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1. Introduction

Darjeeling is the northernmost hilly district of the Indian state of West Bengal,
geographically lying between the latitudes of 26° 30’ 05" and 27° 27° 10" N and the
longitudes of 87° 59° 30" and 88° 53 E. The mountainous tract is contiguous to the
west by Nepal and Bhutan towards the east, in the north the river Teesta forms the
northern border with the state of Sikkim and in the south by the district of Jalpaiguri of
West Bengal and Purnea in the state of Bihar. The borders of Nepal, Sikkim and
Darjeeling meet at the peak of Phalut (3700m) forming a tri-junction with a similar tri-
junction at Rachela (Tinsimana, 3100m) between the district of Kalimpong, Sikkim and
Bhutan from where the river Jaldhaka flows down separating the countries of Bhutan
and India (Lama, 2004). Excluding a part of the Siliguri subdivision the District of
Darjeeling is exclusively a mountainous region with the altitudinal range of Darjeeling
varying from ca. 132 m at Sukna to 3700m at Phalut/ Sandakphu. The study area of
focus in this dissertation is located in the mountainous part of the Darjeeling District.
The landscape is dominated by steep mountains, luxuriant vegetation and rain fed

rivers.
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Figure 1.1: Map of Darjeeling hills (The Study Area)



Insect pathogenic fungi have fascinated man since times immemorial. Studies on
entomopathogenic fungi (EPF) have become a significant topic to mycologists,
entomologists, chemists and ecologists with mass attention due to their potent
secondary metabolites production along with commercially viable mycomedicinal
potential. They are considered as one of the most curious organisms to have evolved on
this planet with highly unique life style involving complex chemical and biological
interactions. The entomopathogenic fungi owing to their broad range of therapeutic
benefits and practical traditional usage are becoming more and more important day to
day and have been widely studied by various workers across the world. The area of
research on any aspects of these fungi is currently blossoming with a goal to establish
these organisms as environmentally safe, cheap to produce, reservoir of novel functional
metabolites and efficient forms of pest control.

Although modern synthetic drugs are commonly available in the commercial
market, however, these synthetic drugs are not generally regarded as safe (GRAS) due
to their concern over side effects particularly drug resistance and sometimes they are
often found to be detrimental for human health leading to great economic and social
cost. On the other hand, there is still a gap in research on the distribution, mycelial
biomass generation through artificial cultivation and screening of bio-constituents of the
entomopathogenic fungi such as Isaria spp., on various cell lines for developing more
efficacious and safer drugs with diminished or no side effects. Aside from their noted
biological roles and function, the insect pathogenic fungi are found rarely in nature.
Thus, these fungi are considered highly expensive and in the recent times interest in
artificial cultivation has steadily grown to satisfy the large market demand. Among the
entomopathogenic fungi, genus Isaria spp., from Darjeeling Hills which though used as
an important traditional medicine in Asia but have not been studied so far is the major

focus of this study. This fungus has been used in this thesis to address the gap in



literature by delving into its cultural characterization, phytochemical analysis,
antioxidant activity, antibacterial susceptibility testing, cell viability testing and
apoptotic effect analysis.

Fungi have the ability to grow and colonize a wide range of substrates which
includes both vertebrate and invertebrate organisms. In case of latter, fungi are
considered to play an important role in the natural regulation of insect populations
(Evans, 1982a; 1982b). These insect attacking fungi are known as ‘entomopathogens’
and they can share either obligatory or facultative relationship with the insect host
(Samson et al., 1988). According to Samson et al., (1988), the term ‘entomopathogenic
fungi’ is restricted to those taxa of fungi, which are true pathogens of insects with their
pathogenicity or for which -circumstantial evidence exists concerning their
pathogenicity. Hence the term “entomopathogenic fungi” have been used to denote the
fungal species within the insect bodies or on the surface of their exoskeleton within the
insects or those that may be pathogenic to them (Hung, 2010). In addition, the more
flexible term ‘entomogenous fungi’ has not been used in the present study since that
also relates to fungi growing on or colonising insect substrates, either facultatively or
obligately, but which are strictly non-pathogenic (Samson et al., 1988). In general,
entomopathogenic fungi are eukaryotic, unicellular or multicellular, filamentous,
heterotrophic and saprophytic microorganisms. They can undergo reproduction via
sexual or asexual spores, or both (Mora et al., 2017). This group of fungi are of global
importance in terms of insect pathogens (Hyde et al., 2019). Entomopathogenic fungi
plays an important role to balance the cycle of decomposition of organic matter in the
environment and show specific pathogenicity towards insects without causing any harm

or damage to human health (Moraga, 2020; Santos et al., 2021).

Apart from its traditional and biological control uses, Isaria spp., can be very

useful for its secondary metabolites. Some of the major selected metabolites isolated



and identified from I. fumosorosea include; Beavurecin; A, E and J (cytotoxic),
Beauverolides; C, F, I, L, Ja, L, La, M, and N (calmodulin inhibitors), Fumosorinone, A
(PTP1B inhibitor), Trichocarane (Cytotoxic) (Weng et al., 2019), from I farinosa
include Cycloaspeptide, A, C, G and F ( Cytotoxic), Militarinone, A, B, D, E and F
(cytotoxic and antibacterial), Farinosone, A, B and C ( neuritogenic and antibacterial)
(Weng et al., 2019). Some of the potent metabolites reported from /. cicadae include;
Cordycepin (immunomodulatory, antibacterial, antiviral, and antitumor), N-2-
Hydroxyethyl adenosine (antioxidant), Cordycepic acid (bacteriostatic activity),
Hercynine (antioxidant), ergothioneine (antioxidant); from /. tenuipes Penostatin A, B,
C and J (PTPI1B inhibitor), Isariotin, A, B, C, D, E, F, G, H, I and J (antimalarial and
cytotoxic) (Zhang et al., 2019), from I. japonica, Isarin (cytotoxic), beauverolide I

(calmodulin inhibitors) (Tuan et al., 2017).

Numerous species belonging to the members of entomopathogenic fungi have
been shown to possess excellent antioxidant activity in multiple research studies.
Ophiocordyceps sinensis, Cordyceps militaris, Cordyceps cicadae and Isaria tenuipes,
as well as other species of entomopathogenic fungi are a good source of natural
antioxidant, presenting in its composition phenolic compounds, alkaloids, nucleosides,
cyclic peptides, polysaccharides followed by cordycepin and cordycepic acid (Das et al.,
2021; Jiang et al., 2008; Li et al., 2001; Yan et al., 2014). The active principle molecule
cordycepin (C;oH;3NsO3) is reported to exert multiple therapeutic effects that
significantly increase the levels of antioxidant enzymes such as superoxide dismutase
and glutathione peroxidase activities in 6-OHDA-treated cells (Ashraf et al., 2020). It is
believed that cordycepin prevents 6-OHDA-induced neurotoxicity in adrenal
pheochromocytoma cells (PC12 cells) via its potent antioxidant mode of action
(Olatunji et al., 2016). Cordycepin which is also found in Isaria spp., is considered as a

potential antioxidant where the antioxidant capacity is almost comparable to that of

4



standard ascorbic acid (He et al., 2013; Ashraf et al., 2020). Antioxidant activity by
extension is also related to anticancer activity and that’s why this study is interesting.
The fungi of Darjeeling Hills surprisingly are an understudied research field since
long time. Therefore, current knowledge about the exact diversity estimation is obscure
in this region as there was very little effort made to complete these records. The
mycological work on entomopathogenic fungi (EPF) is very limited at one end of the
spectrum. Most of the work has been carried out in a quantitative survey where few
species of EPF have been mentioned such as Cordyceps militaris and Cordyceps nutans
(Pradhan et al., 2016). In the recent past few serious studies carried out by Chhetri et al.,
(2019 and 2020) on the genus Isaria have reported Darjeeling Hills as a treasure trove
for entomopathogenic fungi.
1.1. Why this work was undertaken?
The Darjeeling Hills appear to be well explored in terms of floristic study but there is a
lacuna on taxonomy based on morphological, microscopic, molecular DNA characters,
and on the physiology and cultivation aspects of the genus Isaria spp. from Darjeeling
Hills. The standardised protocol for bringing the taxa in axenic culture is limited for
genus Isaria spp., of this region and there is a dearth of knowledge on nutritional
requirements which is fundamental to wunderstanding of physiology of
entomopathogenic fungi. This further limits the current methods of artificial and viable
cultivation. Furthermore, it was noted that no biochemical investigations have been
carried out with respect to its antioxidant and antiproliferative bioactivities in the
members of the genus Isaria spp., from Darjeeling Hills. The aforesaid genus was
chosen as the target genus for this study. There is an urgent need to provide
documentation for genus Isaria spp. The present research, therefore, was aimed at
growing the isolates of Isaria spp., in artificial growth condition to produce biomass for

testing the efficacy of the mycelial extracts on various cancer cell lines.



1.2. Research aims and objectives

1.2.1. General aim:

Based on the literature gap found in the genus Isaria spp., mainly with respect to
nutritional, physiological, antioxidant and antiproliferative study, the broad aim of the
thesis is to provide baseline information to the existing literature.

1.2.2. Specific objectives

The specific objectives proposed for the research were:

1. To collect the fungal species of the genus Isaria from suitable locations in

Darjeeling Hills.

2.  To assess the taxonomy of the targeted genus Isaria based on morphological

and molecular characterization.

3. To screen different Isaria species for their potential antioxidant activities.

4. To investigate the in vitro cytotoxic activity of the fungal extracts using

cancer cell lines.

Hypothesis: Anticancer activity of fungal extracts may exist due to their potent

antioxidant compounds.



2. Review of Literature

2.1. Background

The literature pertaining to the taxonomy, physiology, molecular biology, biochemistry,
pharmacology and biocontrol of entomopathogenic fungi is vast but relatively little is
known about the genus Isaria spp., of this group from Darjeeling hills. It is not possible
and is beyond the scope of this thesis to provide a complete yet comprehensive

summary of all the available literature within the purview of this brief literature review.

Therefore, only the major works relevant to the present study was chosen and
have been cited throughout. Information on Isaria spp., and allied members was
obtained from the library textbook references, journal databases, PubMed, Scopus,
Research Gate and Google Scholar. Some of the key words used for data collection
were: Isaria spp., biological activities, biocontrol, traditional knowledge, culture and
beavurecin. The extensive analysis and literature reviews of Fries (1821), Petch (1934),
Brown & Smith (1957), Samson (1974), Gams et al., (2005), Luangsa-ard et al., (2005)
Isaka et al., (2005), Sung et al., (2007), Kepler et al., (2017) Mongkolsamrit et al.,
(2018), Weng et al., (2019), (Zhang et al., 2019), and Chen et al., (2021) indicate the
spectacular advances that have been made on the aspects of taxonomical and

biochemical research on the genus Isaria over the years.

The purpose of this review is to present briefly the findings of previous workers
in concord with the following lines: (a) historical perspective on entomopathogenic
fungal research (b) the entomopathogenic fungus flora of India (c) the mycoflora of
Darjeeling Hills (d) culture under lab condition (e) taxonomy and phylogeny (f)
ecological conditions (g) secondary metabolites (h) pharmacological potential (i)

infection mechanism and biocontrol attributes.



2.2. Historical perspective on entomopathogenic fungal research

Numerous entomopathogenic fungi have been reported invading and thriving on insects
and the reviews of Steinhaus (1956, 1975) demonstrated early history of
entomopathogenic fungi where he provides the historical hindsight of insect diseases
notably muscardine silkworms infected with Beauveria bassiana circa 900 A.D.
Probably it was the first observation made on entomophagy by sericulturists in the
Orient, documented by the Japanese Royal family (Steinhaus, 1956; 1975). Most of the
early documentations regarding insect fungi are associated with the species having
indigenous ethnomycological uses (Cummings, 2009). The fungus which has received
much attention is the lepidopteran pathogen Ophiocordyceps sinensis (Berk.) Sacc.,
known in Chinese as “Dong Chong Xia Cao” and in Japanese as “Tosukacho” which
means literally “winter-worm, summer grass” particularly valued in Chinese medicine
and may have been discovered and used by them for at least 2000 years (Lloyd, 1919;
Cummings, 2009). However, the exact information regarding the earliest documentation
of traditional use of entomopathogenic fungi first appeared in ‘Lei Gong Pao Zhi Lun’
(Lei’s Treatise on Preparing Drugs) written by Xiao Lei (5th century AD) approximately
300 years before the first record of Ophiocordyceps sinensis (Zha et al., 2019). In
addition, others like Cordyceps sobolifera was first recorded in Chinese literature as
early as 300 AD (Wang, 1987). The silkworms infected with Beauveria bassiana were
also prized for their medicinal properties in China, Japan, and Korea, with records
dating back to 900 A.D. (Kikuchi ef al., 2004; Pemberton, 1999; Steinhaus, 1956, 1975,

Cummings, 2009).

