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Abstract 

Background: Thirty-six entomopathogenic fungi (EPF) were isolated from soil and insect cadaver samples, collected 
from different forest types, viz., wet evergreen, moist deciduous, dry deciduous and scrub type in South India. Partial 
sequences of two parsimony informative genes ITS and RPB1 were determined under a phylogenetic approach for 
assessing the genetic diversity.

Results: Twenty-seven RPB1 gene sequences and 34 sequences of ITS1, 5.8S and ITS2 regions belonging to 36 EPF 
were analysed for identification and characterization. Four species of Metarhizium viz., M. anisopliae, M. roberstii, M. 
majus and M. guizhouense were differentiated. The isolates could be grouped into four main clades of 1–5. Most of the 
fungi appeared to be closely related to M. anisopliae. Based on the colony characters, colour, conidial size and shape, 
27 isolates were morphologically identified as M. anisopliae. Seven strains were apparently related to M. robertsii, three 
isolates were similar to M. majus and the remaining one was identified as M. guizhouense. Morphological studies in 
congruence with phylogenetic analysis resolved the species diversity. Bioassay studies showed that M. quizhouense, M. 
majus and M. robertsii were effective against the banana stem weevil Odoiporus longicollis.

Conclusions: This is the first attempt to study the diversity and occurrence of Metarhizium species in forests of South 
India. Wet evergreen forest of Aralam in South India was rich in EPF diversity particularly for three species namely, M. 
quizhouense, M. robertsii and M. anisopliae.
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Background
The genus Metarhizium in the family Clavicipitaceae 
includes a group of highly virulent entomopathogenic 
fungi (EPF) classified under Ascomycota, Hypocreales. 
Several species of Metarhizium are reasonably efficient 
in causing serious epizootics, thereby capable of regulat-
ing insect populations in nature to a good extent (Lacey 

et  al. 1999). Species of fungi under Metarhizium have a 
ubiquitous distribution and are present in soils of differ-
ent landscapes including the forest ecosystem (Lomer 
et  al. 2001). Reports about the ability of many varieties 
of M. anisopliae to produce specific structures such as 
microsclerotia to escape from desiccation provide use-
ful cues about the distribution of the fungus in soil. Since 
it is very infective, its distribution and survival in soils 
may have relevance to the population of their arthropod 
host species. Analysing the diversity of this group would 
therefore seem worthwhile for identifying potential 
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native isolates for control of regional pests (Meyling and 
Eilenberg 2007).

Metarhizium species like M. anisopliae, M. flavoviri-
dae, M. acridum and M. robertsii are well-documented 
due to their wide occurrence (Bischoff et al. 2009). Sev-
eral species of EPF have been shown to play multiple 
roles in nature, ranging from antagonists of plant patho-
gens to rhizosphere associates, endophytes and possi-
bly even as plant-growth-promoters (Barelli et al. 2018). 
Metarhizium species are isolated from infected insect 
cadavers or through Galleria soil bait methods (Keyser 
et al. 2015).

Lately, researchers have found through molecular phy-
logeny studies that there are several major evolutionary 
lines and that the taxonomic relationships at the base of 
the tree are poorly resolved (Driver et  al. 2000). How-
ever, researchers (Kepler et  al. 2014) could distinguish 
20 different species of Metarhizium based on molecular 
phylogeny. Hence, within species, genetic diversity in 
particular habitats in the context of the revised taxonomy 
is largely unknown (Nishi et al. 2010). Even within a lim-
ited geographical area, considerable genetic variability of 
Metarhizium spp. can be found (Wyrebek et al. 2011).

Several M. anisopliae isolates were isolated from nat-
urally infected insects and their diversity was studied 
through phylogenetic and comparative biological char-
acters (Balachander et al. 2013) but it was based only on 
ITS sequences. Studies show that occurrence of cryp-
tic groups of M. anisopliae subspecies lineage in South 
India were genetically distinctive, non-recombining and 
strongly associated with soil environments of two forest 
habitat types (Ramanujam et al. 2015).

The identification of these EPF using morphology-
based identification keys will help in differentiating up 
to genus level, however differentiating the species within 
the same genus is very difficult. The use of multi-phylo-
genetic tree analysis of RNA polymerase II (RPB1) gene 
sequence will aid in identifying M. anisopliae, subspecies 
M. roberstii, M. majus and M. guizhouense (Kepler and 
Rehner 2013). RBP1 is the enzyme responsible for tran-
scription of protein-coding gene of the largest subunit of 
this protein.

The pseudostem borer, Odoiporus longicollis Oliver 
(Coleoptera/Curculionidae) also known as banana stem 
weevil (BSW) can cause substantial damage in terms of 
production and productivity of bananas and plantains 
all over the world (Prasuna et  al. 2008). Recent reports 
suggest that O. longicollis is distributed over diverse geo-
graphical locations of India (Thippaiah et  al. 2011) and 
serious crop loss due to BSW has been reported from 
banana-growing states (Visalakshi et  al. 1989). Since 
banana is a food crop, safer control methods of BSW are 
needed. One important safe alternative is use of EPF as 

they can grow naturally in soils and are capable of infect-
ing various insects (Awasthi et  al. 2017).. Researchers 
have tried to use M. anisopliae, Beauveria bassiana and 
their related species to control O. longicollis (Sivakumar 
et al. 2019) but with limited success.

