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Abstract 

Background: The banana stem weevil, Odoiporus longicollis (Olivier), is a serious threat to banana cultivation world 
over. Since banana is a food crop, the use of naturally infecting biological control agents could be an effective alterna-
tive to manage the insect pest instead of harmful chemicals. Also, the efficacy of entomopathogenic fungi against O. 
longicollis was used in bioassay.

Results: Among the Beauveria bassiana isolates tested the median lethal concentration  (LC50) 10.468 ×  105 conidia 
 ml−1 when treated with B. bassiana (NRCBEFPMP1), two other isolates of B. bassiana, namely NRCBEPF22 and 
NRCBEPF2, were also effective against O. longicollis and recorded  LC50 of 12.617 ×  105 and 12.891 ×  105 conidia  ml−1, 
respectively. The results of bioassay with different Metarhizium spp. showed variations in efficacy, where the most 
virulent isolate was M. quizhouense (NRCBEPF11) with  LC50 8.050 ×  105 conidia  ml−1. Scanning electron microscopic 
analysis showed that B. bassiana and M. quizhouense caused infection by cuticle penetration and completed the infec-
tion process in 15 days. The composition of volatile organic compounds released by B. bassiana and M. anisopliae dur-
ing pathogenesis showed that a significantly high number of known insect volatiles were present in infected insects. 
Consequently, these volatiles were emission in Insect attractant, Odorant receptor agonist, Plant hormone Plant, 
and Microbial Metabolites, through the biological activity, such as Methyl salicylate, Benzaldehyde, alpha-Terpineol, 
Limonene, Benzene, 1,2-dimethoxy, Phthalic acid, 1-Octadecene, Phenylacetaldehyde, 3-Octanone, Octanal, Methyl-
heptenone and 2-Ethyl-1-hexyl alcohol.

Conclusion: Overall, the results show that EPF could significantly reduce damage by O. longicollis and produce a 
wide profile of secondary metabolites. Further, analysis was used for principal components to determine whether 
separated classes of fungi can be distinguished from one another based on their metabolite profiles.
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Background
Banana (Musa  sp.) is the second most important fruit 
crop in India next to mango. Over nineteen species 
of insects have been reported to infest banana culti-
vars (Padmanaban et  al. 2001). One important pest 
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is the banana pseudostem borer, Odoiporus longicol-
lis (Olivier) (Coleoptera: Curculionidae). Also known 
as banana stem weevil (BSW). It can cause substan-
tial damage in terms of production and productivity 
of banana (David 2008). Recent reports suggest that 
O. longicollis is distributed over diverse geographical 
locations in India (Isahaque 1978) and serious crop 
loss due to BSW (Jayanthi and Varghese 1999).

In India, application of synthetic chemical insec-
ticides is the most common option to control BSW 
(Thippaiah et  al. 2011). Since banana is a food crop, 
safer control methods of BSW are needed. One impor-
tant safe alternative is use of biological control for 
entomopathogenic fungi (EPF), as they can grow natu-
rally in soils and are capable of infecting various insects 
(Sharmila and Mohan 2015). Researchers have tried to 
use Metarhizium anisopliae, and Beauveria bassiana 
and their related species to control O. longicollis (Vela-
van et al. 2021; Sripriya et al. 2000). In addition, foliar 
application of EPF formulation against BSW has also 
been attempted in the fields (Azam et al. 2010). Studies 
have also shown certain endophytic isolates of B. bassi-
ana can be highly effective on O. longicollis, if allowed 
to colonize in early stages of crop (Alagesan et al. 2019). 
Padmanaban et  al. (2019) could identify endophytic 
EPF within the Musa germplasm cultivars that induced 
natural protection against banana pests. While EPF are 
identified based on their morphological and molecular 
characteristics, species identification among Metarhi-
zium spp. is difficult because of its structural simplic-
ity and the lack of distinctive features (Velavan et  al. 
2021). Recently the diversity of Beauveria spp. occur-
ring in India was studied through phylogenetic analysis 
(Kisaakye et al. 2021) and taxonomic status of Beauve-
ria spp. occurring worldwide was attempted using both 
morphological and molecular methods (Rehner et  al. 
2011).