Although, for a long period of time the actual cause of infectious disease was not
understood and remained a mystery for hundreds of years. A prevailing assumption of
the time was that several environmental conditions during silkworm breeding caused the

spontaneous or de novo development of the disease (Steinhaus 1956, 1975). For the first
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time the work of Agostino Maria Bassi demonstrated that a fungus can cause a disease
of insects (Egerton, 2012). He showed that the epidemic ‘mark’ or ‘muscardine’ disease
of silkworm which was causing huge economic loses to the silk industry in northern
Italy and France was caused by a fungus (Egerton, 2012). Bassi’s lack of training in
Cryptogamic botany was assisted by Giuseppe Balsamo-Crivelli who placed the fungus
in the genus Botrytis and called it B. paradoxa. Later he changed the name to Beauveria
bassiana, in honour of Bassi's achievements (Major 1944; Steinhaus 1956, 1975). It is
also believed ironically that this classic investigation of Bassi on white muscardine
disease of silkworms led to the establishment of the germ theory of diseases which
postulated the involvement of certain microorganisms in case of infectious diseases
(Samson, 1988). Moreover, in 1888 Elie Metchnikoff carried out mass production of
Metarhizium anisopliae conidia and applied on field crops (Rajula et al., 2020).
However, the early work of the nineteenth century on entomopathogenic fungi was
carried out mostly by mycologists who were trained in plant taxonomy as a result of
which most of the insect pathogenic fungi were recognized as plant pathogens. Many of
the mycologists of time did not recognize that these fungi were pathogenic to insects.
Several epithets used during that period of time mostly reflected the host plant on which
they were found because there was a general assumption that these were plant
pathogens (Rajula et al., 2020). This assumption and trend continued up to the time
when Webber (1894) did a study on the fungi that relate with insects of Citrus in
Florida and their infective ability towards insects was evident. Webber in his study
recognized that Aschersonia turbinata infected Ceroplastes floridensis Comstock and
that Aschersonia cubensis infected Lecanium hesperidum (=Coccus hesperidum L.).
This work led to Webber (1894) while identifying Aschersonia aleyrodis Webber (on
Dialeurodes cirri (Ricco), providing the first epithet which connected for the first time

the fungi and the insect (Evans and Hywel-Jones, 1997). Thereafter, the study of



entomopathogenic fungi has received much mycological attention both with respect to
means of combatting various diseases caused by them and with respect to taxonomic
diversity, ecology and biochemistry. Subsequently, attempts have been made to study
evolutionary relationship and genomics of entomopathogenic fungi with other members
of fungal groups by means of molecular technique (Sung et al., 2007; Humber, 2008;

Wang et al., 2016).

2.3. The entomopathogenic fungus flora of India

The first major attempt to provide a complete checklist of fungi reported from India by
various workers was published by Butler and Bisby (1931). This list was further revised
by Vasudeva (1960) who extended it to include all species reported from India up to the
end of 1952 (Manjula, 1983). Although this list was considered to be one of the
remarkable works of that time, but several additional lists have also been prepared by
several other workers (Mundkur, 1938; Ramakrishnan & Subramanian 1952;
Subramanian & Ramakrishnan 1958; Subramanian & Tyagi 1964; Tandon & Chandra

1964; Tilak & Rao 1968; Mukerji & Juneja 1974; Bilgrami et al., 1979; Manjula, 1983).

In recent years, there has been an increasing interest in study of entomopathogenic
fungi from India for various scientific experiments. Fungi and insects comprise two of
the largest groups of organisms on earth. Fungus—insect interactions have been reported
to exhibit agonistic to mutualistic relationship (Martin, 1992; Biedermann et al., 2020).
The evolutionary dynamics between fungi and insects are mostly studied for mutualistic
systems (Zhang et al., 2014). However, the exact diversity of fungi is largely unknown
and sparingly described (Cheek et al., 2020). Studies of entomopathogenic fungi in
India are mostly confined to agricultural ecosystems. More than 3000 species of
entomopathogenic fungi have been reported in association with insects, spiders and

mites (Hywel-Jones, 2002). Among the reported species, approximately 750-1000, are
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only described as entomopathogenic fungi placed in over 100 genera (Hibbett et al.,

2007; St. Leger, & Wang, 2010; Hajek, & Eilenberg, 2018).

Further, based on the number of cryptic species being analysed using molecular
phylogeny studies (Rehner, 2009), it is now clear that these estimates are very low
(Vega et al., 2012). Thus, fungal entomopathogens constitute one of the largest numbers
of taxa that are insect pathogens (Ignoffo, 1973). However, reported entomopathogenic
fungal species represents less than 1% of the total number of described fungal species
thus far (McLaughlin et al., 2009). Furthermore, very few entomopathogenic fungi have
been described from India and most records have been from agricultural habitats
occurring ubiquitously as pathogens of numerous diverse insects. Species such as
Beauveria bassiana, Nomuraea rileyi, Paecilomyces farinosus and Paecilomyces
fumosoroseus which infect a wide range of invertebrate hosts have been reported from
forest areas and agricultural habitats (Thakur, & Sandhu, 2010). As per Subramanian,
(1971), the first reliably recorded species of genus Isaria was Isaria farinosa (Dickson)
Fr. from Mussorrie in India, reported by Hennings (1901). Further Indian records
include Isaria pulcherrima berk and Br. (Sydow et al., 1937), Isaria meliolae Hansford
(Thirumalachar & Lacy, 1951), Isaria palmae Stevans and King (Chona et al., 1956),
Isaria felina Fries (Mishra, & Haque, 1959). The species recently reported from the
genus Isaria in India includes; Isaria sinclairii (Berk. Lloyd), Isaria tenuipes (Peck),
Isaria japonica (Yasuda), Isaria farinosa (Holmsk) Fr. (Sharma et al., 2015; Sharma,

2015).

The majority of species of an entomopathogenic fungi reported from India are
members of the families Clavicipitaceae: Metarhizium (Sandhu et al., 2012; Dutta et al.,
2013; Kaushik, & Dutta, 2016) and Nomuraea (Thakre et al., 2011), Cordycipitaceae:
Beauveria (Das et al., 2011; Mudoi et al., 2019; Das et al., 2021), Isaria (Sharma et al.,

2015; Chhetri et al., 2019; 2020), and Lecanicillium (Kumar et al., 2015), and
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Ophiocordycipitaceae: Hirsutella (Agrawal et al., 2015), and Ophiocordyceps (Chhetri
et al., 2019; Pradhan et al., 2016; Sharma, 2004). Though many new genera and species
new to science are continuously being reported every year by different workers from

different countries, very little records are available in the Indian context.

2.4. The mycoflora of Darjeeling Hills

The Mycoflora of Darjeeling Hills appeared to be very rich as its adjacent areas of
Eastern Himalaya. It is believed that the starting point of mycological collections and
their studies in this part of India, so far known to us, is by Sir J.D. Hooker, who did
some pioneering work in exploring the macrofungal diversity of Assam, Darjeeling,
Khasi hills and Sikkim. His monumental contribution was followed by recognisable and
an interesting mycological publication by an English mycologist, Rev. M.J. Berkeley

between 1850 and 1882 (Thatoi, & Singdevsachan, 2014).

In the recent times, when Pradhan et al., (2016) surveyed the macrofungal
diversity from Darjeeling hills they noted that there is the presence of 98 species
belonging to 72 genera and 47 families. Further, they have found that 55 genera have a
unitary count of species and the rest had a count within the range of 2-9 species. In their
field survey, Russulaceae was reported to be the dominant family representing the most
species (9) recorded, followed by Marasmiaceae (4) and Coprinaceae (3). The species
richness genera have been reported per specified collection areas and it was conceded
that Russula (9), Marasmius (4), Coprinus (3) were predominantly found, while the rest
had a unitary or binary distribution. A close look in distribution of species by trophic
groups indicated niche heterogeneity where saprotrophic species (57) were most
diverse, followed by ectomycorrhizal (17), parasitic (10), facultatively parasitic (5),
putative ectomycorrhizal (4), coprophilic (4) and termite-associated (1) groups (Pradhan

et al., 2016). The available literature on fungal diversity is scattered and the information
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relating to fungal taxa from Darjeeling district has been well covered by fungal family
Agaricaceae,  Amanitaceae, Ariculariaceae, = Ascobolaceae, = Cantharellaceae,
Hymenochaetaceae, Hypocreaceae, Hypoxylaceae, Inocybaceae and Polyporaceae (Roy
and Acharya, 2019). In contrast, this is not the complete picture of the mycoflora from
this region as many difficult terrains are yet to be explored for the determinable taxa

exploration.

In the present context, no attempt can be made to estimate the number of
entomopathogenic fungus flora of Darjeeling hills. Currently, very little is known of
entomopathogenic fungi in Darjeeling hills with respect to taxonomic diversity and

ecology, hence biodiversity of this important group is a huge pertaining issue.

2.5. Culture under lab condition

Atkinson (1894) carried out the pioneering cultural investigation on Isaria tenuipes
Peck. The specimen used for raising pure culture was collected from the buried leaves
having clavate sporophore arising from the host pupae. The distal half was flattened and
densely covered with farinaceous white powder chiefly made up of oval to globose
colorless conidia. On plate culture, germination resumed after 24 hours of incubation
whereby the conidia appeared to be swollen giving rise to slender germ tubes which
grew in sinuous line from both ends of the conidium (Petit, 1895). Sometimes the
conidium separated from the base of germ tubes through septum formation or through
constriction. The protoplasm was hyaline and homogenous and after 48 hours of
incubation resulted in visible mycelial growth with circular tufts on the agar media,
vacuole appeared by the end of three days of incubation becoming thick and irregularly

placed (Atkinson, 1894; Petit, 1895).

During the late 1930, Taber and Vining isolated a strain of I cretacea van
Beyma from soil and powdery leaves of tomato plant. The white phototrophic
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synnemata was described as an indeterminate synnemata as it bore spores on the lower
portion while the tip maintained the capability of indeterminate growth (Taber &
Vining, 1939). The wild type was designated as wild strain (A) and its variant as variant
strain (B), they described that strain A could use ammonia, amino and nitrate for
fulfilling nitrogen needs whereas various carbohydrates were utilized as carbon sources.
Germination would take place only in presence of energy sources with little or no
exogenous requirements of vitamins. For vegetative growth it was noted that it required
exogenous biotin along with the pyrimidine moiety of thiamine. But biotin could be
replaced with biotin-L-sulphoxide and biocytin and partially with desthiobiotin but not
in presence of homobiotin, norbiotin, aspartic acids, pimelic acid, oleic acids, Tween 80
or with any combination of these sources. The strain A was found to produce variant
strain (B) de novo which lacked the synnemata formation but has a higher growth rate
with respect to parental strain. Moreover, it was also described that both the strains
could enter into a heterokaryotic state which eventually suppressed the sporulation and
formation of synnemata. Synnemata formation is influenced almost by the available

carbon sources but not governed by the nitrogen sources (Taber & Vining, 1939).

Some species of the genus Isaria are known to produce fruiting bodies in culture
under artificial laboratory conditions but the production of typical fruiting bodies in
culture is still a problem. However, a few investigators have been able to produce
synnemata of some species of Isaria in laboratory culture (Ben et al., 1998; Pham et al.,

2020).