Phylogenetic analyses is important to assess the rela-
tionship between molecular and physiological characters 
of the commonly occurring Metarhizium spp., including 
for the four varieties of M. anisopliae, which are taxo-
nomically redefined as  subspecies. In the present study, 
the genetic diversity of Metarhizium spp. occurring natu-
rally in forest soils of South India was determined for the 
first time, using sequence analysis of the non-coding and 
protein-encoding regions of RPB1 and ITS region. Mor-
phological and multi-phylogenetic analysis were carried 
out to decipher intra-species relationship. The isolated 
Metarhizium spp. were also assessed for their biological 
control potential in combating O. longicollis.

Methods
Collection of samples
Methodological surveys were made to various forests 
of South India encompassing the states of Tamil Nadu, 
Kerala, Karnataka and Andhra Pradesh (Table  2). Dead 
insects and soil samples were collected from these forests 
viz., wet evergreen, moist deciduous, dry deciduous and 
scrub forest (Table 2)  and relevant GPS data   obtained. 
Isolation of EPF was carried out at the laboratory of Divi-
sion of Insect Ecology and Conservation, Ashoka Trust 
for Research in Ecology and the Environment (ATREE), 
Bengaluru (Karnataka) India. The sampling method was 
as per protocols previously described (Sánchez-Peña 
et  al. 2011). A total of 300 soil samples were collected 
from randomly chosen sampling sites spread over 0.5–1 
 km2 area with an approximate distance of 20–25 m apart. 
Five samples were collected from each plot and pooled 
to make one sample, before collecting, the surface was 
cleared of litter and dried leaves. Samples (about 200 g) 
were collected up to a depth of 20 cm using a shovel and 
transferred to air tight polythene covers, labelled and 
sealed immediately to prevent loss of moisture. The soil 
samples were then transferred to 500-mL plastic contain-
ers and maintained in dark for 30 days.

Isolation and purification of Metarhizium spp. by insect 
baiting
Insect baiting was done by use of larvae of Galleria mel-
lonella L. (sourced from ICAR-National Bureau of Agri-
cultural Insect Resource, Bengaluru-24). Soil of 100  g, 
cleaned of roots and gravel, was placed in Petri dish 
(90 mm), slightly moistened and mixed well before trans-
ferring G. mellonella larvae. Galleria larvae were first 
surface-sterilized by dipping sequentially in 70% ethyl 
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alcohol, 1% sodium hypochlorite, and sterile distilled 
water, each for 2–3 min. About ten third and fourth lar-
val instars of G. mellonella were introduced into each 
dish. The Petri dishes were incubated under dark at room 
temperature (24–28 °C).

Based on active period for forest pests, extensive sur-
veys were conducted during November 2013 to Decem-
ber 2015 in the forests of South India and naturally 
infected insect cadavers of teak defoliators Hyblaea 
puera (Cramer) and Hypsipyla robusta (Moore), Eutec-
tona machaeralis (Walker), Paligama choeralis Walker; 
root grubs Otiorhynchus sulcatus (Fabricius), Protae-
tia aurichalcea (Fabricius) and Melolontha melolontha 
(Linnaeus) were collected (identified at ICAR-National 
Bureau of Agricultural Insect Resource-Bengaluru-24). 
Cadavers were dissected and placed on Potato Dextrose 
Agar (PDA) medium and incubated at 28  °C with 90% 
RH. Metarhizium spp. was further purified using Veen’s 
medium containing Dodine (Veen and Ferron 1966). 
Same isolation procedure was adopted for infected Gal-
leria larvae.

Morphological characteristics and conidial measurements
After establishing the pure cultures, slide culture tech-
nique (Riddell 1950) was adopted and on the basis of 
microscopic analysis (Model Leica) of morpho-taxo-
nomic characters like colony colour, pigmentation, spore 
size/shape, nature of phialides, mycelial mat, etc. (Kepler 
et al. 2014) and preliminary taxonomic assignments were 
given (Table 2).

Genomic DNA extraction, PCR amplification
DNA was extracted by CTAB method from 50 to 100 g 
of lyophilized mycelium of the fungus that was cultured 
in Potato Dextrose Broth for 5–7 days (Rogers and Ben-
dich 1994). Extracted DNA was suspended in EB buffer 
(10  mM Tris–HCl, pH 8.5) and stored at − 20  °C until 

used. Total DNA concentration was measured in spectro-
photometer at 280 nm. PCR amplification of the protein-
coding region of RPB genes and non-coding regions of 
internal transcribed spacer (ITS) of the nuclear ribosomal 
DNA (18S, 5.8S and 28S rDNA) partial sequences was 
done as per earlier protocols (Curran et  al. 1994; Stiller 
and Hall 1997; Entz et al. 2008; Bischoff et al. 2009) and 
detailed in (Table  1). PCR amplification was performed 
using a thermal cycler (Bio-Rad, T100TM). Each PCR 
reaction consisted of 25-μl reaction mixtures contain-
ing 1X Taq buffer, 0.4–0.6  mM of each primer, 0.2  mM 
of dNTP mix, 1U of Taq DNA polymerase (GeNei) and 
20–50  ng/µl template DNA. Primers for RPB1 and ITS 
were as per previous protocols (Kepler and Rehner 2013). 
The PCR amplification had one initial cycle at 95  °C for 
3 min, followed by 35 cycles of denaturation at 95 °C for 
1 min, extension at 72 °C for 2 min and a final extension 
at 72  °C for 10  min. The PCR products were separated 
on 1% agarose gel containing 0.05% of EtBr in 0.5 × TBE 
buffer and visualized in a gel documentation system 
(model DNR, Israel). The PCR products were sequenced 
in an ABI 3130XL genetic analyser at (Chromous Biotech 
Pvt. Ltd., Bangalore).

