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(Sharifi et al. 1970). The LHB larvae spend winter within 
larval galleries in immature stages (Behdad 1984). Due to 
the cryptic behavior of the larvae, the management of this 
beetle is a challenging issue. One of the main methods 
for managing O. coerulescens involves mechanical man-
agement, which involves cutting and burning the infested 
branches. Since many different groups of natural enemies 
find shelter in abandoned larval galleries and numerous spe-
cies of parasitoids and predators seek refuge there through-
out the winter (Karimi et al. 2017), However, this is not seen 
as a viable environmental strategy. Due to the inaccessible 
habitats of the pest, cryptic behavior during the immature 
stages under the bark of host trees, and also asynchronously 
in hatching the eggs and emerging the larvae, the applica-
tion of chemical pesticides against this pest poses unique 
management challenges (Esmaeili 1983). To control these 
types of cryptic inhabiting pests, numerous researchers 
have addressed the use of entomopathogenic fungi (Liu and 
Bauer 2008). Entomopathogenic fungi (EPFs) are a signifi-
cant group of insect pathogens that are used as microbial 
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Turkey. These Cerambycid’s larvae feed on living twigs and 
branches of various Rosaceae, and on occasion, when pop-
ulations are excessive, they can seriously harm fruit trees 

	
 Javad Karimi
Jkb@um.ac.ir

1	 Department of Entomology, Southern Piedmont Agricultural 
Research & Extension Center, Virginia Tech, Blackstone, 
VA, USA

2	 Department of Plant Protection, Faculty of Agriculture, 
Ferdowsi University of Mashhad, P.O. Box 91775-1163, 
Mashhad, Iran

3	 Departmant of Molecular Biology and Genetics, Faculty of 
Science, Erzurum Technical University, Erzurum, Türkiye

Abstract
Entomopathogenic fungi (EPFs) are a significant group of insect pathogens that are used as microbial insecticides with 
distinct physiological mechanisms of pathogenicity. During our survey in the middle of March 2020 to early October 
2022 on natural EPF as a biological control agent of the longhorn beetle (LHB) Osphranteria coerulescens, new isolates 
of EPFs were found on LHB larvae in apple orchards of Dargaz, Razavi Khorasan province, Iran. The nBLAST results 
of this these indigenous isolate indicated the highest similarity to Cladosporium sp. (Ascomycota: Davidiellaceae) with 
ON307222.1 access number and for EF-1α indicated the highest similarity to Cladosporium sp. with MH724951.1 access 
number. To assess the virulence of these indigenous isolates of EPF, a series of tests were conducted on the LHB larvae 
stages. Conidial concentrations 104, 105, 106, 107, and 108 (conidia/ml− 1) caused (10.21 ± 2.1), (23.44 ± 2.4), (28.72 ± 2.6), 
(33.23 ± 3.1) and (34.02 ± 2.8) % of mortality in LHB, respectively and there was no significant difference between 108 
and 107 (conidia/ml−1) concentrations. The mortality results by the time showed that the process did not start until 3 days 
after treatment, and after that, it sped up. This research gathers new information about cryptic inhabiting larvae which 
shows considerable potential for this Cladosporium species to be implemented within the microbial control program of 
the LHB. This research is a new report isolating the pathogenicity of Cladosporium sp. on LHB. These fungal isolates 
have considerable potential for the microbiological control of the LHB.
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insecticides and have physiologically distinct mechanisms 
of pathogenicity. These pathogens can infect their hosts 
without being ingested, which is a critical factor because 
microbes that require ingestion to infect a host are not 
appropriate for use against cryptic larvae like wood borer 
larvae (Hajek and Bauer 2007). Since the 1960s, more than 
170 entomopathogenic fungi-based biopesticides have been 
produced; about 75% of these are still in use or have been 
registered for use (Faria and Wraight 2007). These kinds of 
entomopathogens frequently infect a wide range of insect 
pests, including Coleopterans, Lepidopterans, and other 
groups (Lee et al. 2015; Khoury et al. 2020). While several 
reports are available on the application of fungi as microbial 
agents of wood-boring pests, in the case of LHB, due to 
our knowledge, no record of this type of attempt has been 
found. Among the natural enemies of O. coerulescens lar-
vae, several species of entomopathogens, including fungi 
were found infecting larval populations in Iran (Moham-
madyani et al. 2016).