Mass production of synnemata is desirable if the fungi are to be exploited for
harnessing the novel metabolite having medicinal properties. Yamanaka et al. (1998), in
their study on Isaria japonica examined the fungus in vitro using liquid and solid media
in order to produce fruit-bodies on a large scale. The mycelia grew well at 18-28°C on

PDA medium with an initial pH of 7.0. The formation of fruit-bodies of Isaria japonica
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was induced by lowering temperature to below 20°C in potato dextrose liquid medium.
Such cold treatment was found to be stimulatory for developing fruiting bodies

(Yamanaka et al., 1998).

It is demonstrated by Yamanaka and Inatomi (1997) that a sawdust-rice bran
media supplemented with silkworm pupal powder markedly influenced the fresh weight
of fruit bodies which increased with increasing percentages of pupal powder. They also
reported that substitution of carbon rich grain (e.g., barley, millet, sorghum) in place of
sawdust-rice bran also markedly increased the yield of fruit bodies. These results
suggested that the grain media supplemented with pupal powder are most effective and
stimulatory for mass production of fruit bodies of Isaria japonica (Yamanaka &

Inatomi, 1997).

The works of Ban et al. (1998), was almost consistent with the findings of
Yamanaka and Inatomi, (1997, 1998). Ban et al. (1998) reported that the optimum
temperature range for mycelia production of Isaria japonica was 23-28°C on malt yeast
glucose media with optimum pH requirement of 7.0 and the best temperature for the
fruiting-body production being below 20°C under fluorescent light (Ban et al., 1998).
They too indicated a profuse production of fruiting bodies on the media supplemented
with silkworm pupal powder and the production increased gradually with increasing
concentration of the same. These findings suggested that some chemical components
might be present in the pupae of Lepidoptera moths which may be responsible for the
triggering of fruiting body formation in Isaria japonica (Ban et al., 1998). Again the
necessity of silkworm pupa for enhanced synnemata production for /. tenuipes was also
shown by Kang et al., (2010) and Ji et al., (2011). Investigation for the search of liquid
substrate from agro-industrial products for high conidia yield showed that the
combinations of sugarcane molasses + rice broth, rice broth + yeast and sugarcane

molasses + yeast + rice broth are suitable for high yield of conidia (Mascarin et al.,
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2010). Further, in solid-state fermentation, the best conidia production was achieved
with the soybean meal and broken corn for /. farinosa, and whole rice and broken rice
for 1. fumosorosea (Mascarin et al., 2010). Liu et al., (2018), showed that the optimal
nutrition requirements for mycelial growth of 1. farinosa are D-(+)-galactose and D-(—)-
fructose as carbon resources and D-cysteine as well as yeast powder, peptone, and beef

extract as nitrogen source at a carbon-to-nitrogen ratio of 1:1 to 1:7.

2.6.  Taxonomic studies on entomopathogenic fungi

Insect pathogenic fungi are globally distributed and can be found in the following
divisions of the true fungi, Microsporidia, Chytridiomycota, Entomophthoromycota
(order: Entomophthorales), Basidiomycota, and Ascomycota (Aratijo, & Hughes, 2016;
Vega et al., 2012). The insect pathogenic fungal genus Isaria is of particular interest,
and is the major focus of the present study. Studies by several researchers in the latter
part of the nineteenth century laid the foundation for the current understanding of
species diversity within the members of insect pathogenic fungi including genus Isaria
(Samson et al., 1988). During this period increasing numbers of entomopathogenic
fungi from around the world were examined mostly by European and American
mycologists (Samson et al., 1988). By 1892, over 100 entomopathogenic species were
named and many were placed into major groups like Cordyceps and Isaria (Cooke,
1892). Currently, more than 750 species of fungi from around 90 genera are known to

be pathogenic to insects (Rajula et al., 2020).

Taxonomy and relationships among entomopathogenic fungal species were
complicated in nineteenth century mycology with the discovery that many fungi can
reproduce either sexually or asexually. Such fungi were referred to as pleomorphic and
have two reproductive states. The whole fungus with both sexual and asexual states is

referred to as ‘holomorph’ with the ‘anamorph’ being the asexual morph or state and the
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‘teleomorph’ being the sexual morph or state (Kendrick, & DiCosmo, 1979; Seifert, &
Samuels, 2000). The major complications arising out of two state reproductive
characters were that the single teleomorph genus has anamorph species in different
genera and several teleomorph species in different genera have anamorphs in the same
genus (Reynolds 1993; Seifert & Gams 2001). Historically, it was important to prove
teleomorph-anamorph connections either by producing mature stromata from an
anamorphic isolate or produce conidia from cultures raised from teleomorph spores or
tissues (King, 2006). Anamorphic forms have the ability to persist on a much broader
substrate ranges than their sexual counterparts and are commonly isolated from soil
lacking any definite host (Rossman, 1996). Most of the members of anamorphic fungi
described from insect hosts in the nineteenth century were placed in the genus Isaria
(Cummings, 2009). However, many of them were placed without direct evidence and
later it became widely accepted that these were the conidial forms of Cordyceps species

(Cooke 1892; Massee 1895).

Classical fungal taxonomy in the first half of the twentieth century based on
morphology with emphasis upon microscopic characters has provided a basic
framework to classify entomopathogenic fungi at most higher levels (Cummings, 2009).
Morphological characters of the anamorphs of Hypocrealean fungi have been
particularly useful in defining groups or genera of the teleomorphs, and these have been
corroborated using molecular characters (O'Donnell, 1993; Spatafora and Blackwell,
1993; Rehner and Samuels, 1994; Rossman, 1996). Work by Petch between 1931 and
1944, addressed over 74 entomopathogenic species occurring in Sri Lanka, many of
which are still valid (Hywel-Jones, 1997; Samson et al., 1988). Substantial contributions
to the taxonomy of Cordyceps and allied species were also made by Kobayasi in Japan
and Mains in North America and the scheme of classifications is generally accepted

even today (Kobayasi, 1939, 1941; 1982; Mains, 1940, 1947, 1949, 1950).
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In the late nineteenth century, Saccardo proposed the classification system of
anamorphic fungi based on morphological characters such as general conidiomatal
form, pigmentation, colour, shape, and septation, arrangement of conidia etc. (Goos
1956; Seifert & Gams 2001; Sutton 1996). In his Sylloge Fungorum (Saccardo, 1882-
1931, 1972), Saccardo attempted to include descriptions of all fungal species based on
the information from other authors (Rossman, 1996). Until the advent of molecular
techniques, the circumscription of most genera in the Hypocreales was directly
attributable to P.A. Saccardo. However, as with other morphological characters, certain
exceptions are known for the multitudinous species. Therefore, discontent concerning
the Saccardoan system of classification has arisen from the fact that the characteristics
used to delimit taxa (i.e., spore color and septation, arrangement of the conidiophores,
etc.) often results in the separation of morphologically similar genera, while at the same
time placing together what seem to be unrelated genera resulting in an artificial, pigeon-
hole taxonomic scheme (Goos, 1956; Rossman 1996). Later, Vuillemin in 1910-12,
proposed a classification system based upon spore forms which he did by placing more
taxonomic weightage on the morphology of conidiogenous cells and the method of
conidium production (Humber 2000; Sutton 1996). Hughes (1953) reviewed the history
of these higher taxa and integrated the earlier ideas into a revised classification system
for anamorphic fungi. In his classification system, the mode of conidiogenesis was
considered a phylogenetically informative character for separation of genera (Hughes,

1953).

From 1970s onward several researchers revised the generic concepts proposed
by Hughes (Cummings, 2009). Most of these revisions are reflected in the monographs
on important anamorphic genera including Beauveria (de Hoog, 1972), Paecilomyces
(Samson, 1974), and Metarhizium (Tulloch, 1976). During this period extensive

collection of fungi infecting insects and spiders in Ghana was made by Evans (1974).
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He noted that many of the species were difficult to identify using available literature of
the time with some of the previous collections lacking type specimens and inadequate
descriptions (Evans, 1974). Subsequent work by various mycologists further described
species in poorly known anamorphic genera including Akanthomyces (Samson & Evans
1974), Gibellula (Samson & Evans, 1973), Hymenostilbe (Samson & Evans 1975), and
Nomuraea (Samson & Evans 1977). Collections and study by Evans in South America
and the tropics included descriptions of many new species which provided much insight
into the ecology of entomopathogenic fungi in tropical forests (Evans 1974, 1982;
Evans & Samson 1982a, 1982b, 1984). Kobayashi, in his 1982 key to the genera
Cordyceps and Torrubiella, recognized 282 species of Cordyceps, 59 species of
Torrubiella and 75 species of other genera and this scheme of classification is still
accepted (Kobayashi, 1982). Further, during this period, Kobayasi while working with
Shimizu made substantial and valuable taxonomic contributions to both genera,
describing 84 new species in Cordyceps and 27 in Torrubiella (Kobayasi 1982;

Kobayasi & Shimizu 1982).

While surveying insect pathogenic fungi as source of biologically active novel
fungal metabolites in the past two decades, has led to increasing interest in isolating
these fungi from the tropics (Hywel-Jones, 2001; Hung, 2010; Isaka et al., 2005). The
insect pathogenic fungi may have cosmopolitan distribution with little effort being put
into describing members of these fungi from natural habitats (Hung, 2010). A study
carried out in Southeast Asia by Hywel-Jones (2002), has reported that the highest
number of insect pathogenic fungal species are found in Asia. Thailand has emerged as
the richest source in terms of number of insect pathogenic fungal species, accounting for
321 species (Hywel-Jones, 2002). An important aspect of this study has been a focus on
obtaining cultures and determining anamorph-teleomorph connections, which were

often neglected by previous workers (Hywel-Jones 1995a, 1995b, 1996, 1997a; 1997b;
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Hywel-Jones & Sivichai 1995; Cummings, 2009). Currently, Thailand alone is on
record to have conducted long-running research on insect pathogenic fungi for over 20
years during which, about 400 species have been isolated from various habitats,
identified and recorded according to the Atlas of Invertebrates-Pathogenic Fungi of

Thailand Volume 1 | NSTDA (Rajula et al., 2020).

2.7. Molecular approaches on fungal nomenclature

The traditional approach to fungal taxonomy based on morphological characters
because of the lack of usable characters has often been problematic in
entomopathogenic fungi, especially in anamorphic species (Humber 2000; Inglis, &
Tigano-Milani, 2006; Samson, 1995). Thus, the issue of species delimitation in fungi
has long been confused with species concept and boundary (de Queiroz, 1998, 2007).
Most of the anamorphic genera are easily distinguishable through their characteristic
modes of conidiogenesis, however, only a limited range of morphological characters are
used to separate species as many of them have simple morphology (Cummings, 2009).
Moreover, these characters quite often display considerable morphological plasticity in
the environment or in artificial culture which has led to taxonomic debates on species
boundaries and resulted vagueness in number of described species. To mention, conidial
shape and size are the only reliable morphological characters for species identification
in Beauveria and Metarhizium (Glare et at. 1996a, 1996b; Mugnai et at. 1989; Rehner
2005; Rehner & Buckley 2005). However, in both genera spore dimensions demonstrate
a high degree of intraspecific variability, especially in culture, and isolates may show
characteristics which are intermediate between two different species resulting in a new
type of species concept (Glare et al., 1996a, 1996b; Glare & Inwood, 1998; Mugnai et
al., 1989). It has also been reported that in fungi the genetic basis for species concept is

largely unknown (Rossman, 1996), and this often led to misidentification of taxa.
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Taxonomic issues have occurred in the members of entomopathogenic fungi due
to lack of spectacular morphological differences to delimit and to recognize species.
Humber (2000), reported that relatively simple mechanisms associated with conidial
production may often lead to similar morphologies and modes of development
occurring in unrelated groups through the process of convergent evolution.
Furthermore, sometimes with uniformous morpho characters it is not clear how to
delimit and characterize taxa as well as whether the character gives a well-supported
overview of monophyletic group or not. For example, in the classification of
Verticillium based on morphological attributes (Gams, 1971) resulted in an unnatural
grouping which included insect-pathogenic and plant-pathogenic species, with
corresponding teleomorphs in two unrelated ascomycete families. A similar situation
also arose in the classification of Paecilomyces by Samson (1974), with the inclusion of
both thermophilic and entomopathogenic species in the genus, again with mention of
each group having unrelated teleomorphs. Samson’s classification of these fungi was
primarily based on morphological characteristics, but was often highly subjective and

leads to ambiguous identifications at the species level (D’Alessandro et al., 2014).