At National Research Centre on Banana in India, six 
EPF, namely B. bassiana, B. brongniartii, M. anisopliae, 
M. robertsii, M. quizhouense and M. pinghaense native 
isolates, have been tested against leaf and fruit scarring 
banana pest Basilepta subcostata. Thus, B. brongni-
artii, M. anisopliae and M. pinghaense strains were 
found effectively infecting B. subcostata (Viswakethu 
et  al. 2021). Although a number of EPF have been 
evaluated to control insect pests of banana, very lim-
ited data is available on use of EPF against O. longi-
collis. The present study was undertaken to know the 
biological control ability of EPF strains, isolated from 
naturally infected pests of banana. Consequently, elec-
tron microscopy analyses of the infection process and 
identification of insect specific volatiles released during 
pathogenesis were also studied.

Methods
Entomopathogenic fungi
Twenty-seven native strains of EPF belonging to Beau-
veria bassiana, B. brongniartii, Metarhizium anisopliae 
M. robertsii, M. quizhouense and M. pinghaense were 
obtained from the culture collection of ICAR-National 
Research Centre on Banana (ICAR-NRCB), India. Nat-
urally isolated at Odoiporus longicollis, Cosmopolites 
sordidus, Basilepta subcostata and Galleria mellonella 
identity was established by morphological and molecular 
studies (Table 1).

Rearing of Odoiporus longicollis
Specimens of banana stem weevils were collected from 
banana-growing regions of Thanjavur, Tiruchirappalli, 
and Theni in Tamil Nadu during 2017–2018. The weevils 
were maintained at Entomology Laboratory, Division of 
Crop Protection ICAR-NRCB, Tiruchirappalli. Banana 
pseudostem pieces (4–8  cm) were kept in plastic con-
tainers (10  kg volume) and weevils were released into 
the containers for feeding, mating and oviposition (Pad-
manaban et al. 2001). Pseudostems were changed once in 
15 days. After hatching, for further development, the first 
instar grubs (larvae) were transferred on to fresh pieces 
of pseudostem. Larvae were reared in various stages viz. 
egg, 1st, 2nd, 3rd larval instars and adults. After adult 
emergence, they were placed in jars and supplied with 
cotton wicks saturated with 8–10% honey. Adults were 
fed with banana leaf sheath at 28 ± 1 °C, 75 ± 5% RH.

Bioassay
The EPF cultures were grown on potato dextrose yeast 
agar (PDAY) medium for 10–15  days at 25 ± 0.5  °C. 
Mycelial mats containing spores were harvested in 
100  ml sterile distilled water in tubes with continuous 
stirring. The harvested contents were filtered through a 
single layer of muslin cloth to remove debris and myce-
lia. Conidial concentration was estimated using a hemo-
cytometer under a light microscope (Olympus model 
BX100). Subsequently conidial suspensions (1 ×  107, 
1 ×  106, 1 ×  105, 1 ×  104, and 1 ×  103 conidia  ml−1) were 
prepared with 0.1% TritonX-100, 0.2% Tween 80 and 
0.1% glycerol. Adults of stem weevils were transferred 
aseptically to fresh plastic boxes (10  cm diameter and 
30  cm height). The conidial suspensions of EPF isolates 
were swabbed on leaf sheaths (8–10 cm length) individu-
ally. For comparison, two commercial isolates, namely 
M. anisopliae (M1, M2) and B. bassiana (BCRL, TARI) 
were included in the experiment. Five replications were 
maintained for each treatment and each replication had 
15 test adults. Leaf sheaths treated with water contain-
ing 0.1% Triton X-100, 0.2% Tween 80 and 0.1% glycerol 
served as control. Mortality was recorded every day up to 
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15  days after inoculation. Infected insect cadavers were 
transferred to the wet chamber and the pathogenic fun-
gus was re-isolated and confirmed based on culture char-
acteristics and spore morphology.