Several studies have been conducted on the effective use 
of EPFs against wood-boring insect infestations. Beauve-
ria bassiana (Balsamo) Vuillemin caused 75% mortality 
of Monochamus alternatus Hope (Coleoptera: Ceramby-
cidae) larvae (Hajek and Bauer 2007). In another works, 
fiber bands containing EPFs were applied to control Ano-
plophora glabripennis Motschulsky (Coleoptera: Ceram-
bycidae) (Hajek et al. 2006) and strains of B. bassiana, 
Metarhizium anisopliae and Lecanicillium muscarium were 
effective against the sarta beetle larvae, Aeolesthes sarta 
(Farashiani et al., 1998). Also, the conidia of Beauveria 
bassiana were sprayed on trees infested with Enaphalodes 
rufulus Haldeman (Coleoptera: Cerambycidae) (Meyers et 
al. 2013). A recent study about the use of entomopathogenic 
fungi on Asian longhorn beetle showed that Metarhizium 
anisopliae (Metchnikoff) Sorokin (Hypocerales: Clavicipi-
taceae) and Metarhizium brunneum Petch (Hypocerales: 
Clavicipitaceae) killed 100% of treated beetles with the 
shortest survival times. After that five strains of Beauve-
ria bassiana ranging from 0 to 77.3% mortality within 28 
d and finally two Isaria fumosorosea Wize (Hypocerales: 
Cordycipitaceae) and the Lecanicillium muscarium Zare & 
Gams (Hypocerales: Cordycipitaceae) were not pathogenic 
to Asian longhorn beetle adult (Clifton et al. 2020).

The first step toward the implementation of effective 
microbial management is to look for virulent strains of 
indigenous microorganisms and subsequently assessing 
their effectiveness against pests (Lacey and Shapiro-Ilan 
2008). Therefore, in this study, we aimed to characterize a 
native EPF as a natural pathogen from the larvae of LHB 
and evaluate its pathogenicity against LHB at different con-
centrations and times in laboratory conditions.

Materials and methods

Insect sources

The Ospheranteria coerulescens larvae were collected from 
the LHB-infested apple shoots in orchards of Dargaz, Razavi 
Khorasan Province, North East Iran, (37.44° N, 59.10° E) 
from late March 2020 to early October 2022.

The larvae were taken out of the galleries, put into per-
forated plastic containers (175  mm×85  mm), and kept 
at 4 ± 1  °C until needed. The weight of the larvae was 
0.5 ± 0.02 gr on average. In all bioassays, insects with esti-
mated equal weights were used across treatments using the 
method described by Dobies et al.(2008).

Isolation of fungi

A fungal isolate was collected from O. coerulescens larvae 
found in an apple orchard, from Dargaz, Khorasan Razavi. 
During the survey, the larvae that seemed to be infested 
by EPFs were removed and translocated into the lab. The 
described method by Kumar et al. (2015) was used to isolate 
putative EPF. The individual larva was immersed in 70% 
ethanol (Merck, Darmstadt, Germany) for 3 s before being 
rinsed three times with deionized distilled water (ddH2O). 
The air-dried individuals were then put in the glass Petri 
dish (10 cm diameter), lined with wet Whatman paper (no. 
1), and incubated at 25 ± 2 ̊C for 72 h. Cadavers that showed 
signs and/or symptoms of fungal infection were placed on a 
1% potato dextrose agar (PDA) medium, where they were 
cultured for monitoring the infection [25 ± 2 ̊C, 60 ± 5% 
RH with a photoperiod of 16:8 h (L: D)] for two weeks till 
sporulation.

To test Koch’s ideas, healthy larvae were dipped for 5 
second in suspensions of 1.0 × 104, 105, 106, 107, and 108 
conidia per ml in 0.05% Tween 80 for possible confirmation 
of fungal pathogenicity. There were 10 larvae per treatment. 
The treatments were incubated for seven days while being 
closely observed. The insects of the control group were 
submerged in sterile 0.05% Tween 80 (Merck, Darmstadt, 
Germany) for the same time and under the same controlled 
situations as the treated insects. Mycosis symptoms were 
noted four days after the cadavers had been surface steril-
ized with 0.2% sodium hypochlorite solution.