Sequence analysis and construction of phylogenetic tree
The sequence chromatograms were manually corrected 
and aligned using Bio-Edit tools at National Centre for 
Biotechnology Information (NCBI) and the contigs were 
assembled using the program CAP3 (Huang and Madan 
1999). The amplification of ITS regions was achieved 
for all 34 of our isolates and these sequences were sub-
mitted to NCBI. Before submitting, the sequences were 
edited as described above. Similarly for RPB1 gene, only 
27 sequences were amplified from the 36 isolates. Hence, 
a total of 34 ITS + 27 RPB1 sequences were submitted to 
NCBI. Phylogenetic analysis was done separately for ITS 
and RPB1 sequences. For ITS, we used nine reference 

Table 1 List of primers used for amplification of RNA polymerase (RPB1) gene and non-coding region of internal transcribed spacer 
(ITS) sequence of the nuclear ribosomal DNA

Gene Product length 
(partial)

Annealing  TM Sequence References

RPB-F1
RPB-R1

450–550 55.9 F-5′GAR TGY CCDGGDCAY TTY GG-3′
R-5′CCNGCDATNTCR TTR TCC ATR TA-3′

Stiller and Hall (1997)

RPB-F2
RPB-R2

450–500 51.3 F-5′CGRACMYTR CCY CAT TTC ACAA-3′
R-5′TTG AGC GGA AGY TGC ATC ATC TCC -3′

Bidochka et al. (2001)

RPB-F3
RPB-R3

450–600 47.1 F-5′CGRACMYTR CCY CAT TTC ACAA-3′
R-5′TTC ARR AAR GCC ATSGCR CCW TC-3′

Bischoff et al. (2006, 2009)

ITS1
ITS2

600–700 57.0 F-5′CCT CCG CTT ATT GAT ATG C-3′
R-5′GGA AGT AAA AGT CGT AAC AAGG-3′

Curran et al. (1994), Entz et al. (2008)

NS1
AB28

650–750 53.0 F-5′CTC TCC AAA CTC GGT CAT TT-3′
R-5′ATA TGC TTA AGT TCA GCG GGT-3′

Curran et al. (1994), Entz et al. (2008)
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sequences in the phylogenetic analysis. Again for RPB1 
gene, 11 reference sequences apart from the 27 of our 
own RPB1 sequences submitted to NCBI were used.

The evolutionary history was inferred by using the 
maximum likelihood method and Tamura 3-parameter 
model. To analyse both sequence data sets, the first 50% 

of the resulting trees were discarded (burn in), and a 70% 
majority rule consensus tree was then calculated from 
the remaining trees. Neighbour-joining (NJ) analysis 
with a maximum composite likelihood (MCL) option was 
also performed on the same alignment using MEGA X 
Huang and Madan (1999) and Kumar et al. (2018) branch 

Table 2 Survey and collection of Metarhizium sp. isolates collected from different sources and localities in India

ITS Internal Transcription Spacer, RPB1 RNA Polymerases Beta 1 gene

*Isolated from the infected cadaver

**Used as bait to isolate from soil

Strain Source Geographical
(Lat. N, long. E)

Morphology of spores 
(in µm)

GenBank accession nos Identification

Length Breadth ITS region RPB1 gene RPB1protein

VjMz1W Melolontha melolontha* 12′20°N 75′80°E 10.2 ± 23.1 3.20 ± 0.24 KU983771 KU680342 Metarhizium majus

VjMz2W M. melolontha* 12′20°N 75′80°E 10.3 ± 17.2 4.10 ± 0.15 KU680343 M. majus

VjMz3W M. melolontha* 12′20°N 75′80°E 10.0 ± 14.0 3.40 ± 0.16 KU680344 M. majus

BgMz1S Gallleria mellonella** 12′80°N 77′57°E 9.15 ± 12.0 2.52 ± 4.04 KU983780 KU680320 Metarhizium anisopliae

BgMz2S G. mellonella** 12′80°N 77′57°E 9.18 ± 13.5 3.81 ± 4.52 KU983779 KU680327 AMQ10438 M. anisopliae

BgMz2W G. mellonella** 12′80°N 77′57°E 8.44 ± 0.13 3.48 ± 0.18 KU983778 M. anisopliae

NhMz1R G. mellonella** 13′38°N 77′70°E 7.12 ± 08.5 2.31 ± 3.0 KU983793 M. anisopliae

NlMz1R G. mellonella** 12′97°N 77′59°E 7.69 ± 0.22 3.23 ± 0.12 KU983786 KU680325 AMQ10436 M. anisopliae

NlMz1S G. mellonella** 12′97°N 77′59°E 8.16 ± 0.07 2.70 ± 0.13 KU983785 M. anisopliae