Volatile organic compound detection from insect–fungus 
interaction
Virulent EPF isolates, namely Beauveria bassiana, B. 
brongniartii, Metarhizium anisopliae, M. robertsii, M. 
quizhouense and M. pinghaense, were selected to iden-
tify secretion of volatile organic compounds (VOC) or 
organic compound emission of secondary metabolites 
during insect–fungus interaction. Infected dead insects 
were carefully returned to individual flasks and main-
tained without feeding under rearing conditions as 
previously described (Crespo et  al. 2006). VOC were 
sampled from adults previously treated with either 

1 ×  108 conidia  ml−1 or sterile distilled water contain-
ing 0.01% Tween-80 (controls). For each condition, one 
adult of known sex was gently placed in a 20-ml glass 
vial sealed with a Teflon cover having a rubber septum. 
The vial was vortexed for 10  s to elicit the release of 
volatiles; the released volatiles were immediately sam-
pled from the headspace corresponding to the gaseous 
phase in contact with the insect sample (Arthur and 
Pawliszyn 1990). Three independent replicates (each 
replicate from a different individual) were performed 
for each condition (fungus-treated and untreated males 
and females). A vial containing no insect was used as 
controls. Volatile collections from EPF uninfected and 
infected adults were performed with a (polydimethyl-
siloxane PDMS) fiber with a 50-μm film thickness 
(Supelco, Inc., Bellefonte, PA, U.S.A.). The fiber had 
been previously conditioned according to the manu-
facturer’s instructions and was systematically recondi-
tioned before each analysis.

Table 1 Entomopathogenic fungi used in the study, their source and identity

*Naturally infected cadaver

**Isolated from Galleria mellonella when used as bait

Isolates name Source of the isolate Geographic location GenBank accession

Beauveria bassiana (NRCB EPF2) Odoiporus longicollis* 10.78° N 78.58° E MT645318

B. brongniartii (NRCB EPF27) Basilepta subcostata* 26.72° N, 94.19°E MT151781

B. brongniartii (NRCB EPF28) B. subcostata* 26.72° N, 94.19°E MT151784

B. bassiana (NRCB EPF29) B. subcostata* 26.31°N, 94.11°E MT151783

B. bassiana (NRCB EPF30) B. subcostata* 26.31°N, 94.11°E MT151786

B. bassiana (NRCB EPF32) B. subcostata* 26.31°N, 94.11°E MT140307

B. bassiana (NRCBEFPMP1) Cosmopolites sordidus* 09.80° N, 77.36° E MK899434

B. bassiana (NRCB EPF22) B. subcostata* 25.85° N, 85.78°E MK834817

B. bassiana (NRCB EPF8) B. subcostata* 25.09° N 85.31° E MT645316

B. bassiana (NRCB EPF14) B. subcostata* 25.09° N 85.31° E MT645319

Metarhizium anisopliae (NRCB EPF16) ** 10.78° N 78.58° E MK834813

M. anisopliae (NRCB EPF17) ** 10.78° N 78.58° E MN888761

M. anisopliae (NRCB EPF18) ** 10.78° N 78.58° E MN888763

M. robertsii (NRCB EPF19) ** 10.78° N 78.58° E MN889408

M. anisopliae (NRCB EPF6) O.longicollis* 10.78° N 78.58° E MN892391

M. anisopliae (NRCB EPF9) O.longicollis* 10.84° N 78.95° E MK834805

M. pinghaense (NRCB EPF7) O.longicollis* 10.78° N 78.58° E MN892389

M. robertsii (NRCB EPF10) O.longicollis* 10.84° N 78.95° E MN892393

M. quizhouense (NRCB EPF11) O.longicollis* 10.84° N 78.95° E MN892392

M. anisopliae NRCB EPF12 O.longicollis* 10.78° N 78.58° E MN892390

M. robertsii (NRCB EPF13) O.longicollis* 10.78° N 78.58° E MN892394

M. robertsii (NRCB EPF23) O.longicollis* 10.78° N 78.58°E MN893382

M. robertsii (NRCB EPF24) B. subcostata* 25.99° N, 85.59° E MK836090

M. robertsii (NRCB EPF33) B. subcostata* 26.48°N, 94.11°E MN893380

M. quizhouense (NRCB EPF34) B. subcostata* 26.30°N, 94.11°E MN893383

M. anisopliae (NRCB EPF35) B. subcostata* 26.43°N, 94.35°E MT140304

M. anisopliae (NRCB EPF36) B. subcostata* 26.43°N, 94.35°E MT140308
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Statistical analysis
The corrected mortality rate was calculated using the 
Abbotts formula. The lethal concentration  LC50 was ana-
lyzed by using Probit analysis software in SPSS® version 
25. The concentration responses of each replicate were 
observed for estimation of median lethal concentration 
 (LC50) to kill 50% of exposed adults only. Principal com-
ponents analysis (PCA), to illustrate the differences in the 
profiles of volatile compounds released during Insect–
Fungal interaction, was also subjected to statistical analy-
sis (Origin vs. OriginPro).

