulation of metabolic products or
enzymes from the fungus in each plastic container. After that, fifteen adults were placed
in each container (37). For the control treatment, sterile distilled water was added to the
food baits at a 1:1 ratio. Three replicates were performed for each treatment. The
percentage of mortality was calculated using the Abbott’s formula.

Tha percentage of mortzlity in the treatrent — the percentage of martality in the conool
The percertaze of mortalicy =

| 100 - The percentze of merality i the contral.

The percentage of mortality in the adult insects was calculated starting from the
fifth day after treatment with the spore suspension. This was done by counting the
number of dead insects, examining them under a microscope, and culturing them on
PDA medium to confirm the pathogenic cause.

Statistical Analysis

All experiments were conducted using a completely randomized design with
factorial experiments. The mortality percentages were calculated and analyzed
statistically using Abbott’s formula (38). Estimates were made for the LC50, LC90, and
slope values (39). Additionally, the effectiveness of the several entomopathogens that

were tested was assessed and contrasted with the most successful one (40)..

Result and Discussion
Morphological Identification of Pathogenic Fungi for insect

Five fungal species exhibiting typical characteristics of insect pathogenic fungi
were isolated. Among these, one strain was identified as Beauveria bassiana labeled
EB1, and four strains were identified as M. anisopliae labeled EM1, EM2, EM3, and EM4.

In this case of the fungi from the Beauveria sp. , the strain formed creamy to
white colonies with irregular and a powdery appearance (Figure 1). Microscopically,
conidia and reproductive structures exhibited typical, size, and color for B. bassiana. The

strains showed septate hyphae, with conidial cell sizes ranging from 5.4 to 8.7
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micrometers (standard deviation 0.5 to 1.0 micrometers) x 2.0 to 2.8 micrometers
(standard deviation 0.1 to 0.7 micrometers), with a broad base and a narrow apex from
which multiple conidia were released in a spiraled arrangement. The conidia were glassy,
smooth, and had a spherical to sub-spherical shape. The average diameter of the conidia

ranged from 1.7 to 2.3 micrometers (standard deviation 0.5 to 0.6 micrometers).

Figure (1): Photographs of B. bassiana strains on SDA culture, and a microscopic

image stained with lactophenol blue.

After three weeks of incubation, Strains exhibited white colonies that developed,
spore-bearing structures in tightly clustered groups, which are characteristic features of
Metarhizium fungi (Figure 2). The strains showed reproductive structures and spores
with typical morphology, size and color of M. anisopliae. The fungi were present as
segmented hyphae and branched, candle-like sporangia, each septum containing two or
three densely intertwined branches. The spore cells were cylindrical, with a slightly
conical apex. Both strains showed green, cylindrical spores that formed chains clustered
in cylindrical columns. The mean length of the cylindrical spores ranged from 4.5 to 5.1
pMm (SD 0.7 um), while their width ranged from 2.1 to 2.6 ym (SD 0.3 pm).

Identification based on macroscopic and microscopic information led to the
classification of isolates according to genus and species levels. Fungal isolates of both B.
bassiana and M. anisopliae showed spore shapes, sizes and arrangements consistent
with the descriptions given in (25, 29, 31, 32).


https://doi.org/10.21070/ijhsm.v2i1.52

Indonesian Journal on Health Science and Medicine

Vol. 2 No. 1 (2025): January
ISSN 3063-8186. Published by Universitas Muhamamdiyah Sidoarjo
Copyright © Author(s). This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC-BY).
https://doi.org/10.21070/ijhsm.v2i1.52

Figure (2) Photographs of M. anisopliae strains on SDA culture, and a

microscopic image stained with lactophenol blue.

All the fungal strains from the phylum Ascomycota, class Sordariomycetes, and
families Cordycipitaceae for Beauveria, and Clavicipitaceae for Metarhizium.
Molecular Identification of Insect Pathogenic Fungi

The results showed that the DNA purity ranged from 1.66 to 1.88. The DNA
concentrations for all the tested isolates ranged from 110 to 420 ng/uL. PCR products of
the ITS regions from the rRNA gene isolated from insect pathogenic fungi produced 620
and 500 base pairs according to the primers shown in Table (1).