In the last three decades molecular identification techniques with respect to
DNA analysis have become popular amongst mycologists for solving problems in
fungal systematics across the world. Currently, it is one of the latest laboratory
techniques available for systematic studies. Moreover, in the recent times it is well
documented that molecular identification is rapidly becoming a major tool in fungal
taxonomy. The popularity of this technique lies in its universal applicability, speed, and
the presumption that it replaces taxonomic expertise, making this approach broadly
applicable in many fields of mycology (Yahr et al., 2016). It is also stressed here that a
common misconception in DNA barcoding technique is the assumption that existing

reference data provide a definitive answer, either in species identification or to establish
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whether a taxon is new to science (Lucking et al., 2020). Such an approach will
definitely fail when reference data are incomplete or sequences are improperly labelled
(Nilsson et al., 2006). Thus, ideally, not only morphological and molecular information
but a broad array of characters needs to be quantitatively analysed in order to draw
accurate conclusions in species delimitation and phylogeny for most effective
identification (Sieber et al., 1998; Lucking et al., 2020). The nuclear ribosomal DNA of
internal transcribed spacer (ITS) has been the most commonly sequenced region for
fungal identification and systematics which is also selected as the universal barcode
because it has a clearly defined barcode gap along with its wide usefulness for a vast
range of fungi (Schoch et al., 2012). The ITS gene consists of two non-coding regions,
called spacers, situated between the small subunit 18S, 5.8S and the large subunit 28s of
ribosomal RNA (Lucking et al., 2020). The spacer regions and ribosomal genes both
evolve at different rates so they can be informative at different taxonomic levels (Bruns
et al., 1991). The ITS region generally shows variation at around species level and thus
it can be a powerful marker when dealing with phylogenetically more distant species
(Kiss, 2012). However, the rate of divergence in ITS sequences may vary between
different fungal groups and it often does not allow discriminating phylogenetically
closely related species and does not resolve nodes at a higher phylogenetic level

because of the frequency of indels (Lucking et al., 2020).

Apart from ITS regions, sequences from protein-coding genes typically provide
greater taxonomic resolution and have been increasingly used to complement or replace
ribosomal DNA sequences in phylogenetic analyses. Protein coding loci which are
commonly used in fungal taxonomy include translation elongation factor 1-a, B-tubulin,
ribosomal polymerase B, and mitochondrial ATPase6 (Bruns & Shefferson, 2004;
Lutzoni et al., 2004). Genetic markers, such as internal transcribed spacer (ITS- rDNA),

B-tubulin gene and ribosomal rRNA gene, have been extensively used for the molecular

22



characterizations and phylogenetic studies of entomopathogenic fungi (D’Alessandro et
al., 2013; Rehner et al., 2011; Sosa-Gomez et al., 2009; Tigano-Milani et al., 1995;
Yokoyama et al., 2006). However, when amplifying protein-coding genes as mentioned,
amplification failure and sequencing success obstacles are often encountered in the
experimental set up.

In the beginning of new millennium as a result of a global cooperative effort
involving various mycologists across the globe to reclassify fungi according to
phylogenetically sound principles based on the DNA sequence data for multiple genes
has resulted in the publication of two monumentally important publications that
completely reworked mycological systematics (Castrillo, 2020). One of the publications
by James et al., (2006), was a phylogenetic overview of virtually all fungi and the
second publication by Hibbett et al., (2007) provided many of the necessary taxonomic
readjustments that were indicated by the phylogenetic studies (Castrillo, 2020). Based
on molecular sequence data significant taxonomic revisions in entomopathogenic
genera including Cordyceps and Isaria were undertaken (D’Alessandro et al., 2013;
Chen et al., 2021; Johnson et al., 2009; Luangsa-ard et al. 2005; Sung et al. 2007;

Kepler et al., 2017).

2.8. Genus Isaria

2.8.1. Nomenclature, taxonomy and phylogeny of Isaria

The genus Isaria, entomopathogenic anamorphic forms in the Hypocreales:
Cordycipitaceae has had a complicated nomenclatural history. The name Isaria was for
the first time used in the literature by Hill, in 1791 for describing three species of fungi
that are now recognised as representing a myxomycete, a basidiomycete and a rust i.e.
Calocera viscosa Fr., Ceratiomyxa fruticulosa (Miiller) Mac Bride and a Puccinia

species respectively (Petch, 1934). Persoon also introduced the name Isaria in 1794 for
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the description of two species which were I. mucida and I. agaricina. However, in 1821
Fries did cite the name Pers., in the introduction of his Systema Mycologicum, without
mentioning any species. In 1832, Fries did not refer to Persoon (1794) but to Hill
(1791). In addition, he didn’t mention Hill’s species whereas both the original species
described by Persoon, were listed. The first species mentioned by Fries (1832) was
documented to be Isaria terrestris Fr., and it was chosen as the lectotype of Isaria by
Petch (1934). Fries was the authority who established the genus Isaria based on the
species Isaria terrestris Fr. (Fries, 1821). Later examination of the type material of this
species however revealed features that the fungus consisted of sterile hyphae, probably
belonging to an immature basidiomycete (de Hoog, 1972). Moreover, Petch (1934) also
noted that in some cases the species were simply included in the genus exclusively on
the basis of their association with insects. Many species were added to the genus,
throughout the nineteenth and early twentieth century because of its turbulent
nomenclatural histories, which eventually comprises of over 200 species mainly
including the members of an entomopathogenic and mycoparasitic fungi (Hodge et al.,
2005). The genus Isaria was used in the past to accommodate many insect pathogens
and the classification of the species in the genus Isaria were mostly based on the
presence of simple or branched synnemata producing one-celled hyaline conidia, with
no preference given to differences existing in conidiogenous structures (Mains, 1955).
Brown and Smith (1957) transferred some of the species described in Isaria Pers. and
Spicaria Harting into genus Paecilomyces, which possess a conidiogenous structure
similar to that of Paecilomyces variotii Bainier. In the nineteen seventies, De Hoog
(1972) redescribed the genus Isaria and chose Isaria felina (DC.) Fr., as the lectotype

and little discussion existed about its inclusion in the literature.

Samson (1974), monographed and redefined the genus Paecilomyces (type

species: P. variotii Bainier) by delimiting the genus Paecilomyces to species with
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verticillate conidiophores bearing divergent whorls of branches and phialides. The
phialides were characterised by a cylindrical or inflated base tapering to a long distinct
neck, producing chains of hyaline, one-celled smooth walled conidia in a basipetal
chains. For more than 30 years Isaria was considered a subsection within the genus
Paecilomyces sensu Samson (1974), who divided this genus into two sections: section
Paecilomyces and section Isarioidea. Section Paecilomyces, included the type
P.variotii, with mesophilic, thermotolerant and thermophilic species, accompanied
often by a Talaromyces, Byssochlamys or Thermoascus ascigerous state, and colonies
appearing yellow-brown to brownish in colouration. Section Isarioidea, included the
mesophilic species without ascigerous states, and colonies appearing purple, pink, green
or yellow in colouration. In this Paecilomyces section Isarioidea, Samson (1974)
considered all entomogenous Isaria bearing flask-shaped phialides tapering abruptly to
thin long necks and catenate conidia as Paecilomyces and proposed several further

combinations that general (Gallou et al., 2016).

Hodge et al., (2005), redescribed the genus Isaria with the type species Isaria
farinosa (Holmsk.) Fr. and most entomopathogenic mesophilic Paecilomyces species
were transferred to Isaria (Hypocreales, Clavicipitaceae) (Chen et al., 2021). Following
thorough nomenclatural history, formal conservation of the generic name Isaria was

officially accepted in 2005 (Gams et al., 2005).

Molecular phylogenetic studies based on 18S nrDNA have reclassified the genus
Isaria (Luangsa-ard et al., 2005; Sung et al., 2007). The polyphyletic nature of the
genus Paecilomyces, including the section Isarioidea has been recognized several times
by analyses of the large and small subunit rRNA genes (Luangsa-ard et al., 2004;
Obornik et al., 2001). However, using the B-tubulin gene and the nuclear ribosomal
internal transcribed spacer (ITS) region, Luangsa-ard et al., (2005) further investigated

the phylogenetic relationships of Paecilomyces sect. Isarioidea species, and established
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the existence of a monophyletic distinct clade named ‘Isaria clade’, which includes:
Isaria amoenerosea Henn., Isaria cateniannulata (Z.Q. Liang) Samson & Hywel-Jones,
Isaria cateniobliqua (Z.Q. Liang) Samson & Hywel-Jones, Isaria cicadae Miq., Isaria
coleopterora (Samson & H.C. Evans) Samson & Hywel-Jones, Isaria farinosa
(Holmsk.) Fr., Isaria fumosorosea Wize, Isaria ghanensis (Samson & H. C. Evans)
Samson & Hywel-Jones, Isaria javanica (Friederichs & Bally) Samson & Hywel-Jones,
and Isaria tenuipes Peck (Gallou et al., 2016). Many of the reported Isaria strains have
the ability to infect different insect orders in all developmental stages (D’ Alessandro et

al., 2013).

In the last decades, Sung et al. (2007), used multilocus sequence typing (MLST)
to construct a phylogeny of the clavicipitaceous fungi, distributing the genus
Paecilomyces among three families of the Hypocreales (i.e., Cordycipitaceae,
Clavicipitaceae, and Ophiocordycipitaceae). Currently, some species from this genus
were excluded from both Paecilomyces and Isaria, or still await transfer into
appropriate genera (Gallou et al., 2016). For instance, Luangsa-ard et al., (2011) showed
that Paecilomyces lilacinus, placed in the Ophiocordycipitaceae, was not related to

Paecilomyces and proposed the new genus ‘ Purpureocillium’.

In 2017, based on phylogeny-based nomenclature for Cordycipitaceae
(Hypocreales), Kepler et al., proposed the rejection of Isaria in favour of Cordyceps and
transferred Isaria species into Cordyceps. Until recently in 2018, Mongkolsamrit et al.,
introduced some Isaria-like species and the new genus Samsoniella Mongkols.,
Noisrip., Thanakitp., Spatafora, and Luangsa-ard. Further, Chen et al., (2018, 2020)
reported four Isaria-like species: Akanthomyces araneogenus 7.Q. Liang, W.H. Chen,
and Y.F. Han; Samsoniella coleopterorum W.H. Chen, Y.F. Han, and Z.Q. Liang;
Samsoniella hymenopterorum W .H. Chen, Y.F. Han, and Z.Q. Liang; and Samsoniella

lepidopterorum W.H. Chen, Y.F. Han, and Z.Q. Liang. In accordance with the most
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recent system of classification, many species which were previously placed in the genus
Isaria have been transferred to more appropriate genera (Chen et al., 2021). The
delimitation of the genus Isaria has remained problematic throughout the century.
Therefore, robust molecular phylogenetic analyses are still needed to draw conclusion
for Isaria-like fungi to ensure accurate taxonomic identification with comparable results
across different isolates and genotypes (Mongkolsamrit et al., 2018; Chen et al., 2021).

The generic description of the genus Isaria is as follows:
Isaria Persoon 1794

Luangsa-ard, J.J., H.L. Hywell-Jones, L. Manoch and R.A Samson. Mycol.Res. 2005.
109 (5): 581

Classification: Fungi, Ascomycota, Pezizomycotina, Sordariomycetes,

Hypocreomycetidae, Hypocreales, Cordycipitaceae.