Results
Bioassay against Odoiporus longicollis
Twelve B. bassiana isolates that included two commer-
cial (BCRL & TARI) and two B. brongniartii strains were 
tested against adults of O. longicollis. The adults of O. 
longicollis were susceptible to all the tested Beauveria 
spp. used in a concentration-dependent manner in five 
concentrations (1 ×  103, 1 ×  104, 1 ×  105, 1 ×  106, 1 ×  107 
conidia  ml−1). High mortality was observed at low conid-
ial concentrations that varied significantly (Table  2). It 
was observed that median lethal concentration  (LC50) 
value for weevils was 10.468 ×  105 conidia  ml−1 in B. 

bassiana (NRCBEFPMP1) indicating that this isolate was 
the most virulent (Table  1). Two other isolates, namely 
(NRCBEPF22 and NRCBEPF2), were also virulent and 
showed  LC50 of 12.617 ×  105 and 12.891 ×  105 conidia 
 ml−1 (Table  2). The highest concentration requirement 
was exhibited by the two commercial strains BCRL and 
TARI and they exhibited the same  LC50 value of 29.962 
conidia  ml−1. The results established that B. bassiana 
strains (NRCBEFPMP1, NRCBEPF22 and NRCBEPF2) 
were virulent and had potential to be deployed in the 
field.

Bioassay of 19 Metarhizium spp., to determine concen-
tration dependent virulence against O. longicollis showed 
significant differences in mortality (Table 3). Probit anal-
ysis showed a variation in virulence among the different 
Metarhizium isolates. Based on  LC50 values the most 
virulent isolate was M. quizhouense (NRCBEPF11) that 
exhibited the ability to kill 50% of the tested adults with 
8.050 ×  105 conidia  ml−1. Other virulent isolates were M. 
pinghaense (NRCBEPF7), M. robertsii (NRCBEPF23) and 
M. robertsii (NRCBEPF24) with median lethal concen-
tration  (LC50) of 10.155, 10.497 and 12.443 ×  105 conidia 
 ml−1, respectively (Table  3). Hence, these isolates could 
be further tested in the field. The least virulent was M. 

Table 2 Probit analysis of concentration-mortality response at 15 days post inoculation of Beauveria spp. against Odoiporus longicollis 

LC50 estimated concentration that causes 50% mortality (SPSS version 25); χ2 = Chi-square value, df = degrees of freedom; slope ± standard error of the slope 
(covariates X are transformed using the base 10.000 logarithm)

Organism LC50 (*105 conidia/ml) 95% Confidence limits Slope (SE) χ2 (df = 3)
(p value)

Lower Upper

Beauveria bassiana
NRCBEPF2

12.891 2.414 21.702 3.40 (± 0.345) 1.721 (0.01)

B. bassiana
NRCBEPF8

16.675 5.007 26.553 2.23 (± 0.479) 0.636 (0.25)

B. bassiana
NRCBEPF14

18.751 10.599 26.645 2.65 (± 0.594) 2.323 (0.08)

B. bassiana
NRCBEFPMP1

10.468 5.182 10.714 2.65 (± 0.594) 2.323 (0.08)

B. bassiana
NRCBEPF22

12.617 3.367 20.355 2.65 (± 0.594) 2.323 (0.08)

B. bassiana
NRCBEPF29

21.413 6.425 30.447 2.39 (± 0.474) 1.154 (0.16)

B. bassiana
NRCBEPF30

21.774 8.129 31.625 3.74 (± 0.489) 3.052 (0.01)

B. bassiana
NRCBEPF32

21.933 7.471 32.169 3.49 (± 0.503) 2.774 (0.01)

B. brongniartii
NRCBEPF27

25.289 6.037 38.180 2.97 (± 0.478) 0.714 (0.03)

B. brongniartii
NRCBEPF28

25.575 11.183 35.840 3.73 (± 0.489) 3.052 (0.01)

B. bassiana
BCRL

29.962 15.181 40.873 3.73 (± 0.489) 3.052 (0.01)

B. bassiana
TARI

29.962 15.181 40.873 3.73 (± 0.489) 3.052 (0.01)
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anisopliae M1 (25.448 ×  105 conidia  ml−1). There was 
no evidence of mycosis in any control cadavers, whereas 
mycosis was confirmed on all dead O. longicollis treated 
with Beauveria or Metarhizium spp. 