Characterization of fungi isolates

Morphological identification

For morphological identification, macro- and micromorpho-
logical features of fungal colonies were examined. During 
the macroscopic characterization, the conidial color and 
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colony growth in pure fungal cultures were noted. Conidi-
ogenous cells, conidiophores, and other characteristics were 
examined under a microscope, and the genes were identified 
using associated keys (Bensch et al. 2011; Humber 2012). 
Twenty samples were mounted, dyed with aniline blue, and 
then taken pictures using a 400x digital microscope (Olym-
pus, Tokyo, Japan).

Molecular characterization

For molecular investigation, the isolated fungus were grown 
on PDA plates for 15 days in controlled conditions. Fol-
lowing that, the mycelial mass was removed and placed in 
Erlenmeyer flasks with 50 cc of sterile PDB liquid medium. 
(200 g potato and 10 g dextrose in 1  l of sterilized water 
plus 0.035 g streptomycin). The flasks were kept in a shaker 
at room temperature for ten days. Following collection, the 
mycelia were extracted with sterile distilled water, placed 
in a sterile 2-ml microtube, and maintained at 4  °C until 
required.

Using the CTAB technique, genomic DNA was extracted 
based on the method described by Doyle and Doyle (1987). 
Nitrogen-frozen samples were ground using laboratory 
Mortar & Pestle and placed into a 1.5 ml microcentrifuge 
tube. 500 µl CTAB isolation buffer (2% hexadecyltrimeth-
ylammonium bromide, 1.4 M NaCl, 0.2% β2-ME, 20 mM 
EDTA, 100 mM Tris-HCl, pH 8) were added into a 1.5-ml 
microcentrifuge tube. The sample was incubated at 65 °C 
for 60 min with occasional mixing, and then 500 µl chloro-
form/isoamyl alcohol (24:1 v/v) was added to each sample. 
The sample was briefly vortexed and then centrifuged in 
a microcentrifuge for 4 min at 13,000 rpm. To precipitate 
the nucleic acid, 400 µl of supernatant was transferred into 
a fresh 1.5  ml microcentrifuge tube, then 400  µl of ice-
cold isopropanol was added to the tube, and the tube was 
inverted five times before being placed in the refrigerated at 
-23 °C for 10 min. At 13,000 rpm for 4 min, the sample was 
centrifuged in a microcentrifuge, and the supernatant was 
discarded. The pellet was suspended in 50 ml of nuclease-
free water after being air-dried for two hours.

The ITS and EF-1α gene regions were subjected to Poly-
merase Chain Reactions (PCR) with the ITS4 and ITS5 
and EF1α-F and EF1α-R primers respectively (Table  1). 

PCR was performed in an Eppendorf Mastercycler gradi-
ent (Eppendorf, Hamburg, Germany) in a standard 25  µl 
reaction containing 5 µl Taq DNA Polymerase Master Mix 
(Ampliqon, Odense, Denmark), 1 µl of each primer, 3 µl 
DNA template and 15 µl of double distilled water. Tempera-
ture conditions were denaturant at 94 ̊C for 60 S, annealing 
at 51 ̊C for 90 S, and extension at 72 ̊C for 90 S (30 cycles, 
plus an initial denaturation at 94 ̊C for 1  min and a final 
extension at 72 ̊C for 8 min). Temperature conditions of the 
EF-1α amplification were similar to ITS except for anneal-
ing which was set at 53 ̊C.

The PCR product was loaded onto a 1% agarose gel and 
visualized under UV light. For direct sequencing of double 
strands of DNA, the PCR products were sent to the Mac-
rogen sequencing service facilities (Macrogen Inc., Seoul, 
Korea).

The raw sequence file is first checked then a consensus 
sequence is created and submitted. The sequences were 
assembled using the DNA Baser program. Using NCBI 
Genbank’s nBLAST search tool, our consensus sequence 
was compared with the database sequence. Genbank 
sequences with the highest similarity were obtained, and 
the phylogenetic tree was reconstructed using valid and 
confirmed data from those sequences. Multiple alignments 
were carried out using the ClustalW software (Thompson et 
al. 1994). MEGA6 software was used to reconstruct phy-
logenetic trees using the neighbor-joining method (Tamura 
et al. 2013). A bootstrap analysis was performed with 1000 
replicates.