JbMz1R G. mellonella** 13′34°N 77′32°E 3.84 ± 0.14 3.84 ± 0.14 KU983790 KU680324 AMQ10435 M. anisopliae

ArMz1R Protaetia aurichalcea* 11′99°N 75′76°E 3.12 ± 0.12 2.88 ± 0.12 KU983798 KU680337 AMQ10443 Metarhizium robertsii

ArMz3R P. aurichalcea* 11′99°N 75′76°E 3.20 ± 0.18 2.13 ± 0.18 KU983799 KU680339 M. robertsii

ArMz4R P. aurichalcea* 11′99°N 75′76°E 3.78 ± 0.19 3.28 ± 0.12 KU983800 KU680338 M. robertsii

ArMz3S P. aurichalcea* 11′99°N 75′76°E 3.18 ± 0.04 2.10 ± 0.04 KU983794 KU680335 AMQ10441 M. robertsii

ArMz3W Otiorhynchus sulcatus* 11′99°N 75′76°E 4.02 ± 0.07 2.89 ± 0.09 KU983795 KU680336 AMQ10442 M. robertsii

ArMz4W O. sulcatus* 11′99°N 75′76°E 4.80 ± 0.29 2.54 ± 0.14 KU983796 KU680340 AMQ10444 M. robertsii

ArMz6W O. sulcatus* 11′99°N 75′76°E 4.38 ± 0.14 3.68 ± 0.17 KU983797 KU680341 AMQ10445 M. robertsii

ArMz1W Eutectona machaeralis* 11′99°N 75′76°E 12.7 ± 13.1 5.42 ± 3.21 KU870314 Metarhizium quizhouense

ArMz2W Paligama choeralis* 11′99°N 75′76°E 6.13 ± 05.4 3.03 ± 3.0 KU983772 KU680321 AMQ10432 Metarhizium anisopliae

ArMz2R Hyblaea puera* 11′99°N 75′76°E 6.52 ± 0.14 2.98 ± 0.13 KU983773 KU680333 M. anisopliae

ArMz1S Hypsipyla robusta* 11′99°N 75′76°E 6.16 ± 0.09 3.04 ± 0.08 KU983774 KU680332 M. anisopliae

AMzr2S H. robusta* 11′99°N 75′76°E 6.36 ± 0.11 2.36 ± 0.05 KU983775 KU680331 M. anisopliae

ArMz4S H. robusta* 11′99°N 75′76°E 6.40 ± 02.0 2.30 ± 3.0 KU983776 KU680334 M. anisopliae

ArMz5S H. robusta* 11′99°N 75′76°E 5.10 ± 06.5 2.41 ± 3.1 KU983777 KU680329 AMQ10439 M. anisopliae

WnMz1S G. mellonella** 11′60°N 76′08°E 5.22 ± 07.1 2.61 ± 3.3 KU983788 KU680323 AMQ10434 M. anisopliae

WnMz2S G. mellonella** 11′60°N 76′08°E 5.30 ± 07.4 2.70 ± 3.2 KU983787 M. anisopliae

BvMz1R G. mellonella** 11′08°N 76′58°E 5.31 ± 07.5 2.28 ± 3.5 KU983791 KU680322 AMQ10433 M. anisopliae

DhMz1R G. mellonella** 10′77°N 76′65°E 5.33 ± 0.35 3.62 ± 0.21 KU983781 M. anisopliae

DhMz2R G. mellonella** 10′77°N 76′65°E 5.17 ± 0.14 3.72 ± 0.06 KU983782 KU680319 M. anisopliae

DhMz3R G. mellonella** 10′77°N 76′65°E 5.70 ± 0.21 3.04 ± 0.04 KU983783 KU680326 AMQ10437 M. anisopliae

DhMz4R G. mellonella** 10′77°N 76′65°E 5.68 ± 0.25 2.70 ± 0.17 KU983784 KU680328 M. anisopliae

ChMz1S G. mellonella** 10′30°N 77′17°E 5.94 ± 0.12 2.60 ± 0.11 KU983792 KU680330 AMQ10440 M. anisopliae

CuMz1S G. mellonella** 08′93°N 77′27°E 4.64 ± 0.09 3.54 ± 0.19 KX815966 M. anisopliae

KkMz1S G. mellonella** 08′68°N 77′31°E 4.36 ± 0.11 4.00 ± 0.05 KX815965 M. anisopliae

VzMz1W G. mellonella** 17′68°N 83′21°E 5.23 ± 0.45 3.62 ± 0.20 KU983789 KU680318 AMQ10431 M. anisopliae

TrMz1W G. mellonella** 13′65°N 79′42°E 4.00 ± 0.18 3.94 ± 0.21 KX815967 M. anisopliae
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support was estimated by bootstrap analysis (Felsenstein 
1985) based on 10,000 bootstrap replicates.