EM1T EM2 EM3 EM4

LI S000p

Figure 3: Molecular characterization of the isolates a: (EB1) of B. bassiana and
b: (EM1, EM2, EM3, EM4) of M. anisopliae, obtained using the primers ITS5/ITS4.M:
Ladder

Results of the sequence identity analysis for the EB strain, which was

morphologically identified as B. bassiana, confirmed its classification as B. bassiana
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with identity index of 99%. On the other hand, for the four fungal strains EM1-4, which
were morphologically identified as M. anisopliae, the sequence identity indices were

also 99% with the deposited sequences of M. anisopliae. Thus, the identity or similarity
at the DNA sequence of the five isolated strains of pathogenic fungi for insects was

successfully verified.

OK482895. Beauveria bassiana isolate SY21B
- —VSeq& Metarhizium anisopliae .strain Iraq isolate [TS4 - ITS 5 small subunit ribosomal RMNA gene
- MT111568. Metarhizium robertsii isolate NRCBMaEPF&7
——— MF435927 Metarhizium anisopliae isolate B10964

KU883776. Metarhizium anisopliae isolate ArMz43

MTO05747. Metarhizium sp.
60 . ——— (GU909512. Metarhizium anisopliae

MK005254. Metarhizium anisopliae culture BCCTHA
w/'Seq4. Metarhizium anisopliae . strain Iraq isolate [TS4 - ITS 5 small subunit ribosormal RNA gene
OP592363. Beauveria bassiana strain GxABT-1
(GU354338. Beauveria bassiana strain KVL 04-93
IMH185854 . Beauveria bassiana strain ESK4
MH185853 Beauverna bassiana strain AKCES
MF872379 Beauveria bassiana
V‘Seq 1 Beauveria bassiana .strain Iraq isclate ITS4 - ITS 5 small subunit ribosomal RNA gene
AJBT6497 Beauveria bassiana
_55|——"Seq2. Metarhizium anisopliae . strain Iraq isolate ITS4 - ITS 5 small subunit ribosomal RNA gene
FJ755243 Metarhizium anisopliae strain CZ592
PP381740 Metarhizium anisopliae strain ZJ14A04

2 (QRA478276. Metarhizium anisopliae strain 18005-1
MW541154. Metarhizium sp. isolate MaNDTR-01
AB250411. Metarhizium anisopliae
IMTO78868. Metarhizium anisopliae strain CBS 130.71

50 XM 008601537 Beauveria bassiana
EXM 066122537. Metarhizium acridum
. Seq1. Metarhizium anisopliae _strain Iraq isolate ITS4 - TS 5 small subunit ribosomal RNA gene
55 XM 007826775. Metarhizium robertsii

Figure 4: A phylogenetic tree showing the evolutionary relationship between B.
bassiana (EB1) and M. anisopliae (EM1, EM2, EM3, EM4) isolates, which were found to

exhibit high virulence in the current study, and other B. bassiana isolates from

GenBank, based on the ITS region sequence.

Virulence of the Tested Microorganisms Against T. castaneum

The efficacy of the five best fungal isolates, B. bassiana and M. anisopliae, against
T. castaneum adults was evaluated. The data presented in Table (2) indicate that the
mortality rate of T. castaneum adults was directly related to the time elapsed after
treatment. Although there was a delayed effect of the tested fungal isolates, they
showed great potential against adults starting from the fifth day after treatment, as

shown in Fig. 5.
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Figure 5: T. castaneum infected with B. bassiana, showing conidia covering the entire
body surface (a) and (b).

This slow action was due to the fungal nature, which relies on specific time
periods for tissue invasion, nutrient depletion, and the accumulation of toxins within the
insect cadavers. B. bassiana was the most effective, followed by M. anisopliae, with LC50
values of 24.2x104 and 6.4x107, respectively. The concentrations of 10x106
spores/cm3 and 10x107 spores/cm3 gave the highest mortality rates, which were
69.89%, 78.64%, and 93.33%, respectively, when the spore suspension was used in the
bait method.

10
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Table (2): Effect of different concentrations of B. bassiana and M. anisopliae

spore suspensions on adult insect mortality.