Scanning electron microscope (SEM) studies
SEM analysis was conducted by the model number 
TM3030 Plus (Hitachi) at Indian Institute of Horticul-
tural Research, Bengaluru, India. SEM images of adults 
treated with strains of B. bassiana (NRCBEFPMP1) and 

M. quizhouense (NRCBEPF11) revealed that after adhe-
sion of conidia onto the cuticle of O. longicollis, some 
of the conidia germinated and mycelia appeared after 
10 days. The SEM studies revealed detailed information 
about the attachment and infection process of B. bassi-
ana and M. quizhouense. In the sporulated cadavers, 
hyphae were detected in cuticle, inter-segments of legs, 
antenna and abdomen. Conidiogenesis was observed 
on the cuticle (Figs. 1 and 2). The images showed that 
the virulent EPF infected approximately 15  days to 
complete its infection process (Fig. 3).

Table 3 Probit analysis of concentration-mortality response at 15 days post inoculation of Metarhizium spp. against Odoiporus 
longicollis 

LC50estimated concentration that causes 50% mortality (SPSS version 25); χ2 = Chi-Square value, df = degrees of freedom; slope ± standard error of the slope 
(covariates X are transformed using the base 10.000 logarithm)

Organism LC50 (*105 conidia/ml) 95% confidence limits Slope (SE) χ2 (df = 3)
(p-value)

Lower Upper

Metarhizium anisopliae
NRCB EPF6

14.746 3.142 23.796 3.40 (± 0.553) 1.153 (0.01)

M. anisopliae
NRCB EPF9

18.857 12.03 26.362 2.54 (± 0.557) 0.902 (0.11)

M. anisopliae
NRCB EPF12

20.752 4.368 31.012 2.54 (± 0.557) 0.902 (0.11)

M. anisopliae
NRCB EPF16

15.171 3.570 24.057 3.45 (± 0.560) 3.231 (0.01)

M. anisopliae
NRCB EPF17

20.931 5.781 31.659 3.31 (± 0.498) 1.068 (0.01)

M. anisopliae
NRCB PF18

15.010 7.527 20.165 2.65 (± 0.499) 1.255 (0.08)

M. anisopliae
NRCB EPF35

14.710 2.395 24.412 3.21 (± .0538) 1.825 (0.01)

M. anisopliae
NRCB EPF36

21.261 5.573 32.277 3.25 (± 0.495) 1.365 (0.01)

M. robertsii
NRCB EPF10

21.261 5.573 32.277 3.25 (± 0.495) 1.365 (0.01)

M. robertsii
NRCB EPF13

15.126 4.856 22.817 3.74 (± 0.616) 3.695 (0.01)

M. robertsii
NRCB EPF19

16.042 5.827 23.649 3.88 (± 0.607) 2.136 (0.01)

M. robertsii
NRCB EPF23

10.497 1.028 19.413 3.22 (± 0.538) 1.825 (0.01)

M.robertsii
NRCB EPF24

12.443 1.576 21.764 3.22 (± 0.538) 1.825 (0.01)

M. robertsii
NRCB EPF33

17.389 3.627 27.476 3.23 (± 0.538) 1.825 (0.01)

M.quizhouense
NRCB PF34

14.710 2.395 24.412 3.21 (± 0.538) 1.825 (0.01)

M.quizhouense
NRCB PF11

8.050 4.043 13.763 2.59 (± 0.601) 1.869 (0.10)

M. pinghaense
NRCB EPF7

10.155 2.540 17.339 2.92 (± 0.598) 1.684 (0.03)

M. robertsii M1(ArMz6W) 25.448 8.534 37.098 3.24 (± 0.495) 1.365 (0.01)

M. majus
M2 (VjMz1W)

20.613 5.499 31.148 3.22 (± 0.538) 1.825 (0.01)
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Identification of volatile organic compounds 
during pathogenesis
The composition of volatile organic compounds (VOC) 
released during pathogenesis by virulent EPF was inves-
tigated. Gas chromatography mass spectrometry (GC–
MS) analyses showed that a significantly higher number 
of known insect volatile compounds were present among 

fungus-treated insects, when compared to untreated 
control. Insect toxic compounds were detected only in 
the volatiles of the fungus-exposed insects. These toxic 
compounds were identified as: Dihydrothiophenone, 
Benzaldehyde, Phenylacetaldehyde, Methylheptenone, 
3-Octanone, 1-Hexanol, 2-ethyl-, Methyl salicylate, alpha-
Terpineol, N-(3-Butenyl)-N-methylcyclohexanamine, 