Bioassay against Odoiporus longicollis
Laboratory rearing
Banana stem weevils were collected from banana 
growing areas of Tamil Nadu and Karnataka during 
2015–2016. The weevils were maintained at Division of 
Genomic Resources, at ICAR-National Bureau of Agri-
cultural Insects Resource, Bengaluru (Karnataka), India. 
Rearing of larvae was carried out in the laboratory on 
artificial diet for two generations (Priyadarshini et  al. 
2014). The pseudostems were changed once in 15  days 
and were placed in another plastic box containing moist 
filter paper disc. After hatching, the first instar larvae 
were transferred on to fresh pieces of pseudostem. Lar-
vae were reared in various stages viz. Egg, first, second 
and third instar. Adult larvae were allowed to feed on 
leaf sheath at 28 ± 1 °C, 75 ± 5% RH. Subsequently, larvae 
were transferred to a moist sterile filter paper within an 
unsealed Petri dish (12  cm in diameter). Approximately 
35 days later, laboratory-reared larvae were obtained for 
further analysis.

Preparation of spore suspension and bioassay
The bioassay against O. longicollis was carried out as 
per protocol of Padmanaban and Sathiamoorthy (2001). 
All the Metarhizium isolates were grown in Petri plates 
on potato dextrose agar (PDA) for 10 days at 28 °C with 
70–80% RH. The mycelium was harvested by scraping 
the mycelial mat from PDA. The conidial suspension 
was prepared in sterile water containing 0.1% Tween-80, 
and the conidial concentration was determined using a 
haemocytometer. The suspension was then adjusted to 
1 ×  107conidia/ml. Five different conidial suspensions 
(1 ×  103, 1 ×  104, 1 ×  105, 1 ×  105 and 1 ×  107conidia/ml) 
of all the isolates were prepared for bioassay. The insect 
bioassays were carried out using third instar larvae of 
banana stem weevil O. longicollis. For each test organ-
ism, a set of 30 larvae in triplicate were dipped individu-
ally in 10 mL conidial suspension for 5 s and each treated 
larva was individually transferred to a separate sterile vial 
containing moist Whatman filter paper No. 1 and a piece 
of disinfected castor or teak leaf that was changed on 
alternate days. The experiment was laid in a randomized 
complete block design (RCBD) with three replications. 
Mortality was recorded consecutively for eight days.

Statistical analysis
The data of mortality was subjected to probit analysis 
by using the Proc Probit procedure of the SPSS statisti-
cal package (SPSS Institute 2008), and the median lethal 

concentration  (LC50) needed to kill at least 50 per cent of 
the population was determined.

Results
A total of 36 EPF were isolated from the 300 soil and 
cadaver samples collected from forest regions of South 
India during 2013–2016 (Table  2). Soil moisture con-
tents ranged from 6.4 to 47.42%, and the EPF were ini-
tially identified based on morphological keys including 
conidial shape/size, and colony morphology. Nineteen 
Metarhizium spp. were isolated through Galleria bait 
but unresolved as separate monophyly and geneal-
ogy. We designated them as M. anisopliae until further 
characterization.

Among the 36 isolates, 27 were morphologically simi-
lar to M. anisopliae based on their colony, conidial col-
our, size and shape. Other seven strains were apparently 
related to M. robertsii, further three isolates were simi-
lar to M. majus and the remaining one appeared to be 
M. guizhouense. M. anisopliae produced green conidia 
(some near brown) without radial sulcations, whereas 
M. robertsii produced conidiophores that were branched, 
erect, closely or loosely grouped, forming sporulation 
layer. Isolates belonging to M. guizhouense had phialides 
borne singly or in pairs and sometimes in whorls. Isolates 
showing dark green conidia (some near brown), and gen-
erally not expressing heavy radial sulcations, were classi-
fied as M. majus.

Phylogenetic tree analyses of ITS region
Phylogenetic tree was constructed using Neighbour-Join-
ing tree (MEGA-X) bioinformatics software tool, and the 
genetic relationships between the isolates were analysed. 
The dendrogram shows the genetic relatedness among 
the algorithm in the Metarhizium spp. (Fig. 1). This anal-
ysis involved 45 nucleotide sequences (34 of our own plus 
11 reference sequences). All positions containing gaps 
and missing data were eliminated (complete deletion 
option). There were a total of 371 positions in the final 
dataset.

The partial ITS1 and ITS2 region sequences of 27  M. 
anisopliae isolates showed 95–100 per cent homol-
ogy at 470–570 bp (Table 1) and majority of them were 
grouped into major clade-1, thus establishing the mono-
phyly. Six other isolates of  M. anisopliae were differenti-
ated in clade 2 indicating minor variation from the parent 
population. The 20  M. anisopliae isolates clustered as 
clade 1 showed 98% commonality with the reference M. 
anisopliae (CBS127632), and out of these 20 isolates, 
14 were from Galleria bait. The other six that were iso-
lated from infected insect cadavers also showed distinct 
similarity. The spore morphology of M. anisopliae iso-
lated from soils of Karnataka (Bannerghatta, Nallal and 
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Fig. 1 Tree topology based on ITS sequence. The phylogeny of Metarhizium spp. within the complex of M. anisopliae, M. robertsii, M. majus and M. 
quizhouense (clades 1–5) constructed from the 5′ end of the ITS region analysis involving 45 nucleotide sequences classified into the clade in South 
India. The scale bar indicates evolutionary distance
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Jarakbande) was bigger in size but could be morphologi-
cally distinguished.