Mortality % at

indicated day LC50 LC90
after Toxici
Conc. treatment. (cell/ml) and (cell/ml) and Slop ty
Treatmen (cell/ confidence confidence et X2 inde
t mi3 limits limits SE
) 5day 7day 10day at 95% at 95% X
].7X].06 30.69 55.08 69.89 24.2X104 6.4X107 0.514
] iang + 0.54 .
_ B bassana— o 107 38.62 6503 78.64 108y 656« 16.2x 22.0x >t 76.82
17x108 5833 7333 9333 10° 10 105  10° 0.122
].7X106 20.00 36.67 56.67 5.3X105 29.5% 107
M. 17x10” 30.00 46.67 70.00 0.466
.. +
6.7 17.4 9.6 35.1 0.14
17x10° 46.67 6667 8667 xio¢ w05 100 e Ottt 280
Discussion:

Fungal identification using morphological observations (both microscopic and
macroscopic) is fundamental for traditional identification(30). The results of the
morphological observations for the EB isolate from SDA medium align with the
characterization of B. bassiana, based on the identification by (33)and(41), as shown in
Figure 1. Similarly, the four isolates of M. anisopliae formed circular, milky colonies with
a cottony texture. The conidia were cylindrical, glassy, with rounded edges and an olive-
green color, with an average diameter of 4.5 micrometers(42), as shown in Figure (2).
In previous studies, these isolates were already recorded as natural microbial agents
infecting whiteflies in tomato fields (43, 44).

Morphological similarity must be supported by molecular identification to
determine and describe the genetic variation of insect pathogenic fungi. The most
accurate way to identify diversity and genetic structure within a species is through
molecular markers(45). The ITS region of ribosomal DNA (rDNA) is considered the official

barcode for fungal DNA, due to its highly variable sequences used for identification (46,

11
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47). In this study, the molecular taxonomic identity of the five fungal isolates was
confirmed by sequence analysis of the ITS regions of ribosomal DNA. Alignment and
phylogenetic analysis also demonstrated the taxonomic identity of the studied strains.
Renner (2005) compared the ITS1-5.8- ITS2 sequences of Beauveria strains with those
in the NCBI database, confirming their classification as B. bassiana (48).

These results are similar to current study, where the three strains analyzed were
taxonomically classified as B. bassiana, with high bootstrap. (49), who amplified the
ITS1-5.8S-ITS2 region for Metarhizium strains, observed sufficient genetic variation in
these markers to distinguish between different species groups within the Metarhizium
genus. In the current study, genetic variation in the sequenced region allowed us to
classify the indigenous Metarhizium strains as belonging to M. anisopliae var. anisopliae,
with similar (50).

Morphological and molecular identification of biological control agents is ideal, as
accurate identification of the fungal isolates used is essential to evaluate the
effectiveness of the biological control system.(51).

The effect of different concentrations of B. bassiana and M. anisopliae spore
suspensions on the mortality of adult red flour beetles, T. castaneum. The fungal
suspension of B. bassiana showed significant differences in efficacy compared to M.
anisopliae when the highest concentration of the fungal suspension was used, resulting
in @ mortality rate of 76.82% after 5 days of treatment. Mortality rates increased for all
adults as the exposure period lengthened, with a direct proportional relationship between
the spore suspension concentration and both mortality rate and exposure time. The
reason for the increased mortality at higher concentrations is due to the greater number
of spores, leading to an increased number of growing spores attacking the host, as well
as weakening the insect's immune system. The immune system can defend the body
only when the concentration is low, but its efficiency decreases at higher
concentrations(52). The results were consistent with those reported by(53), who
described the relationship between spore concentration and mortality rate as directly
proportional. As the spore suspension concentration increased, the mortality rate also
increased. This could be attributed to the higher number of spores (the basic units of

fungal infection).

12
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Both B. bassiana and M. anisopliae are not harmful to natural predators and soil
insects. Fungi used in pest control show high selectivity against the host and affect non-
target organisms. Additionally, they are easy and inexpensive to prepare(54).

These results are consistent with (55), who reported that exposure of
Ochlerotatus sierrensis adults to T. cylindrosporum spore suspension at a concentration
of 5x106 spores/ml resulted in 50% mortality after five days and 100% mortality after
nine days. (56) reported that when using M. anisopliae against Cx. quinquefasciatus and
An. stephensi adults, male mosquitoes were more affected than females. Mortality rates
for males were 93.33% and 100% at a concentration of 2x105 spores/ml after 168
hours, while mortality rates for females of both species were 90% and 96%, respectively,

at the same concentration and exposure period.