Conidiophores usually well-developed mono- or synematous, usually consisting
of several verticillate branches, each bearing a dense whorl of phialides. Synnemata
often branched with apical sporulating structure. Phialides consisting of a cylindrical or
swollen basal portion, terminating in a thin often long neck, producing divergent
conidial chains. Conidia one or rarely two celled, smooth walled, hyaline. Colonies
bright coloured, white, yellow, pale green, pink, red or purple. Hyphae hyaline to
slightly pigmented i.e. coloured, rough or smooth walled.

Teleomorphs: Cordyceps or Torribiella, often absent in culture.
Type species: Ramaria farinosa Holmsk. 1781.

Hosts: numerous diverse insects.

2.9. Host specificity

Naturally occurring EPF are very important in insect population regulation with recent
estimates of 750 species found capable of parasitizing insects naturally, although the

exact diversity of the EPF is not completely known (Shrestha et al., 2016). Some of the
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more widespread fungi causing infection in insects include the members belonging to
two diverse groups within kingdom Fungi, Entomophthorales (Phylum
Entomophthoromycota, formerly Zygomycota) and Hypocreales (Phylum Ascomycota).
These fungi are found to be distributed in wide range of terrestrial ecosystems including

Arctic Circle and Antarctica (Shrestha et al., 2016).

Studies on insect pathology has revealed that the majority of the species of EPF
show considerable variation with respect to host specificity and include both fastidious
pathogens with restricted host ranges and opportunistic pathogens having a broad host-
range (Fargues, & Remaudiere, 1977). Entomophthoralean pathogens are generally
characterized by narrow host range and are distributed mostly in temperate forests with
rare reports from tropical regions and in general are more susceptible towards foliar
insects and mites (Evans, 1982; Pell et al., 2001). Hypocrealean pathogens, on the other
hand, have narrow to very broad host range and are dominantly distributed in humid
tropical forests (Shrestha et al., 2016). The insect group belonging to the members of
Coleoptera, Diptera, Hemiptera, Hymenoptera, Isoptera, Lepidoptera, Orthoptera,
Aranae, etc., are more susceptible in comparison to the members of other groups of

insects (Hung, 2010).

Additionally, some of the reported taxa are capable of infecting only particular
groups of non-insect arthropods, e.g. Gibellula species are specific pathogens of hunting
spiders (Hywel-Jones, 2001), while diverse species of Hirsutella are narrow pathogens
to acarine hosts (Minter et al., 1983; Samson et al., 1980). Furthermore, it should be
kept in mind that the species of Beauveria bassiana and Metarhizium anisopliae display
diverse host ranges. Beauveria bassiana is an insect pathogen which has been recorded
from over 700 host species belonging to 15 insect orders and is also recognized to infect
mites (Acari) (Li, 1988). Similarly, the host records of M anisopliae include over 200

species belonging to 11 insect orders (Zimmermann, 2007b).
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In the genus Isaria, majority of the species has a relatively wide host range with
the most dominant being Lepidoptera, but this host range is relatively narrow when
compared to B. bassiana (Zimmermann, 2007a). The record of target hosts of the genus
also comprises other insect orders including Hymenoptera, Diptera and spiders etc.
(Zimmermann, 2008). Isaria included within Cordycipitaceae is an entomopathogenic
fungal genus having a wide host range of more than 100 species

(http://www.mycobank.org/). This genus plays important roles in biodiversity

conservation and is utilized in medicines and agriculture (Luangsa-ard et al., 2005). The
host of C. militaris is Lepidopteran pupa and the color of its fruiting bodies is yellow or
orange, while O. sinensis host is Hepialu larva, and the color of its fruiting bodies is

dark brown (Chiu et al., 2016).
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Table 2.1: Host range of species accepted in Isaria spp., (Based on Luangsa-ard et al., 2005).

Species Host range References
1. amoenerosea Henn. Chelonethida, Coleoptera, Lepidoptera, Hemiptera, Samson 1974; Samson & Evans
Hymenoptera 1977

I cateniannulata Samson & Hywel-
Jones

L. cateniobliqua (Z2.Q. Liang)

L. farinosa (Holmsk) Fr.

1. fumosorosea Wize

L javanica Friederichs & Bally

1. ghanensis Samson & Evans

L. tenuipes Peck

Coleoptera, Diptera, Lepidoptera, Hymenoptera

Lepidoptera

Acari, Aranea, Coleoptera, Chelonethida, Diptera, Hemiptera,
Hymenoptera, Lepidoptera, Opiliones, Thysanoptera.

Acari, Blattodea, Coleoptera, Diptera, = Hemiptera,
Hymenoptera, Isoptera, Lepidoptera, Neuroptera,
Thysanoptera.

Coleoptera, Lepidoptera, Aranaea

Lepidoptera

Coleoptera, Lepidoptera

Liang 1981; Shimazu 2001

Liang 1981

Humber and Hansen 2005

Humber and Hansen 2005; Smith.
1993.

Samson 1974.

Samson 1974; Samson & Evans
1977
Samson 1974; Luangsa-ard et al.,
2004
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2.10. Diversity and distribution

The general diversity and distribution of any entomopathogenic fungi depend on
environmental conditions, health of insect hosts, its number and the physical factors
favouring the growth of particular taxa (Hajek & St. Leger., 1994). The distribution of O.
sinensis in China is from Central Yunnan Plateau to the Qilian Mountains in Qinghai
Province, and from Mount Daloushan in Guizhou Province to the wide areas of the
Himalaya (Negi et al., 2015; Negi et al., 2020). Cordyceps militaris has a worldwide
natural distribution and is widely reported from East Asian countries, mainly China, Japan,
Korea, Thailand, Nepal, Bhutan and India (Shrestha et al., 2010). Genus Isaria also has a
widespread geographical distribution (Gams et al., 2005), but nowhere abundant in any
part of their range. The catalogue of the United States Department of Agriculture,
Agriculture Research Service (USDAARS) collection of Entomopathogenic Fungal
Cultures (ARSEF) enlists more than 1000 Isaria strains from different countries in North,
Central, and South America, Europe, Africa, Australia, and Asia. In Asia, Thailand is the
richest in terms of number of entomopathogenic fungal species identified and described
(Hung et al., 2010). In addition, Isaria strains can infect different insect orders in all
developmental stages, and are commonly isolated from soil (D’Alessandro et al., 2013;
Gallou et al., 2016). A number of species such as Isaria cicadae and Isaria sinclairii, are
reported to be distributed in southern Asia, including China, Taiwan, India (Sharma et al.,
2015; Sharma et al., 2021), Indonesia, Japan, Nepal (Shrestha, 2011), South Korea, Sri
Lanka, Thailand and Vietnam. They are also found in Oceania (Australia and New
Zealand), South America (Brazil, Guatemala and Mexico), North America (Canada) and
Africa (Madagascar) (Zha et al., 2019). Furthermore, different species of the genus Isaria
which includes members like Isaria sinclairii (Berk.) Lloyd, Isaria tenuipes Peck, Isaria
japonica Yasuda and Isaria farinosa (Holmsk) Fr. have also been reported from India by

various workers (Chhetri et al., 2020; Sharma et al., 2015; Sharma et al., 2021).

31



Figure 2.1: World natural distribution of Isaria spp., in USDA- ARS collection of
entomopathogenic fungal culture (Castrillo, 2020) (outline map: not to scale).

2.11. Nutritional value

Compounds with nutritional value from natural sources have some very interesting
properties that can be exploited for the design of innovative novel feed formulations.
Cordyceps spp. and Isaria spp. provides a diverse spectrum of essential minerals and
vitamins to our body. It possesses several minerals like iron, potassium, magnesium,
calcium, besides other essential nutrients like vitamins and antioxidants. All these
nutrients constitute excellent dietary supplement since they are easily absorbed by our

body for being naturally available in Isaria spp.

The proximate composition and biochemical profiling of natural fruiting bodies of 1.
cicadae has been worked out by a number of workers (Sharma et al., 2015; Sharma et al.,
2021). Carbohydrates have been documented as a major constituent (50.2%), while the
protein content (4.46%) crude fat (6.6%) and crude fibre (1.55%), were recorded to be

minor constituents of the fruiting bodies of Isaria cicadae (Sharma et al., 2021). Vitamin
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D content of I. cicadae was found to be 3,605.84 IU/g (Sharma et al., 2021). The
proximate compositions of the fruiting bodies of Isaria tenuipes showed the moisture
content (57.56 £0.07 %), crude fat (21.76+0.00%), crude fibre (6.20+0.26%) and crude
protein (6.83+0.02%), (Hong et al., 2007). The soluble sugars in this fungus were found to
be composed of glycerol, glucose, mannitol, sucrose etc., and the total carbohydrates
content was 24.00+3.14 mg/g dry weight of the fruiting bodies. The other species within
the genus viz., Isaria sinclairii (Berk.) Lloyd, Isaria  tenuipes Peck, Isaria
japonica Yasuda and Isaria farinosa (Holmsk) Fr. have been reported to contain
substantial amount of nutritional as well as nutraceutical components (Sharma et al.,
2015). All of these species were reported to be pf low fat content and rich in protein,
fibre, ash, and carbohydrates. Mineral elements such as Fe, Mg, Cu, Mn, and Ca were
reported to be detected in appreciable amounts. All three types of fatty acids (saturated,
monounsaturated, and polyunsaturated) as well as bioactive compounds like ascorbic acid,
B-carotene, lycopene, phenolic compounds, and polysaccharides were detected for each
species (Sharma et al., 2015). Cordyceps militaris is an analogues of genus Isaria in
nutritional content. High amounts of amino acids (69.32 mg/g in fruiting body and 14.03
mg/g in corpus), unsaturated fatty acids (70%), adenosine (018% in fruiting body and
0.06% in corpus) and cordycepin concentration (0.97% in fruiting body and 0.36% in
corpus) are reported from Cordyceps militaris (Hur, 2008). Similarly, in Ophiocordyceps
sinensis, it has been reported to contain amino acids in the range of 29-33% (Hsu et al.,
2002), 70% unsaturated fatty acid (Hyun, 2008), cordycepic acid in a range of 7-29%
(Jiang, 1987), thymine, adenosine and cordycepin are found to be major nucleoside
compounds in a range from 138.5— 174.2, 79.6—186.5 and 31.3-91.2 pg/g, respectively

(Xie et al., 2010).
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2.12. Traditional uses

Most of the Asian Countries are culturally rich with multilingual and multi-ethnic
populations, possessing vast repository of traditional medical knowledge (TMK). This
traditional knowledge has been developed through years of observations which were
traditionally passed down from one lineage system to another by means of oral or in rarity
with written documentary tradition. Indigenous peoples and local communities residing in
different parts of Asia have substantial amount of empirical knowledge related to
harvesting and preparing fungal material, as well as appropriate knowledge about the use
of many species of economically important group of fungi. Thus, this information on
TMK for different EPF can be invaluable, not only to the indigenous peoples who have
used fungal medicines since time long-established, but also for any mycological

researchers to use medicine outside of its traditional environment.

According to the traditional Chinese medicine, fruit bodies of entomopathogenic
fungi are highly valued as medicinal herb. Many natural entomopathogenic fungi are used
in traditional Chinese medicines in China, Japan, Korea and other Asian countries (Zhu et
al., 1998). The word Chanhua is originated from ancient Chinese culture. As a part of
Traditional Chinese Medicine, Chanhua has a long history of existence. The earliest
documentation of traditional use of entomopathogenic fungi appears in ‘Lei Gong Pao Zhi
Lun’ (Lei’s Treatise on Preparing Drugs) written by Xiao Lei (the Southern and Northern
Dynasties, 5th century AD) who recorded it as a valuable myco-medicinal tonic for
reducing internal toxicity that is some 300 years older record than the first record of O.
sinensis (‘“Worm in winter, herb in summer’, ‘Dongchong Xiacao’) (Zha et al., 2019).
Chanhua literally means ‘flower of cicada’, as it grows on cicada nymphs and resembles
flowers like appearance. Based on its literal meaning and the Chinese ancient records

aforementioned, Chanhua should only be considered to Isaria-like fungi that grow on
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cicada nymphs (Zha et al., 2019). EPF, Isaria cicada, the asexual type of Cordyceps
cicadae, 1s one of the popular medicinal mushrooms. The synnemata of this fungus is
called snow-flake DongChoongHaCho in Korea because of its white appearance (Kang et
al., 2010). The fruiting body or the synnemata of this fungus is widely used in expensive
traditional medicines and health products in East Asia (Dong et al., 2015; Yue et al.,
2013). As noted in Chinese Pharmacopoeia, /. cicadae have been applied in therapies for
fatigue, night perspiration, fever, childish convulsion, palpitation, and dizziness since long
time (Chunyu et al., 2019). In China, I. cicadae is used as a food and tonic supplement to
treat chronic kidney diseases, and for children with seizures (Hsu et al., 2015; Li et al.,

2019).