Seven isolates of M. robertsii clustered in clade 4 with 
significant bootstrap. Interestingly, all these M. robertsii 
isolates were isolated from naturally infected cadavers 
of Protaetia aurichalcea and Otiorhynchus sulcatus that 
were collected from single location (Aralam) indicating 
a common ancestral origin and split. However, isolates 
of M. anisopliae were found to be ubiquitous in distri-
bution. Thus, the species complexes share a well-sup-
ported sister relationship of significant diversity. There 
were seven isolates of M. robertsii identified in this study 
that had 100 per cent analogy within 537–687 bp range 
(Table 1) and represented 20.2% of area covered.

The phylogenetic tree for ITS showed one M. majus 
isolate branched in clade 3, and this isolate was sourced 
from infected cadavers of Melolontha melolontha 
(Table  2). The other isolate that clustered in clade 3 
was identified as M. guizhouense and this EPF was iso-
lated from infected cadavers of Eutectona machaeralis. 
Nearly, 100% homology was seen in M. majus and M. 
quizhouense in 572 bp and 558 bp range (Table 1). Hence, 
these two Metarhizium species could be closely related. 
Thus, the phylogenetic analyses clustered M. majus 
and M. quizhouense as separate and they showed 89% 
homology with NCBI reference sequences of M. majus 
(ARSEF1946) and M. guizhouense (ARSEF977). M. brun-
neum (ARSEF820) was represented as out group for sis-
ter species (Fig. 1).

The genealogy of the unique isolate M. quizhouense 
that showed significant diversity was identified within 
M. anisopliae. No EPF were found in laterite and sandy 
soils that represented scrub forest types of Ramanagara, 
Mysore, Madurai and Hindupur areas. These soils tend to 
have lower water content and pH and hence do not sup-
port survival of EPF.

Six reference sequences clustered in clade 5. The three 
identified isolates in clade 4 (Fig. 1) showed slight simi-
larity to the reference M. brittlebankisoides (UAMH9198) 
clustered in clade 5. Other sister reference species in 
clade 5 were M. frigidum (ARSEF4124) and M. flavoviride 
(BC1163). As a final point, phylogenetic tree was rooted 
using out groups Lecanicillum lecanii (NBAII-Vl-15), 
Cordyceps bassiana (BCC2119) and Beauveria bassiana 
(BbH51Z02) and were used as a sister to the phylogenetic 
analysis (Fig. 1).

Phylogenetic analysis of the RPB1 gene sequences 
of Metarhizium spp.
Phylogenetic analysis of the RPB1 gene sequences yielded 
compatible trees that each resolved five well-supported 
terminal lineages or branches (Fig.  2). The results are 
summarized showing the maximum likelihood method 

with support values for species clades and the analysis 
involved 38 nucleotide sequences (including 11 reference 
sequences). The data aided in identification of Metarhi-
zium species and are grouped into clades 1–6 according 
to their sequence and congruence to the classification 
proposed earlier (Table 2, Fig. 2).

Analysis of RPB1 sequences indicated sequence simi-
larity with three recognized species of M. anisopliae, 
M. roberstii and M. majus. The partial 530 bp (Table 1), 
RPB1A gene sequences showed 95–100% homology in 
17  M. anisopliae isolates. Sequence analysis of 525  bp 
amplified (Table 1) RPB1B primers showed 100% homol-
ogy with seven isolates and were identified as M. robertsii. 
The amplified 490 bp (Table 1) RPB1C gene sequence had 
99% homology with M. majus and is described for three 
isolates. All 27 RPB1 nucleotide sequences amplified in 
our EPF isolates were submitted to NCBI (Table 2).

The phylogenetic tree produced from RPB1 gene 
sequences divided the majority of M. anisopliae strains 
into two major clades (4 and 5) with marginal support of 
100% (Fig. 2) from the 17 native isolates of M. anisopliae 
(Table  2). The most interesting feature was that nine 
native strains of M. anisopliae were associated with Lepi-
doptera hosts H. robusta and G. mellonella (Table 2). The 
other eight M. anisopliae isolates were grouped together 
in clades 4 and 5 with significant bootstrap (99 and 90%), 
followed by closely related seven isolates of M. robertsii 
that clustered in clade 2 with the reference sequences of 
M. robertsii (AGF65 and AGF658). Therefore, M. robert-
sii isolates that were morphologically distinct with olive 
green conidia and white to yellow mycelia represents 
highly complex cryptic phylogenetic species.

The three indigenous M. majus isolates and the refer-
ence strain M. majus (AREF1914) were placed basically in 
clade 3 and continued with significant bootstrap support 
(> 90% homology). The closely related reference sister 
species viz., M. acridum (AGF159), M. frigidum (BCF34), 
and M. lepidiotae (AGF252) were used as a sister to the 
Metarhizium monophyly in clade 1 (Fig. 2). The phyloge-
netic tree was rooted using reference out groups (clade 
6) Beauveria bassiana (BUB257), Cordyceps brongniartii 
(NBRC101395) and Lecanicillium lecanii (C42). The rela-
tively large number of informative characters may explain 
the marginal BioNJ algorithms to a matrix of pairwise 
distances estimated using the MCL approach.