Conclusion
The current study provides valuable information about insect pathogenic fungi

associated with the red flour beetle (T. castaneum) in the city of Diwaniya. The fungi
Beauveria and Metarhizium were isolated locally from wheat fields in Diwaniya and are
recognized as insect pathogens. Based on their macroscopic and microscopic
characteristics, one isolate was identified as B. bassiana, while four isolates were
identified as M. anisopliae. These local isolates were further confirmed through the
amplification and sequencing of the ITS5-ITS4 region, and their taxonomic identity was
validated through comparison with molecular databases and phylogenetic analyses.
The high pathogenicity of these isolates suggests that they can be developed as
effective biocontrol agents, reducing dependence on chemical products and promoting
sustainable wheat production. Moreover, the survival curve highlights the variation in
virulence among the isolates, emphasizing the importance of careful selection of the

most promising isolates for practical application

References
[1] W. Islam, "Eco-Friendly Approaches for the Management of Red Flour Beetle:

Tribolium Castaneum (Herbst)," Science Letters, vol. 5, no. 2, pp. 105-114, 2017.
[2] F. Gao, et al., "Enhancing Wheat-Flour Safety by Detecting and Controlling Red

Flour Beetle Tribolium Castaneum Herbst (Coleoptera: Tenebrionidae)," Journal of

Consumer Protection and Food Safety, vol. 17, no. 2, pp. 113-126, 2022.

13


https://doi.org/10.21070/ijhsm.v2i1.52

Indonesian Journal on Health Science and Medicine

Vol. 2 No. 1 (2025): January
ISSN 3063-8186. Published by Universitas Muhamamdiyah Sidoarjo

Copyright © Author(s). This is an open-access article distributed under the terms of

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

the Creative Commons Attribution License (CC-BY).
https://doi.org/10.21070/ijhsm.v2i1.52

W. Islam, et al.,, "Insect-Fungal Interactions: A Detailed Review on
Entomopathogenic Fungi Pathogenicity to Combat Insect Pests," Microbial
Pathogenesis, vol. 159, p. 105122, 2021.

A. Skourti, N. G. Kavallieratos, and N. E. Papanikolaou, "Laboratory Evaluation of
Development and Survival of Tribolium Castaneum (Herbst) (Coleoptera:
Tenebrionidae) Under Constant Temperatures," Journal of Stored Products
Research, vol. 83, pp. 305-310, 2019.

S. Dani, Food Supply Chain Management and Logistics: From Farm to Fork,
London, U.K.: Kogan Page Publishers, 2015.

M. T. Awulachew, "Understanding Basics of Wheat Grain and Flour Quality,"
Journal of Health and Environmental Research, vol. 6, no. 1, pp. 10-26, 2020.

K. Ertl and W. Goessler, "Grains, Whole Flour, White Flour, and Some Final Goods:
An Elemental Comparison," European Food Research and Technology, vol. 244,
pp. 2065-2075, 2018.

E. Demis and W. Yenewa, "Review on Major Storage Insect Pests of Cereals and
Pulses," Asian Journal of Advances in Research, vol. 5, no. 1, pp. 41-56, 2022.

M. Tadesse, "Post-Harvest Loss of Stored Grain, Its Causes and Reduction
Strategies," Food Science and Quality Management, vol. 96, pp. 26-35, 2020.

J. Hubert, et al., "Health Hazards Associated with Arthropod Infestation of Stored
Products," Annual Review of Entomology, vol. 63, no. 1, pp. 553-573, 2018.

K. Neme and A. Mohammed, "Mycotoxin Occurrence in Grains and the Role of
Postharvest Management as a Mitigation Strategy: A Review," Food Control, vol.
78, pp. 412-425, 2017.

F. Wu and G. P. Munkvold, "Mycotoxins in Ethanol Co-Products: Modeling Economic
Impacts on the Livestock Industry and Management Strategies," Journal of
Agricultural and Food Chemistry, vol. 56, no. 11, pp. 3900-3911, 2008.

P. A. Shah and J. K. Pell, "Entomopathogenic Fungi as Biological Control Agents,"
Applied Microbiology and Biotechnology, vol. 61, no. 5, pp. 413-423, 2003.