Preparation and viability test for the conidia

Using a PDA method, conidial viability was evaluated and 
all bioassays were conducted using cultures having conid-
ial viability of at least 90%. Three replicates were used to 
evaluate the germination percentage of conidia. After pre-
paring the stock cultures of conidia with three replications, 
the number of conidia was counted using a Neubauer hemo-
cytometer (Superior, Marienfeld). The stock culture was 
diluted to prepare other concentrations.

Virulence assays

Following the results of the preliminary testing, five con-
centrations of EPF isolates were chosen for the virulence 
assay and tested on LHB larvae using the dipping method 
as described by (Dubois et al. 2008). In brief, larvae were 
directly immersed separately for 5 seconds in conidial sus-
pension ranges (1 × 104, 105, 106, 107, and 108 conidia/ml− 1), 
then transferred to sterile Petri dishes lined with Whatman 
No. 1 filter paper and maintained under controlled condi-
tions. After treatment, the larvae were placed in plastic 

Table 1  The primers used for molecular identification of EPF
Target 
region

Primers and sequence Refer-
ence

ITS ITS-F: 5′-​T​C​C​T​C​C​G​C​T​T​A​T​T​G​A​T​A​T​G​C-3′
ITS-R: 5′-​G​G​A​A​G​T​A​A​A​A​G​T​C​G​T​A​A​C​A​A-3′

(White 
et al. 
1990)

EF-1α EF1α-F: 
5′-ATGGGTAAGGARGACAAGAC-3′
EF1α-R: 5′-GGARGTACCAGTSATCATG-3′

(Don-
nell 
et al. 
2009)
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Davidiellaceae) in the population of O. coerulescens larvae 
from the apple orchards in Dardgaz, Khorasan Razavi, Iran.

The hyphae of Cladosporium sp. had a velvety appear-
ance and were green to brown. Furthermore, long, branched 
chains of conidia (3-5.5 × 2–5  μm), most of which were 
small ellipsoidal, were seen in branched conidiophores (25–
165 × 2.5-4 μm) (Vries 1952; Campbell and Johnson 2013).

For molecular identification, the ITS and EF-1α 
sequences of the fungal isolated were used to reconstruct 
of a phylogenetic tree. The obtained DNA sequences of the 
isolated species were deposited in the NCBI Genbank under 
accession numbers OQ430660 for ITS and OR102503 for 
EF-1α. For ITS gene region nBLAST search indicated the 
highest similarity to Cladosporium sp. with ON307222.1 
access number and for EF-1α indicated the highest similar-
ity to Cladosporium sp. with MH724951.1 with a high boot-
strap value. The results of reconstruction Neighbor-joining 
tree based on ITS and EF-1α showed that this species sited 
in a single clade with Cladosporium sp. (ON307222.1) and 
(MH724951.1) respectively (Figs. 1 and 2). Consequently, 
morphological identification and ITS and EF-1α sequencing 
analyses were used to identify the genes of the fungi.

Bioassay

Bioassay results revealed that Cladosporium sp. caused the 
infection in LHB larval stages. The findings also indicated 
that a rise in conidial concentration was associated with a 
rise in mortality. All of the dead larvae, which were found 
to be cadavers 18 days after inoculation, confirmed Koch’s 
hypotheses.

Virulence assays

Cladosporium sp., an entomopathogenic fungus, caused 
(mean ± SE) 25.92 ± 2.6% mortality in LHB (Table  2). 
Conidial concentrations 104, 105, 106, 107, and 108 
(conidia/ml− 1) caused (10.21 ± 2.1), (23.44 ± 2.4), 

containers (120 × 100  mm), along with fresh apple twigs 
as food, and maintained in a controlled condition [25 ± 2 
̊C, 60 ± 5%RH with a photoperiod of 16:8 h (L: D)]. Four 
larvae per treatment were used in a four-replicates random 
design.