Fig. 1 SEM image showing the process of Beauveria bassiana infection in Odoiporus longicollis. A, B Conidia adhered to the surface of adults insect 
(2 mm & 500 μm), C, D the cuticle surface of the insect of hyphae (scale par 50 μm), E, F large amount formed in mycelia of B. bassiana (scale par 
20 μm & 20 μm)
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Benzene, 1,2-dimethoxy-4-(methoxymethoxy), N,N’-
Ethylenedi-beta-alanine, Palmitic acid, Caryophyllene 
oxide, 1-Octadecene, Hexadecanoic acid, Cyclohexane, 
1,1’-dodecylidenebis [4-methyl] and these compounds 
were mainly categorized as insect repellents, attractants, 
plant metabolite, antimicrobial or antioxidants..

The PCA plot is presented in Fig.  4. PCA was applied 
to reduce the redundant information in data and to group 
the correlated responses into principal components (Ham-
moudaa et al. 2017). Each of the first principal components 
explains a variance of 88.53%. The relative peak areas of all 

identified volatile compounds were selected for the cal-
culation of the main components. A multivariate analysis 
showed clear class separation of Metarhizium quizhouense 
species (Table  4). Slight differences were observed in the 
metabolite profiles of B. bassiana, B. brongniartii, M. rob-
ertsii, M. pinghaense and M. anisopliae.

Discussion
In the present study, 27 native strains of EPF belong-
ing to B. bassiana, B. brongniartii, M. anisopliae, M. 
robertsii, M. quizhouense and M. pinghaense (Table  1) 

Fig. 2 SEM image showing the process of Metarhizium quizhouense infection in Odoiporus longicollis. A, B Conidia adhered to the surface of adults 
insect (2 mm), C, D the cuticle surface of the insect of hyphae (scale par 50 µm & 30 µm), E, F large amount formed in mycelia of M. quizhouense 
(scale par 50 µm & 20 µm)
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against adults of banana stem weevil O. longicollis were 
tested under laboratory conditions. Among the tested 
organisms, M. quizhouense (NRCBPF11) was observed 
to be the most virulent needing 8.050 ×  105 conidia/ml 
to kill 50% of the beetles. However, isolates such as M. 
pinghaense, M. robertsii, B. brongniartii and B. bassi-
ana were also found to be virulent  (LC50 of 10.468 to 
12.617 ×  105conidia  ml−1).

Bioassay studies showed that the dead adults were 
wholly covered by white or green conidia of the tested 

virulent fungi (Fig.  2). Fungal germination was also 
observed on dead insect, while the insect’s color became 
white with spongy mycelia of dark green or yellowish-
green. The strategy of the present study was to see if 
adults get infected through treated leaf sheath and the 
results establish this fact. Systemic fungicides worked 
well in controlling the larval stages of O. longicollis as 
they feed on the inside of the leaf sheath. Adults were 
found feeding on fallen leaves and spraying these leaves 
helped infecting them. Studies showed that M. anisopliae 

Fig. 3 Bioassays performed in entomopathogenic fungi native isolated were affected by mummification of insects after 15 days of infection; 
a, b Beauveria brongniartii, and Beauveria bassiana cadaver fully covered by bright white mycelia power; c Metarhizium robertsii; d Metarhizium 
quizhouense; e Metarhizium pinghaense; f Metarhizium anisopliae the conidia formatted and the insect cadaver green
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and B. bassiana) were found to be infective at 1 ×  108 
conidia  ml−1 against adults O. longicollis (Alagesan et al. 
2019). In other studies, a high mortality was obtained 
with “beauvericide” B. bassiana-based formulation when 
used @ 1 ×  107 spores  ml−1 (Awasthi et al. 2017). Formu-
lations of B. bassiana and M. anisopliae exhibited  LC50 
value of 1.25 ×  106 conidia  ml−1 against O. longicollis at 
15  days (Sharmila and Mohan 2015). The present stud-
ies showed that Metarhizium spp. needed less conidia 
to cause 50% mortality. Similar results were obtained 
against other banana pests like Cosmopolites sordidus 
(stem borer) with conidial suspension (1.1 ×  107 conidia 
 ml−1) of B. bassiana (Lopes et al. 2011). Reports also sug-
gested that with a high conidial concentration, a high 
mortality can be obtained (Akello et  al. 2007). Further 
studies are needed to evaluate the virulent EPF so as to 
verify whether the mechanism observed in  vitro occurs 
also in vivo.