Determination of median lethal concentration  (LC50) 
against Odoiporus longicollis
The virulence of 28 strains of Metarhzium spp. was inves-
tigated against the banana stem weevil O. longicollis and 
it was observed that all the M. quizhouense (ArMz1W) 
isolates were equally effective and the  LC50  values ranged 
between 1 ×  103 to 1 ×  107 conidia/ml (Table 3).
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Fig. 2 Tree topology based on RPB 1 sequence. The phylogeny of Metarhizium spp. within the complex of M. anisopliae, M. robertsii and M. majus 
(clades 1–6) constructed from the 5′ end of the RPB1 gene analysis involving 38 nucleotide sequences were classified into the clade in South India. 
Strict (100%) consensus tree of the RPB1 phylogenies determined in the maximum composite likelihood (MCL) analysis. The scale bar indicates 
evolutionary distance
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Probit analysis based on conidia concentration and 
mortality response at 8-day post-inoculation (Table  3) 
indicated that M. quizhouense (ArMz1W) showed low 
 LC50 value (8.436 ×  105 conidia/ml), followed by M. 
anisopliae (10.411 ×  105 conidia/ml) indicating that M. 
quizhouense was more virulent. Surprisingly, M. rob-
ertsii (ArMz3R) was also virulent with  LC50 value of 
11.525 ×  103 conidia/ml.

Discussion
Currently, high degree of genetic diversity is reported 
among the individuals of the naturally occurring 
Metarhizium fungi from different regions and habi-
tats across the tropical regions of South India (Humber 
1997). Researchers have traditionally utilized morpho-
logical characteristics to distinguish among species of 
Metarhizium (Rangel et al. 2010; Fernandes et al. 2011). 

Phenotypic characteristics (viz., conidia colour, colony 
shape and size) seem to be correlated with genotype; 
and they may help in categorizing new Metarhizium iso-
lates. The observed morphological characters of obtained 
Metarhizium spp. were in accordance with the reference 
species described earlier (Velavan et  al. 2017). Unfortu-
nately, morphology is still used as key for species iden-
tification of the M. anisopliae complex even though an 
individual isolate may show varied morphological fea-
tures under varying environmental and physiological 
conditions (Fernandes et al. 2011). In India, identification 
of Metarhizium spp. is also based mostly on morphologi-
cal features (Ravindran et al. 2015).

Hence, molecular data with morphology would be a 
fairly rational approach in resolving taxonomic com-
plexities in the Metarhizium lineage (Kepler et al. 2014). 
Therefore, sequence analysis of the non-coding and 

Table 3 Probit analysis and  LC50 values based generated based on conidia concentration and mortality response at 8-day post-
inoculation of Metarhizium isolates to Odoiporus longicollis 

b = slope ± standard error of the slope, df = degrees of freedom, χ2 = Chi-Square,  LC50 = estimated concentration that causes 50% mortality using SPSS version 25

Strains LC50 values
(*105 conidia/ml)