Among the many typical forms of the fungus DongChoongHaCho (Tochukaso),
Cicada DongChoongHaCho the EPF, Isaria sinclairii has been widely used in a powdered
form as a promising Korean crude drug for the improvement of stamina and treatment of
various illness including cancers (Ahn et al., 2013; Oh et al., 2001). Moreover, the fruiting
bodies of Isaria spp. have been used for treatment of cancer patients in Korea (Ahn et al.,
2004; Oh et al.,, 2001). Drink products containing materials of I. sinclairii are
commercially available in Korea, and this fungus is considered a candidate nutraceutical
agent or supplement for diabetic and cancer patients (Ahn et al., 2004). Furthermore,
Isaria tenuipes has also been used in traditional medicinal practices. The fruiting body is
mostly used in the production of health foods and traditional medicine with its multiple
functionality such as lowering blood glucose, antitumor, antibacterial, anti-depression,
antioxidation, and anti-aging activity, lowering blood fat and immunoregulation (Zhang et

al., 2019).

2.13. Pharmacological potential of the chemical components of Isaria spp.
It is estimated that more than 200 secondary metabolites have been isolated and identified

from both Isaria cicadae and Isaria tenuipes (Zhang et al., 2019). Many of these
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secondary metabolites (SMs) are the functional components exhibiting anti-viral, anti-
bacterial, and anti-tumour activity and few of them involved in an immunity regulation
(Hsu et al., 2015; Weng et al., 2002). Moreover HEF, SMs are considered as important
drug resources (Zhang et al., 2019). For example, Fingolimod, a novel type of
immunosuppressive agent, is a new medicine approved by the FDA in September, 2010,
and the European Medicines Agency in March, 2011, derived from Myriocin (ISP-I) a SM
of the HEF Isaria sinclairii, which is used for treatment of multiple sclerosis, renal cancer,
and asthma (Strader et al., 2011). In general, a great variety of biotherapeutic compounds
of immense biological activity have been extracted and purified from the different species

of the HEF genus Isaria.

Overall, the spectrum of pharmacological activities and its application demonstrated
by diverse members of insect pathogenic fungal genera Isaria spp in particular is
extremely broad. Modern pharmacological studies carried out on Isaria spp have shown to
possess multiple biological and therapeutic functions including; anti-inflammatory, anti-
wrinkle, antitumor, antibacterial, antifungal, antiviral, antiparasitic, against paediatric
convulsion, dizziness, night perspiration, palpitation as well as immunomodulatory,
hepatoprotective and sedative properties (Chunyu et al., 2019; Dai et al., 2021; Li et al.,
2020; Mapook et al., 2022; Prommaban et al., 2022). In addition, they are also involved in
regulation of blood pressure and cardiovascular disorders, such as hypercholesteremia
along with other chronic diseases like diabetes, neurodegenerative diseases, Alzheimer’s
disease, and cancers (Chunyu et al., 2019; Dai et al., 2021; Li et al., 2020; Prommaban et
al., 2022; Zeng et al., 2021). The multiple pharmacological effects of Isaria spp., can be
attributed to a wide range of biologically active chemical metabolites including
polysaccharides, myriocin, ergosterol peroxide, and nucleosides (Chunyu et al., 2019; De

Silva et al., 2013; Reis et al., 2017).
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2.13.1. Cytotoxic effects

The water-soluble intra-polysaccharide and extra-polysaccharides isolated from Isaria
farinosa B0O5 demonstrated significant antitumor activity against sarcoma 180 in mice
(Jiang et al., 2008). These polysaccharides were able to inhibit sarcoma 180 tumour
growths in mice by 61.63% at 200mg/kg intra-polysaccharides and 55.93% at 200mg/kg
extra-polysaccharides (Jiang et al., 2008). The mode of action of these carbohydrates has
been demonstrated to enhance the mediated mechanism of the host and not be directly
cytocidal (Wang et al., 1995; Seong et al., 2000). Polysaccharides extracted from the
mycelium of fungus constitute one of the main bioactive agents which has the potential to
exhibit multiple pharmacological activities including antitumor, anti- inflammatory,
immunopotentiation, hypoglycaemic, hypocholesterolaemia, protection of neuronal cells
against free radical- induced cellular toxicity, steroidogenesis and antioxidant activities
(Huang, 2001; Jiang et al., 2008; Koh et al., 2003; Sharma et al., 2015; Yan et al., 2014;
Zhong et al., 2009). Moreover, characterization of metabolites from Isaria farinosa has
demonstrated the antisenescence, antitumor and others effects such as auxin and cytokinin

like properties (Jiang et al., 2008).

A bioactive compound, 4-acetyl-12, 13-epoxyl-9-trichothecene-3, 15-diol (AETD),
isolated from the methanol extract of fruiting bodies of Isaria japonica Yasuda showed
apoptosis-inducing activity and ICsq value of 10 nmol/l on human leukaemia cells (HL-60)
(Oh et al., 2001). An investigation into the mechanism of action of AETD induced
apoptosis of HL-60 cells was reported to be associated with the formation of intracellular
reactive oxygen species (ROS) and the resulting depletion of intracellular glutathione
(GSH) followed by downstream event of caspase-3 activation (Pae et al., 2003). Caspase-3
activity was determined by using fluorometric immunosorbent enzyme assay where the

fluorescence intensity of 10nM AETD treated HL-60 cells was recorded to be 33.1 (Pae et
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al., 2003). Studies by Shin et al., (2003) have indicated that fungal extract from Isaria
Jjaponica could significantly decrease tumour weights and volumes, in mice inoculated
with Sarcoma-180 tumour cells. Further, it was reported that the fungal extract at 5S0mg/kg
caused inhibition of the tumour volume by 28.1% (3749 + 279.3 mm’) and a decrease in
the tumour weights by 42.3% (5.1 = 0.4 g), as compared to clinically available positive
drug, at 30 mg/kg, inhibited the tumour weight by 74.4% (2.3 £ 0.1 g) against that of the
control (8.8 = 0.3 g) (Shin et al., 2003). The methanolic extracts from fruiting body of 1
tenuipes DGUM 32001 has been reported to possess significant cytotoxicity against
human cancer cell lines: MCF-7 and HepG2 (Shim et al., 2001). While the ethyl acetate
fraction of this fungus showed the highest cytotoxicity against HepG2 and MCF-7 with
ICs0 vanes of 40 and 9.6 pg/mL, respectively (Shim et al., 2001). Nam et al., (2000) isolated
and evaluated for the first time the ergosterol peroxide and acetoxyscirpenediol from
methanol extract of Isaria tenuipes. They found that the 50% inhibitory concentrations of
ergosterol peroxide against human gastric tumour cell line (SNU-1), human hepatoma cell
line (SNU-354), human colorectal tumour cell line (SNU-C4) and murine sarcoma-180
were 18.7, 158.2, 84.6 and 74.1 mM, respectively. Whereas the ICsy values of
acetoxyscirpenediol against SNU-1, SNU-C4, SNU-354 and sarcoma-180 were 1.2, 4.0,
2.2 and 1.9 mM, respectively. Further it was revealed that the cytotoxic activities of
acetoxyscirpenediol were about 4.0 — 6.6 times stronger than those of cisplatin which is
used clinically for treating cancer patients (Nam et al., 2000). Different isariotin
compounds mainly G, H, I, J and F of I tenuipes have been found to exhibit cytotoxic
activities against cancer cell lines like KB, BC, MCF-7, and NCI-H187 and non-malignant
Vero cells (Bunyapaiboonsri et al., 2009; 2011). Recently, similar findings have been
demonstrated on MCF-7 breast carcinoma cell line where the maximum inhibition was
found to be 44.83 + 6.88% with ethyl acetate extract of Isaria tenuipes VHI-2 fruiting

bodies (Pham et al., 2020).
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Beauvercin (BEA) is reported to have a potent cytotoxicity towards multi drug
resistant human cancer cell lines such as human retinoblastoma Y79, HaCaT, HepG2 and
HepG2/ADM cells (Cheng et al., 2009; Wang et al., 2014). BEA also demonstrated
significant activity towards NIH/3T3 and CT-26 murine cell lines (Cheng et al., 2009). At
10uM concentration BEA can induce significant toxicity in TM-Luc 102 and Caco-2 cells
(Fernandez-Blanco et al., 2016). BEA inhibits migration of the metastatic breast cancer
(MDAMB-231), prostate cancer ((PC-3M) cells and exhibits antiangiogenic activity in
HUVEC-2 cells (Zhan et al., 2007). The metabolite can bring about apoptosis activating
mitochondrial pathways, including decrease of ROS generation, loss of mitochondrial
membrane potential, release of cytochrome ¢, and activation of Caspase-9 and—3 (Tao et
al., 2015). The most notable biological function of this compound is associated with its
inhibitory activity to protein tyrosine phosphatase 1B (PTP1B) with an ICsy value of 0.59
M (Heilos et al., 2017; Wang et al., 2014; Zhang et al., 2017). The compound generally
forms complexes with cations and thereby increases the permeability of biological
membranes (Toman et al., 2011; Witjen et al., 2014; Lu et al., 2016; Wu et al., 2018).
Functionally, it transports divalent cations across biological membranes and acts as an
ionophore leading to increase in cytoplasmic Ca®" concentration, causes ATP depletion
and eventually activates calcium-sensitive cell apoptotic pathways (Gibson et al., 2014; Li
et al., 2017). During in vitro studies carried out by various workers, beauvericin has been
reported to reverse the multidrug-resistance (MDR) phenotype in yeast and potentiates the
fungicidal activity of fluconazole against fluconazole-resistant Candida albicans at sub-
cytotoxic concentrations and known cytotoxic agents against multidrug-resistant (MDR)
cancer cell lines. Beauvericin also hinders directional cell motility of cancer cells (Gibson
etal.,, 2014). Despite several bioactivities, beauvercin is one of the most predominant
mycotoxins and has obvious toxic effects towards humans and animals which can pose
health risk at certain concentrations (Mallebrera et al., 2018; Ojuri et al., 2018; Panasiuk et

al., 2018).
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In a continuing search for pharmaceutical active compounds from insect pathogenic fungi
a novel pyridone alkaloid compound, named fumosorinone has been isolated from 1
fumosorosea (Liu et al., 2015). Fumosorinone after 24 h treatment, exhibited potent
cytotoxic activity against human cancer lines, including HeLa (ICsy = 11ug/ml), MDA-
MB-231(ICsp = 30ug/ml), and MDA-MB-453(ICsp = 31ug/ml) cell lines (Chen et al.,
2018). Further investigation by the same author’s revealed fumosorinone displayed highest
cytotoxicity towards HeLa cells in a time- and dose-dependent manner. They found that
this compound exhibited potent cytotoxicity against the HeLa cell line over 48 h (ICso 5
pg/ml) and 72 h (ICso 3 ug/ml) (Chen et al., 2018). The mechanism of action involves the
inhibition of cell migration by reducing the phosphorylation of focal adhesion kinase
(FAK) at tyrosine (Tyr) 861 and marginally increasing the phosphorylation of FAK at
Tyr397 without affecting the phosphorylation of FAK at Tyr576 or Tyr925 (Chen et al.,
2018). Moreover, this compound acts synergistically with 5-FU and p38 inhibitors which
could potentially enhance the anticancer bioactivity (Chen et al., 2018). Protein tyrosine
phosphatase 1B (PTP1B), is an intracellular phosphatase involved in the insulin signalling
cascade which can dephosphorylate the insulin receptor (IR) as well as insulin receptor
substrate (IRS) (Asante-Appiah, & Kennedy, 2003). The overexpression of PTP1B results
in insulin resistant states and it has been considered as a promising insulin-sensitive drug
target for the prevention and the treatment of T2DM (Huijsduijnen et al., 2002; Liu et al.,

2015).