Lozano-Soria et  al. (2020) reported that in infected 
banana black weevil (BW), Cosmopolites sordidus and 

EPF can secrete (styrene, benzothiazole, camphor, bor-
neol, 1,3-dimethoxy-benzene, 1-octen-3-ol and 3-cyclo-
hepten-1-on, Alcohol (3-Octanone), and Phthalic acid) 
volatile compounds that can behave as attractants and 
repellents. This was also found in EPF infected banana 
fruit scarring beetle Basilepta subcostata Jac (Padam-
naban et al. 2019). In another study Kavitha et al. (2020) 
could show that steroid in Stigmasterol-3-O-Glucoside 
was toxic to O. longicollis. Through, volatile was inves-
tigate in secondary metabolites, such as (Z)-9-octade-
cenamide, (Z,Z)-9,12-octadecadienoic acid (linoleic 
acid), (Z,Z,Z)-9,12,15-ocatadecadienoic acid (linolenic 
acid) and n-hexadecanoic acid (palmitic acid) for the 
identified and other invertebrates were evaluated as 
attractants or repellents (Rivero-Borja et  al. 2018). 
VOCs mediate interactions between micro-organ-
isms such as fungal insects that have been correlated 
with their pathogenic activity (Hummadi et  al. 2021). 
Overall, EPF was emitted through the Volatile organic 
compounds (VOCs) can be used in chemotaxonomic 
profiling such as antifungal activity, phytotoxicity, sym-
biotic regulation, insect attractant, and repellent activi-
ties also other environmental parameters (Lobo et  al. 
2018).

In the present study, a total of 50 volatile compounds 
were identified from EPF infected banana stem weevil 
with major constituents having methyl group, methyl 
ester, aromatic aldehyde, carbon atoms, carboxyl 
groups, and alcohol. These compounds may alter the 
behavior of O. longicollis and hence some of the identi-
fied chemicals could interrupt and modify its behavior 
and in general its search ability for the host (banana) 
and could be served as a tool for management of O. 
longicollis. Recently researchers have reported the 
attraction of O. longicollis towards “male aggregation 
pheromone” such as “2-methyl-4-heptanol” but it was 
less effective but when it was used in combination with 
pseudostem extract it resulted in significant attraction 
(Palanichamy et al. 2019).

As the adults were targeted in this study, the infec-
tion process through SEM was targeted. During, infec-
tion process by both B. bassiana and M. anisopliae was 
typical with adhesion of conidia on surface, germina-
tion, penetration of the host cuticle and completion of 
life cycle by mycelial growth and sporulation on surface 
(Aw and Hue, 2017). Hydrophobins and cuticles were 
degrading enzymes such as chitinases, proteases and 
lipases are produced by EPF which help in penetration 
(Aw and Hue, 2017). The host was killed by the patho-
gen growth and release of fungal toxins in 15 days.
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Fig. 4 Principal component analysis (PCA) obtained from the profiles 
of volatile compounds released by entomopathogenic fungi

Table 4 Percentage rate of total variability explained by 
principal components obtained in the PCA analysis

Principal 
component 
number

Eigen values Percentage of 
variance (%)

Cumulative (%)

1 4.42677 88.53539 88.53539

2 0.43915 8.78295 97.31834

3 0.08125 1.62503 98.94337

4 0.0297 0.59396 99.53733

5 0.02313 0.46267 100
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Conclusion
Biological control agents such as EPF could be used for 
management of banana pseudostem weevil. In the pre-
sent study virulent isolates belonging to Metarhizium sp., 
and Beauveria sp., were identified as promising alterna-
tives to chemical control. SEM studies showed that the 
infection process was completed in 15  days. The study 
had also identified volatiles produced during pathogen-
esis of virulent Beauveria sp. and Metarhizium sp. The 
development of possible new bio-control agents against 
the invasive banana pest is now possible with a better 
understanding of the potential use of indigenous EPF.
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