95% confidence limits χ2 (df = 3) Slope ± (Std.Error) Sig

Lower Upper

Metarhizium majus (VjMz1W) 11.525 9.012 23.143 1.332 2.54 (± 0.557) 0.001

M. majus (VjMz2W) 15.106 3.483 23.774 1.049 2.53 (± 0.594) 0.001

M. majus (VjMz3W) 17.411 4.846 26.395 1.493 3.49 (± 0.503) 0.001

M. quizhouense (ArMz1W) 8.436 4.931 12.254 4.596 2.39 (± 0.474) 0.001

M. robertsii (ArMz4R) 11.525 10.00 13.143 1.122 2.54 (± 0.557) 0.001

M. robertsii (ArMz3S) 13.587 3.033 25.683 2.222 2.97 (± 0.478) 0.001

M. robertsii (ArMz3W) 13.106 2.495 21.486 1.904 2.92 (± 0.598) 0.001

M. robertsii (ArMz6W) 16.060 4.092 28.685 1.423 2.59 (± 0.601) 0.001

M. robertsii (ArMz1R) 21.949 5.565 36.021 1.494 3.31 (± 0.498) 0.001

M. robertsii (ArMz4W) 23.344 4.287 36.019 2.923 3.96(± 0.489) 0.001

M. robertsii (ArMz3R) 27.739 8.850 43.270 1.309 3.45(± 0.560) 0.001

M. anisopliae (BgMz1S) 17.411 4.846 26.395 1.511 3.21 (± 0.538) 0.001

M. anisopliae (ArMz2W) 10.411 5.495 13.737 5.964 2.56 (± 0.499) 0.001

M. anisopliae (AaMz2S) 10.411 1.495 18.737 5.924 2.65 (± 0.594) 0.001

M. anisopliae (WnMz1S) 12.103 2.828 20.311 6.824 2.53 (± 0.594) 0.001

M. anisopliae (ArMz4S) 12.891 2.414 21.702 6.721 3.45(± 0.495) 0.001

M. anisopliae (BvMz1R) 14.939 4.286 23.597 5.254 2.23 (± 0.479) 0.001

M. anisopliae (ArMz2R) 16.007 13.945 15.360 6.396 3.21 (± 0.538) 0.001

M. anisopliae (ArMz5S) 16.077 3.945 25.360 8.973 3.29 (± 0.495) 0.001

M. anisopliae (JbMz1R) 17.368 4.624 30.585 1.691 3.40 (± 0.553) 0.001

M. anisopliae (VzMz1W) 17.138 11.623 18.689 2.392 3.49 (± 0.503) 0.001

M. anisopliae (DhMz2R) 18.439 6.469 27.521 4.241 3.34 (± 0.489) 0.001

M. anisopliae (ArMz1S) 20.290 16.574 24.103 6.586 3.24(± 0.495) 0.001

M. anisopliae (DhMz3R) 20.002 12.647 32.031 2.392 3.21 (± 0.538) 0.001

M. anisopliae (BgMz2S) 20.128 6.754 29.518 1.419 3.34 (± .489) 0.001

M. anisopliae (NlMz1R) 23.412 9.467 33.450 1.459 3.23 (± 0.538) 0.001

M. anisopliae (DhMz4R) 23.344 14.287 26.019 2.582 3.79 (± 0.616) 0.001

M. anisopliae (ChMz1S) 27.313 16.915 31.066 2.632 3.71 (± 0.607) 0.001
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protein-encoding regions of RPB1 and also ITS region 
were carried out with construction of phylogenetic tree 
and analyses.

The biodiversity of EPF in tropical ecosystems is not 
fully investigated (Rocha et al. 2013) The objective of this 
study was to isolate and identify Metarhizium spp. pre-
sent in undisturbed soils of South India and test their 
biocontrol potential. The results established a molecu-
lar framework for taxonomic, phylogenetic and com-
parative biological investigations of entomopathogenic 
fungi isolated from naturally infected insects. Based on 
the partial sequences submitted to GenBank 36 isolates 
were identified with 97–100% similarity and 27 of them 
were M. anisopliae, seven belonged to M. robertsii, three 
as M. majus and one identified as M. guizhouense. Stud-
ies show that forest ecosystems had less occurrence and 
diversity of Metarhizium spp. but were more abundant 
in agriculture soils (Schneider et  al. 2012). The density 
and diversity of soil organisms in natural habitats such 
as forests differs profoundly than in arable land (Meyling 
et al. 2009). Highest incidences of Metarhizium spp. were 
observed when G. mellonella was used as bait (Keyser 
et al. 2015). They suggested that isolation from infected 
insect cadavers will determine the degree of success in 
isolating host-specific EPF.

It is essential to analyse the genetic diversity of 
Metarhizium in ecological studies in order to resolve the 
status of several species and varieties in the Metarhizium 
lineage, especially of several cryptic species. Such stud-
ies are important for identifying location/region specific 
species/isolates for exploitation in biological control 
(Meyling and Eilenberg 2007). As in several of the stud-
ies cited above, all the gene partitions that were analysed 
support the delimitation of each Metarhizium species 
recognized herein. However, a minimum threshold of 
two-gene support was achieved for the recognition of 
seven phylogenetic species (Lopes et al. 2013). Where a 
two-gene minimum support threshold was acquired in 
M. majus and M. guizhouense with fixed differences in 
conidial morphology and a single-gene phylogeny was 
used as the basis for their recognition. Congruence of 
only one sequenced gene and either phenotype or geo-
graphic endemism is commonly invoked as the basis to 
propose species status in fungi (Kepler et al. 2014).

This is the first attempt to study the diversity and 
occurrence of M. anisopliae, M. roberstii, M. majus and 
M. guizhouense in forests of South India. Phylogenetic 
diversity and inter relationship of sequence analysis 
of the ITS and RPB1 sequence data of 36 isolates were 
grouped into the lineage of M. anisopliae, subspecies: M. 
roberstii, M. majus and M. guizhouense. Spores growing 
on cadavers survived at 4  °C as long as they were kept 

dried and also being frozen for future use in bioassay and 
gene expression studies.

Obtained results also suggest that the conidial sizes 
of M. anisopliae, M. roberstii, M. guizhouense, and M. 
majus were in congruent with the phylogeny based on 
sequences of the 5′ end of ITS region and RPB1 gene. 
Further research may prove the congruence between 
coding region EF1α and EF1α (intron and exon) phylog-
eny as well conidial sizes, but it is possible that the mor-
phology is indifferent to phylogeny because the conidial 
size of fungi changes because of polyploidy. It is neces-
sary to directly examine the polyploidy of M. anisopliae, 
M. roberstii, M. guizhouense and M. majus to gain further 
understanding of the relationship between the morphol-
ogy and phylogeny.

Formulations of B. bassiana and M. anisopliae exhib-
ited  LC50 value of 1.25 ×  106 conidia/mL against O. lon-
gicollis at 15 days (Sivakumar et al. 2019). In the present 
studies, M. quizhouense (ArMz1W) exhibited  LC50 figure 
of 8.436 ×  105 conidia/ml in 8 days indicating that it could 
be an effective biocontrol agent against O. longicollis.

Conclusions
In the present study, an attempt was made to explore the 
occurrence and diversity of Metarhizium fungi in the 
soils across different forest habitats. Knowledge about 
their ecological host range and effects of biotic and abi-
otic factors on their occurrence and distribution will 
help exploit them in the strategy of conservation bio-
logical control. Aralam wet evergreen forest of South 
India was rich in EPF diversity, particularly for the three 
species, namely M. quizhouense, M. robertsii and M. 
anisopliae. Data on diversity of EPF occurring in forest 
soils of south India is not available. Bioassay against O. 
longicollis showed that M. guizhouense and M. robertsii 
were effective suggesting that these could be deployed in 
field. This is the first report showing the toxic nature of 
M. anisopliae subspecies against O. longicollis.
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