Ergosterol peroxide isolated from methanol extract of I. fenuipes showed high
potential against human gastric tumour cell line (SNU-1), human hepatoma cell line
(SNU-354), human colorectal tumour cell line (SNU-C4) and murine sarcoma-180 (Nam
et al., 2001). Ergosterol peroxide has been reported to exhibit significant cytotoxicity
against DU-145, PC-3 and M-2182 prostate cancer cells at a concentration range of 25-

200 pm/ml (Han et al., 2014). The mechanism of action of ergosterol peroxide is mostly
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by inducing apoptosis via activation of death receptor 5 and caspase 8/3 in DU 145

prostate cancer cells (Han et al., 2014).

Cycloaspeptides F and G isolated from the genus /. farinosa (Zhang et al., 2009) exhibited
potent cytotoxic effects and inhibited the growth of MCF7 cells, with Gls, values of 18.7
and 15.2 uM (Zhang et al., 2009). Cycloaspeptides F and G also displayed modest
cytotoxicity towards HeLa cells (Zhang et al., 2009). In case of known cycloaspeptides A
and C, the cytotoxic effects against HeLa cells were reported with Glsy values of 31.2uM
and greater than 63.4 uM whereas with respect to MCF7 cells the Glso values was found to

be 23.4uM and 31.9 uM respectively (Zhang et al., 2009).

Militarinone A has been reported to exhibit significant cytotoxic activity against the
human lung carcinoma cell line A549, with ICsy value of 1.75 M and antimicrobial
activity with ICsy value >150.0uM (Ma et al., 2011). In addition, this compound also
displayed neurotrophic effects on PC-12 cells at 10.0uM (Schmidt et al., 2002). On the
other hand, militarinone B was reported to exhibit moderate cytotoxicity against human
lung carcinoma cell line A549, but displayed a good antimicrobial activity against S.
aureus S. pneumoniae and C. albicans (Ma et al., 2011). The novel militarinone E was
reported to be significantly cytotoxic against human lung carcinoma cell line A549, with
ICs value of > 1.59 uM and militarinone C was comparatively less effective with an 1Csg
value of > > 120.0 uM. However, both the compounds E and C displayed moderate

antimicrobial activity against S. aureus S. pneumoniae and C. albicans (Ma et al., 2011).

Isariotin F isolated from /. tenuipes demonstrated significant activity against the malaria
parasite P. falciparum K1 as well as cytotoxic activities against cancer cell lines (KB, BC,

and NCI-H187) and non-malignant (Vero) cells (Bunyapaiboonsri et al., 2009).

Some of the alkaloids isolated from Isaria spp., such as isariotins G, H, I and J

displayed cytotoxic activities. Thus compound isariotin G displayed significant cytotoxic
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activities against KB, MCF-7, NCIH187 and Vero cells with respective 1Csp=6.19, 9.21,
22.18, and 26.97 pg/ml. Isariotin H exhibited cytotoxic activities against KB, MCF-7,
NCIH187 and Vero cells with respective 1Csy values of 8.26, 18.56, 37.36, and 22.64
ug/ml. Isariotin I showed potential cytotoxicity against KB, MCF-7, NCIH187 and Vero
cells and the ICsy values were 5.12, 5.37, 2.25, and 26.85 pg/ml. Isariotin J exhibited
cytotoxicity towards KB, MCF-7, NCIH187 and Vero cells with respective 1Csy values of

2.98,4.37,44.86, and 1.77 pg/ml (Bunyapaiboonsri et al., 2011).

2.13.2. Antioxidant activity

The radical inhibition of various extracts, natural powdered materials, active principle and
polysaccharides from several isolates of Isaria spp. have been reported in both in vitro and
in vivo models. N-(2-Hydroxyethyl) adenosine (HEA) isolated as one of the active
principles from n-BuOH fraction of Isaria sinclairii showed strong DPPH radical
scavenging effect with ICsy values of 5.08 mg/ml (Ahn et al., 2008). Study carried out on
uronic acid bound water-soluble exo-polysaccharides and intrapolysaccharides from the
fermentation broth-mycelia of Isaria farinosa B0S have exhibited strong hydroxyl radical,
superoxide radical and H,O, scavenging activities. Chelated Fe*" had great reductive
ability (0.8-6.4 mg) and higher anti-lipid peroxidation ability at low concentration
(0.64mg) (Jiang et al., 2005). Jiang et al. (2008), conducted an experiment to study the
effect of water soluble intra and extra-polysaccharides from the fermentation and mycelial
broth of /. farinosa B05 on SOD and CAT activities of tumour-bearing mice. From this
study it was found that in comparison with the control group, intra-polysaccharides
exhibited elevated antioxidative activities both in hepatocytes and erythrocytes. The SOD
activity in intra-polysaccharides was observed to be significantly higher in hepatocytes
and erythrocytes (p<0.05) at a dose of 200 mg/kg and the CAT activity in intra-
polysaccharides at a dose of 200 mg/kg was found to be significantly higher in

hepatocytes (p<0.05) (Jiang et al., 2008). Whereas, with the extracellular polysaccharides,
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the SOD activity at a dose of 400 mg/kg was observed to be significant higher in
erythrocytes (p<0.05) and the CAT activity at a dose of 200 mg/kg was observed to be

significantly higher in hepatocytes (p<0.05) (Jiang et al., 2008).

Again, extracellular polysaccharides and intracellular polysaccharides from Isaria
sinclairii and Isaria tenuipes have shown to exhibit significant DPPH radical scavenging
activities, ABTS radical scavenging activities, reducing power, Iron chelating activities,
scavenging activities of superoxide anion radicals, ferric reducing antioxidant power, as
well as inhibition rate of peroxidation of polyunsaturated fatty acid from lipoprotein
(Sharma, 2015). Administration of powdered fruiting bodies of Isaria tenuipes at 3%
(w/w) level has increased plasma total antioxidant potential and decreased level of lipid
peroxidation in eight-week-old male Sprague-Dawley rats (Park et al., 2006). Similarly,
Dongchunghacho (Isaria tenuipes) rice at 13.6 % (w/w) level has been shown to possess
potent erythrocytic antioxidant enzyme activities comparable to Cordyceps militaris at
13.6% (w/w) level (Park et al., 2011). Isaria japonica Yasuda, has exhibited significant 2,
2-diphenyl-1-picrylhydrazil (DPPH) scavenging activity (49%), hydroxyl radical
scavenging activities (37%), and superoxide radical inhibition properties (43%), at
0.lmg/ml (Yahagi et al., 1999). A novel antioxidative pseudo-di-peptide, 3, 4-
diguanidinobutanoyl-DOPA known as hanasanagin was isolated from fruiting body of
fungus Isaria japonica (Sakakura et al., 2005). This compound demonstrated a potent
DPPH scavenging activity with ICsy value of 8.1uM and SOD activity was found to be
152.0 SOD unit/ pmol (Sakakura et al., 2005). Recently, the extract from I tenuipes
fruiting body (IF) was found to show potent in vitro antioxidant activity of ABTS

inhibition, DPPH scavenging and lipid peroxidation inhibition (Prommaban et al., 2022).

2.13.3. Anti-diabetic potential
A large number of animal studies, using both normal and diabetic animals, have

demonstrated that intake of Isaria spp has proven to have a glucose lowering effects.
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Pharmacological potency of powdered extracts of Isaria sinclairii (5-10% w/w) using
microarray technique has showed to possess hypoglycaemic activity against diabetes-

inducing compounds in obese and diabetic animal models.

The hypoglycaemic effect has been observed and investigated with either the
fruiting body or mycelia of Isaria spp. in both in vitro and in animal models. The
powdered materials have been found to exhibit hypoglycaemic properties but the exact
molecules involved is still unidentified. Ahn et al., (2010), demonstrated that powdered,
Isaria sinclairii (IS) at 10% w/w, in the diet was significantly effective in reducing blood
glucose levels and body weight gain in C57BL/6 obese (ob/ob) mice after twenty-six
weeks of treatment. The mechanism of hypoglycaemic activity of powder the IS, is
possibly through the upregulation of glucokinase (Gk-rs1) and downregulation of hydroxy
prostaglandin dehydrogenase (Hpgd 15), both associated with suppression of diabetes
(Ahn et al., 2010). An aqueous extract of the Isaria farinosus G30801 fermented medium
showed hypoglycaemic potential in streptozotocin TIDM and T2DM, induced rats,
although the mechanism of action was not specified by the authors (Lu et al., 2010).
Additionally, in growing Isaria tenuipes, the inclusion of 13.6% of Dongchunghacho in
polished rice was found to exhibit hypoglycaemic, hypocholesterolemic, and antioxidant
potential in streptozotocin (STZ)-induced diabetic rats (Park et al., 2011). Protein tyrosine
phosphatase 1B (PTP1B) is generally regarded as a negative regulator of insulin receptor
(IR) signaling and a potential drug target for the treatment of type II diabetes and other
associated metabolic syndromes (Chen et al., 2014). Penostatin derivatives are a novel
kind of PTPIB inhibitors isolated from solid cultures of the entomogenous fungus /.
tenuipes. PTP1B at 35ng/mL exhibited the best potential for the treatment of type II
diabetes based on PTP1B induced insulin receptor (IR) inhibitory activity (Chen et al.,

2014).
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Fumosorinone isolated from /. fumosorosea compound has been implicated as a
negative regulator of insulin receptor signaling and a potential drug target for the treatment
of type II diabetes and other associated metabolic syndrome (Liu et al., 2015a). Liu et al.,
(2015b) through in vivo study using type 2 diabetic KKAy mice showed that fumosorinone
increased glucose uptake and improved insulin resistance by down-regulating the
expression of PTP1B and activating the insulin signaling pathway involved in T2DM.
Recently, Qian et al., (2021) study has revealed that myriocin an active ingredient of
Isaria cicadae act on diabetic nephropathy (DN) through different targets such as AKT]1,
MAPKS, and TP53 and other targets, which can help to develop innovative drugs for

effective treatment of DN.

2.13.4. Anti-inflammatory activity

The anti-inflammatory action of Isaria spp. has been mostly reported in 1. sinclairii.
Adjuvant induced arthritis in rats is a chronic disease which develop into two distinct
phases of diseases activity, characterized by an acute periarticular inflammation followed
by soft tissue inflammation (Jacobson et al., 1999). The results of the investigation carried
out using water and methanol extracts from Isaria sinclairii showed profound anti-paw
edema effects and also remarkably inhibited UV-mediated upregulation of NF-xB activity

in transfected HaCaT cells (Ahn et al., 2013).

Glycosaminoglycan (IS GAG) isolated from Isaria sinclairii also produced a
noticeable anti-edema effect (Ahn et al., 2013). This IS GAG with increasing
concentration inhibited the pro-inflammatory cytokine levels of prostaglandin E2-
stimulated lipopolysaccharide in LAW 264.7 cells, cytokine TNF-o production in
splenocytes, and atherogenesis cytokine levels of vascular endothelial growth factor
(VEGF) production in HUVEC cells. Furthermore, the histological analysis revealed that
the LV dorsal root ganglion, including the articular cartilage linked to the paw-treated with

IS GAG, was repaired markedly against CFA (Complete Freund’s Adjuvants)-induced
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cartilage destruction. It was further observed that the combined treatment with
Indomethacin® (5 mg/kg) and IS GAG (10 mg/kg) was found to be more effective in
inhibiting CFA-induced paw edema at different time intervals revealing IS GAGs potential
anti-inflammatory activity (Ahn et al., 2013). Autoimmune thyroiditis (AIT), also known
as Hashimoto or chronic lymphocytic thyroiditis, is an autoimmune disease characterized
by inflammatory destruction of the thyroid tissue and is caused by high titers of circulating
antithyroid antibodies, represents the most common cause of hypothyroidism worldwide
(Yang et al., 2021). Recently, the thyroid anti-inflammatory effect of 1. felina (IF) has
been investigated using a mouse model. The result of the study demonstrated that mice fed
with higher dose IF preparation alleviates thyroid inflammation and cell apoptosis on
experimental autoimmune thyroiditis (EAT) (Yang et al., 2021).The authors has provided
substantial evidence of IF’s ability to ameliorates EAT in mice, where they found that IF
significantly reduced follicle destruction and lymphocyte infiltration in the thyroid gland
along with decreased levels of serum TSH, thyroid antibodies, and cytokines(Yang et al.,

2021).