Sterilized water with 0.05% Tween 80 without fungal 
conidial was used as the control treatment. The treatments 
were examined every day until 21 days. Any dead larvae 
were surface sterilized, washed with sterile distilled water 
three times, placed in sterile Petri dishes lined with filter 
paper, and kept in a controlled condition [25 ± 2 ̊C, 60 ± 5% 
RH with a photoperiod of 16:8 h (L: D)] to investigate for 
mycosis. All experiments were repeated twice.

Statistical analysis

For all bioassays, statistical analysis was performed using 
SAS software version 9.1. (SAS Institute 2002). The gen-
eral linear model (PROC GLM) was used to analyze the 
variance of mean numbers. Data were control-corrected for 
mortality (Abbott 1925). The arcsine square root transfor-
mation was used to standardize percentage data as needed. 
Data from the larval bioassays were evaluated using a com-
pletely random design (5 concentrations 7 days). The mor-
tality data were analyzed via Proc ANOVA and the means 
were separated using Tukey (HSD) test (p = 0.05). Using the 
Probit procedure, the median lethal concentration (LC50) 
values (fiducial 95%) for the larvae exposed to EPFs were 
determined in IBM-SPSS statistics, version 20 (SPSS Inc. 
IBM Company 2010).

Results

Entomopathogenic fungus identification

During our survey we identified one isolate of an EPF 
belonging to Cladosporium sp. Link (Ascomycota: 

Fig. 1  Phylogenetic reconstructed 
based on the ITS gene using the 
NJ method. Numbers at nodes 
represent the percent bootstrap 
values. The samples of this study 
are shown with star symbols
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and 6 days and also between 15 and 18 days after treatment 
(Fig. 4).

Discussion

During our survey, one native entomophatogenic fungus 
was isolated from O. coerulescens larva in an apple orchard, 
described, and tested in a trial series to examine its inter-
action with its natural host insect. Previous research by 
Mohammadyani et al. (2016) has shown that LHB infested 
by Beauveria bassiana and Metarhizium anisopliae as two 
native entomophatogenic fungi. Although, Cladosporium 
spp. have been identified as entomopathogens on several 
insect pests (Abdel-Baky 2000; Narmani et al. 2016; El-
Sawy et al. 2019; Kishore et al. 2019; Mousavi et al. 2022). 
However, occurrence of Cladosporium sp. within the larvae 
of O. coerulescens is a new report for the incidence of this 
EPFs as a natural entomopathogen on the O. coerulescens.

To identify species within the Cladosporium genus, 
molecular analysis of DNA sequences such as translation 
elongation factor 1- alpha and ITS has been proposed (Bec-
chimanzi et al. 2021). As a result, the fungus isolates used 

(28.72 ± 2.6), (33.23 ± 3.1) and (34.02 ± 2.8) % of mortality 
in LHB, respectively (Fig. 3).

Five days after inoculation, the equivalent LC50 values 
for EPF on the larvae were determined, and they were used 
to compare the virulence of the applied fungal species. The 
LC50 values also indicated that the B. bassiana has high vir-
ulence on 108 and 106 (conidia/ml− 1) against larva insects 
of O. coerulescens. No mycosis was found in the control 
(n = 120, LC50 = 4.8 × 105, Slope ± SEb =0.35 ± 0.08, χ2 
(df) = 9.57 (22), P valuec 0.99).

Mortality rates by EPF increased over time. Larva mortal-
ity caused after 3,6,9,12,15 and 18 days were 11.01, 12.43, 
24.28, 37.64, 45.11, and 47.32%, respectively (Fig.  4). 
There is no mortality at 1 day after treatment and also there 
is no significant difference between mortality rate after 3 

Table 2  ANOVA parameters for main effects and interactions caused 
by entomopathogenic fungi on LHB mortality
Source D.f MS F P
Concentration (C) 4 27.47 26.85 < 0.0001
Days After Treatment (DAT) 6 251.71 246 < 0.0001
C*DAT 24 5.03 4.92 < 0.0001

Fig. 3  Mean corrected mortal-
ity (% ±SE) of Osphranteria 
coerulescens larvae at 5 concen-
trations (1 × 104, 105, 106, 107, 
and 108 conidia/ml− 1). Different 
letters indicate a significant dif-
ference between concentration, 
Tukey test (p < 0.05)

 

Fig. 2  Phylogenetic reconstructed 
based on the EF-1α gene using 
NJ method. Numbers at nodes 
represent the percent bootstrap 
values. The samples of this study 
are shown with star symbols
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and amino acid properties of the insect cuticle (Tanada and 
Kaya 1993) play critical roles in preventing hyphal invasion.