W. A. Elkhateeb, et al., "Fungi Against Insects and Contrariwise as Biological
Control Models," Egyptian Journal of Biological Pest Control, vol. 31, p. 1-9, 2021.
P. Das, et al., "Important Live Food Organisms and Their Role in Aquaculture,”

Frontiers in Aquaculture, vol. 5, no. 4, pp. 69-86, 2012.

14


https://doi.org/10.21070/ijhsm.v2i1.52

Indonesian Journal on Health Science and Medicine

Vol. 2 No. 1 (2025): January
ISSN 3063-8186. Published by Universitas Muhamamdiyah Sidoarjo

Copyright © Author(s). This is an open-access article distributed under the terms of

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

the Creative Commons Attribution License (CC-BY).
https://doi.org/10.21070/ijhsm.v2i1.52

D. Singh, T. K. Raina, and J. Singh, "Entomopathogenic Fungi: An Effective
Biocontrol Agent for Management of Insect Populations Naturally," Journal of
Pharmaceutical Sciences and Research, vol. 9, no. 6, pp. 833-836, 2017.

V. Stejskal, et al., "Synthetic and Natural Insecticides: Gas, Liquid, Gel, and Solid
Formulations for Stored-Product and Food-Industry Pest Control," Insects, vol. 12,
no. 7, p. 590, 2021.

V. Stejskal, et al., "Synthetic and Natural Insecticides: Gas, Liquid, Gel, and Solid
Formulations for Stored-Product and Food-Industry Pest Control," Insects, vol. 12,
no. 7, p. 590, 2021.

A. Nega, "Review on Concepts in Biological Control of Plant Pathogens," Journal of
Biology, Agriculture and Healthcare, vol. 4, no. 27, pp. 33-54, 2014.

J. Kéhl, R. Kolnaar, and W. J. Ravensberg, "Mode of Action of Microbial Biological
Control Agents Against Plant Diseases: Relevance Beyond Efficacy," Frontiers in
Plant Science, vol. 10, p. 845, 2019.

M. R. Hermosa, et al., "Molecular Characterization and Identification of Biocontrol
Isolates of Trichoderma spp.," Applied and Environmental Microbiology, vol. 66,
no. 5, pp. 1890-1898, 2000.

J. F. Gaskin, et al., "Applying Molecular-Based Approaches to Classical Biological
Control of Weeds," Biological Control, vol. 58, no. 1, pp. 1-21, 2011.

H. Kouninki, et al., "Toxicity of Some Terpenoids of Essential Qils of Xylopia
Aethiopica from Cameroon Against Sitophilus Zeamais Motschulsky," Journal of
Applied Entomology, vol. 131, no. 4, pp. 269-274, 2007.

L. A. Lacey and L. F. Solter, "Initial Handling and Diagnosis of Diseased
Invertebrates," Manual of Techniques in Invertebrate Pathology, 2nd ed.,
Academic Press, 2012, pp. 1-13.

M. E. Schapovaloff, et al., "Natural Occurrence of Entomopathogenic Fungi in Soils
Cultivated with Paraguay Tea (Ilex Paraguariensis St. Hil.) in Misiones, Argentina,"
Revista Argentina de Microbiologia, vol. 47, no. 2, pp. 138-142, 2015.

J. W. Doberski and H. T. Tribe, "Isolation of Entomogenous Fungi from Elm Bark
and Soil with Reference to Ecology of Beauveria Bassiana and Metarhizium
Anisopliae," Transactions of the British Mycological Society, vol. 74, no. 1, pp. 95-
100, 1980.

15


https://doi.org/10.21070/ijhsm.v2i1.52

Indonesian Journal on Health Science and Medicine

Vol. 2 No. 1 (2025): January
ISSN 3063-8186. Published by Universitas Muhamamdiyah Sidoarjo

Copyright © Author(s). This is an open-access article distributed under the terms of

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

the Creative Commons Attribution License (CC-BY).
https://doi.org/10.21070/ijhsm.v2i1.52

C. Posada-Vergara, et al., "Root Colonization by Fungal Entomopathogen
Systemically Primes Belowground Plant Defense Against Cabbage Root Fly,"
Journal of Fungi, vol. 8, no. 9, p. 969, 2022.

C. K. Campbell and E. M. Johnson, Identification of Pathogenic Fungi, 2nd ed.,
John Wiley & Sons, 2013.

R. A. Samson, H. C. Evans, and J.-P. Latgé, Atlas of Entomopathogenic Fungi,
Springer Science & Business Media, 2013.

R. A. Humber, "Fungi: Identification," in Manual of Techniques in Insect Pathology,
Academic Press, 1997, pp. 153-185.

R. A. Samson and J. Houbraken, "Laboratory Isolation and Identification of Fungi,"
in Microorganisms in Home and Indoor Work Environments: Diversity, Health
Impacts, Investigation and Control, vol. 247, 2001.

R. A. Samson and J. C. Frisvad, "New Taxonomic Approaches for Identification of
Food-Borne Fungi," International Biodeterioration & Biodegradation, vol. 32, no.
1-3, pp. 99-116, 1993.

U. Norjmaa, G. Purevdorj, E. Tserendorj, B. Bayarsaikhan, and J. Ganbaatar,
"Morphological and Molecular Identification of Beauveria bassiana from Agricultural
Soils," Mongolian Journal of Agricultural Sciences, vol. 27, no. 2, pp. 20-24, 2019.
C. A. Yusup and D. D. Eris, "Isolation, Molecular Characterization, and Virulence
Assays of Entomopathogenic Fungi of Oryctes rhinoceros Larvae from Asahan
Origin," in IOP Conference Series: Earth and Environmental Science, vol. 1308, no.
1, 2024.

C. Hernandez-Dominguez, J. Rangel-Huerta, M. Ldpez-Lépez, and F. Pérez-
Gonzalez, "Comparison of the Relative Efficacy of an Insect Baiting Method and
Selective Media for Diversity Studies of Metarhizium Species in the Soil," Biocontrol
Science and Technology, vol. 26, no. 5, pp. 707-717, 2016.

G. D. Inglis, D. L. Johnson, and M. S. Goettel, "Effect of Bait Substrate and
Formulation on Infection of Grasshopper Nymphs by Beauveria bassiana,"
Biocontrol Science and Technology, vol. 6, no. 1, pp. 35-50, 1996.

G. D. Inglis, J. U. Enkerli, and M. S. Goettel, "Laboratory Techniques Used for
Entomopathogenic Fungi: Hypocreales," in Manual of Techniques in Invertebrate
Pathology, vol. 2, pp. 189-253, 2012.

16


https://doi.org/10.21070/ijhsm.v2i1.52

Indonesian Journal on Health Science and Medicine

Vol. 2 No. 1 (2025): January
ISSN 3063-8186. Published by Universitas Muhamamdiyah Sidoarjo

Copyright © Author(s). This is an open-access article distributed under the terms of

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

the Creative Commons Attribution License (CC-BY).
https://doi.org/10.21070/ijhsm.v2i1.52

W. S. Abbott, "A Method of Computing the Effectiveness of an Insecticide," Journal
of Economic Entomology, vol. 18, no. 2, pp. 265-267, 1925.

D. J. Finney, Probit Analysis: A Statistical Treatment of the Sigmoid Response
Curve, Cambridge, UK: Cambridge University Press, 1971.

Y.-P. Sun, "Toxicity Index: An Improved Method of Comparing the Relative Toxicity
of Insecticides," Journal of Economic Entomology, vol. 43, pp. 45-53, 1950.

R. V. Bhadani, P. Patel, S. Shah, and H. Trivedi, "Characterization and Bio-Efficacy
of Entomopathogenic Beauveria Associated with Cuticle-Degrading Enzymes to
Restrain Sucking Pest Bemisia tabaci," Parasitology Research, vol. 121, no. 7, pp.
2019-2031, 2022.

P. D. Jumade, "Isolation, Characterization and Virulence Potential of
Entomopathogenic Fungi Against Cattle Ticks," Ph.D. dissertation, Dept.
Agricultural Sciences, University of Maharashtra, 2020.

R. Gupta, S. K. Singh, M. Kumar, and A. Sharma, "The Entomopathogenic Fungi
Metarhizium brunneum and Beauveria bassiana Promote Systemic Immunity and
Confer Resistance to a Broad Range of Pests and Pathogens in Tomato,"
Phytopathology, vol. 112, no. 4, pp. 784-793, 2022.