The EPF characteristics are the second part of the disease 
triangle. Many factors, such as fungal strain, the nutritional 
condition of fungi, and different insect orders, have dem-
onstrated different levels of sensitivity to Cladosporium sp. 
Bahar et al. (2011) reported that Cladosporium sp. treatment 
resulted in mortality of 54% of first instar larvae of Helicov-
erpa armigera Hübner (Lepidoptera: Noctuidae) compared 
with 5% in the controls. This species was also efficacious 
against Aphis gossypii Glover (Hemiptera: Aphididae) and 
Bemisia tabaci Gennadius (Hemiptera: Aleyrodidae) with 
67% and 75% mortality rates, respectively. Furthermore, it 
was discovered that Cladosporium uredinicola, when used 
as endophytic treatment, causes abnormalities such as form 
changes, extensive vacuolization, and necrosis in a sig-
nificantly greater portion of the hemocytes of Spodoptera 
litura Fabricius (Lepidoptera: Noctuidae) larva (Thakur et 
al. 2014). Mousavi et al. (2022) evaluated the pathogenicity 
of Cladosporium sp. on the black bean aphid, Aphis fabae 
Scopoli (Hemiptera: Aphididae) under laboratory condi-
tions and found a mortality rate of 26.4 ± 1.1% in nymphs 
and 24.0 ± 1.2% in adults of aphids.

The concentration of entomopathogenic fungi can indeed 
play a significant role in their virulence and effectiveness 
as biocontrol agents against insect pests. In our study we 
observed that the highest mortality rate was observed in a 
concentration of 108 Conidia/ml. It was also observed that 
there is no significant difference between mortality rate in 
concentrations of 108 and 107 conidia/ml. This suggests that 
the effectiveness of the EPF in causing mortality reached a 
plateau at the higher concentration, and further increasing 
the concentration did not significantly enhance the mortality 
rate. It’s worth noting that the optimal concentration of EPF 

in this study was identified up to the genus level. Although 
Cladosporium sp. was identified using morphological and 
molecular features, more investigation is necessary to 
ensure precise species-level identification of the fungus.

As other EPF, Cladosporium sp. conidia germinate after 
adhering to their host’s cuticle, the hyphae penetrate the 
cuticle, and proliferation occurs for a few days within the 
host’s hemocoel. Furthermore, EPF produces some myco-
toxins leading to the host’s death (El-Sawy et al. 2019; 
Elbanhawy et al. 2019; Shaker et al. 2019).

It is crucial to research the distribution, isolation, and 
characterization of native EPF species (Bidochka et al. 
1998), as exotic species/strains of EPFs have often failed in 
biocontrol programs due to factors relating to host species, 
or poor adaptability of exotic fungal strains to local environ-
mental conditions (Lacey et al. 2015). Native EPF isolates 
may be more resistant to environmental changes and com-
patible with the ecosystem here than exogenous ones, which 
is a well-known fact (Kim and Kim 2008). This study’s pri-
mary objective was to determine whether local isolates of 
EPF species could protect against longhorn beetle larvae.

We attempt to explain the significance of the key com-
ponents of each component involved by taking into account 
the “disease triangle” that represents the link between the 
insect host, pathogen, and environment (Tanada and Kaya 
1993; Scholthof 2007). According to the LHB larva bioas-
say, maximum mortality was observed in the 107 and 108 
conidia/ml− 1, causing 33.23 and 34.02% mortality respec-
tively. Determining whether or not a control strategy can be 
successful critically depends on an insect host’s susceptibil-
ity to fungal infection. Host, pathogen, and environmental 
interactions are influenced by host density as well as genetic 
and behavioral traits (associated with resistance). For 
instance, the wax layer’s thickness (Shimazu et al. 2002) 

Fig. 4  Mean corrected mortal-
ity (% ±SE) of Osphranteria 
coerulescens larva, by EPF at 
3–18 days after treatment. Differ-
ent letters indicate a significant 
difference between concentration, 
Tukey test (p < 0.05)
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