V. M. Paradza, N. V. Meyling, M. Chidawanyika, and J. Le R{, "Virulence and
Horizontal Transmission of Metarhizium anisopliae by the Adults of the Greenhouse
Whitefly Trialeurodes vaporariorum (Hemiptera: Aleyrodidae) and the Efficacy of
Oil Formulations Against Its Nymphs," Heliyon, vol. 7, no. 11, 2021.

C. Wang and S. Wang, "Insect Pathogenic Fungi: Genomics, Molecular
Interactions, and Genetic Improvements," Annual Review of Entomology, vol. 62,
no. 1, pp. 73-90, 2017.

H. A. Raja, M. N. Miller, F. K. Chaturvedi, and J. K. Pearce, "Fungal Identification
Using Molecular Tools: A Primer for the Natural Products Research Community,"
Journal of Natural Products, vol. 80, no. 3, pp. 756-770, 2017.

L. Tedersoo, S. Anslan, M. Bahram, and U. Kdljalg, "Identifying the 'Unidentified'
Fungi: A Global-Scale Long-Read Third-Generation Sequencing Approach," Fungal
Diversity, vol. 103, pp. 273-293, 2020.

S. A. Rehner, "Phylogenetics of the Insect Pathogenic Genus Beauveria," in Insect-

Fungal Associations: Ecology and Evolution, vol. 3, pp. 27-45, 2005.

17


https://doi.org/10.21070/ijhsm.v2i1.52

Indonesian Journal on Health Science and Medicine

Vol. 2 No. 1 (2025): January
ISSN 3063-8186. Published by Universitas Muhamamdiyah Sidoarjo

Copyright © Author(s). This is an open-access article distributed under the terms of

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

the Creative Commons Attribution License (CC-BY).
https://doi.org/10.21070/ijhsm.v2i1.52

F. Driver, R. J. Milner, and J. W. H. Trueman, "A Taxonomic Revision of
Metarhizium Based on a Phylogenetic Analysis of rDNA Sequence Data,"
Mycological Research, vol. 104, no. 2, pp. 134-150, 2000.

J. F. Bischoff, S. A. Rehner, and R. A. Humber, "A Multilocus Phylogeny of the
Metarhizium anisopliae Lineage," Mycologia, vol. 101, no. 4, pp. 512-530, 2009.
S. Larbi-Koranteng, E. K. Gyasi, K. Adu-Gyamfi, and D. Acheampong,
"Morphological, Biochemical and Molecular Identification of Rhizobacteria Isolates
with Potential for Biocontrol of Fungal Plant Pathogens," Archives of
Phytopathology and Plant Protection, vol. 54, no. 17-18, pp. 1346-1359, 2021.

T. M. Butt, C. Jackson, and N. Magan, "Entomopathogenic Fungi: New Insights
into Host—Pathogen Interactions," Advances in Genetics, vol. 94, pp. 307-364,
2016.

A. K. Abdul Hussein, H. H. Aleoia, and N. M. Jabbar, "The Effect of the Fungus
Beauveria bassiana on the Mortality Percentages of the First and Fourth Larval
Instar of the Red Flour Beetle, Tribolium castaneum (Coleoptera: Tenebrionidae),"
Egyptian Academic Journal of Biological Sciences, vol. 17, no. 1, pp. 25-29, 2024.
N. V. Meyling and J. Eilenberg, "Ecology of the Entomopathogenic Fungi Beauveria
bassiana and Metarhizium anisopliae in Temperate Agroecosystems: Potential for
Conservation Biological Control," Biological Control, vol. 43, no. 2, pp. 145-155,
2007.

E.-J. Scholte, B. G. J. Knols, A. Takken, and W. F. Loomans, "Infection of Malaria
(Anopheles gambiae s.s.) and Filariasis (Culex quinquefasciatus) Vectors with the
Entomopathogenic Fungus Metarhizium anisopliae," Malaria Journal, vol. 2, pp. 1-
8, 2003.

R. H. Saady and H. H. Aleoia, "Biological Efficacy of Metarhizium anisopliae and
Entomophthora muscae in Biological Control of Culex quinquefasciatus Say," in

Journal of Physics: Conference Series, vol. 1660, no. 1, 2020.

18


https://doi.org/10.21070/ijhsm.v2i1.52