Polysaccharides isolated from Isaria cicadae has been reported to markedly decrease
LPS-induced inflammatory cytokine levels in NRK-52E cells and TGF-B1-induced
fibroblast activation in NRK-49F cells (Yang et al., 2020). Cordyceps cicadae is the
recognized synonym of Isaria cicadae (Luangsa-Ard et al., 2005). The powdered
preparation of I cicadae at 15-30g/day could down-regulate the expression of major
fibrosis markers (a-SMA and fiber-fibroin) and key fibrogenic molecules TGF-f1 and
CTGF, and upregulate the expression of IFN-y, which has antifibrotic effects that
maintains, matrix metalloproteinase and tissue inhibitor of metalloproteinases-1
(MMP/TIMP) balance (Wang et al., 2022). The result of the study by Wang et al., (2022)

demonstrated that oral preparation of I cicadae can prevent the development and
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progression of trinitrobenzene sulphonic acid (TNBS) induced colonic fibrosis in mice

which could be useful drug in treatment of colonic fibrosis.

2.13.5. Antigenotoxic capacity

The oxidative stress to the living system could also be brought by exposure to genotoxic
chemicals. The protective effect of the extract of Isaria tenuipes cultivated on soybeans
against the dimethylhydrazine induced genotoxicity or DNA damage and oxidative stress
in male F344 rats for nine weeks was found to be highly effective in protecting colonic
DNA damage events in rats. The effect of anti-genotoxicity has been attributed to
increased antioxidant activity which was noticeable in the form of reduced plasma lipid
peroxidation (Park et al., 2007). The fruiting body extract of Isaria sinclairii (IS) was
assessed for genotoxic evaluation and it was reported that these extracts did not produce
any mutagenic response in a Salmonella typhimurium assay (Ahn et al., 2004). There was
also no significant genotoxic effect on Chinese hamster ovary (CHO) cells compared with
control in the chromosome aberration (CA) test and the micronuclei (MN) test showed no
significant change in the occurrence of micro nucleated polychromatic erythrocytes in
male ICR mice intraperitoneally administered with IS extracts at doses of 15, 150, or 1500
mg/kg, suggesting it has anti-mutagenic potential in the in vitro and in vivo systems (Ahn

et al., 2004).

2.13.6. Antiobesity effects

Obesity is one of the most prevalent nutritional disorders observed in the developed world
and is mainly associated with other disorders such as hypertension, diabetes, and
arteriosclerosis (Hall et al., 2002), premature aging (Slawik, & Vidal-Puig, 2006), and
cancer (Jee et al., 2006). The powdered form of Isaria sinclairii (IS) showed a significant
antiobesity effect in an animal model experiment. It was reported that obese (fa/fa) Zucker
rats fed with powdered IS at a concentration of 5 or 10% (w/w) levels over 4 months

resulted in significant decrease in rate of body weight gain in a dose-dependent manner
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(Ahn et al., 2007). Weights of abdominal adipose tissues surrounding the epididymides
were found to be markedly reduced by this powder in parallel with an attenuated body
weight gain. Total cholesterol, triglycerides, bilirubin, and low-density lipoprotein (LDL)
in the serum were found to be significantly lowered in the powder administered rats after
17 weeks of treatment. Obese (fa/fa) Zucker rats displayed markedly elevated serum leptin
levels (>24.6%) suggesting that 1. sinclairii powder can exert an antiobesity effect in
Zucker obese rats (Ahn et al., 2007). In a different experiment, Isaria sinclairii showed an
increase in the level of poly unsaturated fatty acid (PUFA) which was also true with
reduced fat (7%) accumulation in adipose tissue indicating overall anti-obesity activity in
rat model (Ahn et al.,, 2010). Lipid metabolism generally maintains a subtle balance
between synthesis and degradation. When the balance of lipid metabolism is disturbed,
hyperlipidaemia may occur. Hyperlipidaemia is defined as elevations of fasting total
cholesterol concentration which may or may not be associated with raised levels of
triglyceride concentration (Nelson, 2013). Hyperlipidaemia is a dominant risk factor
represented by raised levels of triglyceride or cholesterol which in turn can cause
atherosclerosis, hypertension and diabetes (Esmaillzadeh, & Azatbakth, 2008; Nelson,
2013). Inhibition of pancreatic lipase may inhibit fat absorption and prevent the condition
of obesity and hyperlipidaemia. Lee and colleagues (2006), reported that Isaria tenuipes
grown on egg yolk (PTE) can improve lipid profiles and lipid peroxidation. Its probable
mechanism of action is to modulate physiological functions, such as various atherogenic
lipid profiles and antioxidants in hypercholesterolemic 8-week-old male Sprague-Dawley
rats fed a high fat/high cholesterol diet (Lee et al., 2006). Park and his co-workers reported
moderate suppression of hyperlipidaemia by Dongchunghacho (Isaria tenuipes) rice
supplementation in STZ-induced diabetic rats (Park et al., 2011). The hypolipidemic
effects of Isaria spp. have been investigated by previous workers but the exact molecules

involved in it is still lacking and awaits further investigation.
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2.13.7 Antihypertensive effect

The antihypertensive and related activity of Isaria spp. and its derivatives has also
been studied. Ahn et al., (2007), assessed the hypertensive effects of methanol extracts of
L. sinclairii in the spontaneously hypersensitive rats. In their study it was showed that the
methanol extract could be used for the treatment of metabolic circulatory disorders where
an alcohol extract of this fungus was shown to produce anti-hypersensitive effects.
Further, active principle of the extract in the form of an adenosine 5/ -acetate which was
suggested to be a vasoactive substance that may be helpful in exhibiting blood pressure
lowering effects comparable to standard vasorelaxing activity of adenosine (Ahn et al.,
2007). The same group reported that glycosaminoglycan (GAG) from the same species
produced an antihypertensive effect, which was found to be more effective than the
positive control captopril. In the spontaneously hypersensitive rat animal model, a fall of
19% in body weight was observed in the group that received GAG, indicating that GAG
derived from 1. sinclairii may be a potent, naturally occurring antihypertensive agent (Ahn

etal., 2013).

2.13.8. Immunomodulatory activity

The immunomodulators are defined as a substances or compounds that help to
control the immune system of the body (Das et al., 2021). There are a number of
compounds well documented and recognized in the Isaria spp. that has the
immunomodulatory activity. The major immunomodulating molecule, fingolimod
(FTY720) is the first oral immunomodulating drug (0.5mg) from 1. sinclairii approved for
relapsing—remitting multiple sclerosis (Khatri, & Kramer, 2011; Khatri, 2016). It is
generally regarded as a blockbuster drug with sales of US $ 2.48 billion in 2018 (Palmer,
2018). It is a high-affinity non-selective mimetic of the SI1P1 and is also the first

immunomodulator class: sphingosine 1-pohosphate receptor modulator obtained by
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chemical modification of a natural product isolated from Isaria sinclairii cell supernatant
(Chiba et al., 2011; Fujita et al., 1994). It is orally active and predominately metabolized
in the liver by sphingosine kinase to the active metabolite fingolimod-phosphate (Novartis
Pharmaceutical Corporation, 2011). If it is taken orally, the drug prevents the development
of neurological signs in both monophasic and relapsing remitting (RR) models of MS
(Penton-Arias, & Haines, 2016). The most striking feature of this wonder drug is that it
acts as a safe and potent immunomodulator by inducing marked decrease in peripheral
lymphocyte numbers, especially CD4-positive cells and IL-2R-positive cells at doses that
display an immunosuppressive activity (Chiba, & Adachi, 2012; Downes et al., 2007;
Ueda et al., 2005). It has been comprehensively reported that reduction of circulating
lymphocytes by FTY720 is because of the sequestration of lymphocytes into the
secondary lymphoid organ (Chiba et al., 2011). The immunomodulatory properties of
FTY720 come from its novel mechanism of action, which is to sequester autoreactive B
and T cells in lymph nodes and hinder their trafficking towards central nervous system
(CNS) thereby preventing them from provoking multiple sclerosis relapses (Khatri, &
Kramer, 2011). These immunomodulatory properties have been confirmed in various
autoimmune disease models such as lupus nephritis, adjuvant- and collagen-induced
arthritis, EAM, autoimmune diabetes, and especially in the experimental autoimmune
encephalomyelitis (EAE) model, showing higher efficacy than beta interferon (Penton-

Arias, & Haines, 2016).

Furthermore, Isaria sinclairii, as the anamorph stage of Cordyceps cicadae have
demonstrated that its mycelium or culture broth extracts have multiple therapeutic
activities (Fukatsu et al., 1997). Takano and his colleagues reported immunomodulating
activity of I japonica crude broth and demonstrated that this crude broth augmented anti-
sheep red blood cell IgM plaque-forming cells response upon oral administration at 10 and

30 mg/kg/day for 4 consecutive days in mice (Takano et al., 1996). According to the in
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vivo and in vitro studies, the polysaccharides isolated from Isaria sinclairii was reported to
show the activation of macrophages through the TLR4 signaling pathway, increase of
interferon IFN-Y production by Peyer’s patch cells and immunomodulatory function by
RAW 264.7 cells (Takano et al., 2005; Cheng et al., 2012). The works presented by
Cheng and his colleagues using the intrapolysaccharides isolated from Isaria sinclairii
showed that RAW264.7 macrophage cell cultures could stimulate nitric oxide production
significantly at doses between 12.5 and 100 pg/ml, thereby demonstrating an
immunomodulating activity (Cheng et al., 2012). Shin et al., (2003), had similarly
demonstrated that the fungal extract from Isaria japonica has shown significant
immunostimulant activity as well as a significant anti-tumour activity in mice inoculated
with Sarcoma-180 tumour cells. These workers demonstrated that the fungal extract
exhibited phagocytosis enhancing effects with, the phagocytosis index (PI) value of 2.0
which was approximately the same as with zymosan (PI=2.0), but far better in compassion
to extract from Ophiocordyceps sinensis (PI=1.0). Thus, this fungal extract was reported
to have anti-tumour activity along with immunostimulant activity which was comparable

and better than the effects brought by Ophiocordyceps sinensis (Shin et al., 2003).

2.13.9. Neuro-protective effects

Tsushima et al., (2010), in their study based on histochemical observation showed
that an extract from a fungus Isaria japonica grown on silkworm pupae (Bombyx mori)
was capable of reversing astrogliosis in the hippocampal CA3 area and was reported to
improve memory deficits in ageing mice (Tsushima et al., 2010; Suzuki et al., 2017).
Further, their findings suggested that the extract of 1. japonica fungus grown on silkworm
was associated with the ability to recover from central nervous system (CNS) deficits
(Robel et al., 2011). Thus, they represent a promising astrocyte-targeted modulator
(Ishiguro et al., 2021). Furthermore, the fungal powder administered as a nutraceutical to

Alzheimer’s patients was found to significantly increase the acetylcholine concentration in
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the cerebrospinal fluid which is a target for symptomatic improvement in Alzheimer’s
disease (Ishiguro et al., 2021; Terayama et al., 2016). Spirotenuipesine A and B isolated
form fungus /. japonica fruiting body at a 1 uM level and paecilomycine A at a level of
10nM showed significant biological activity in neurotrophic factor biosynthesis in 1321N1
human astrocytoma cells (glial cell lines) and the released neurotrophic factors was
believed to promote neuronal differentiation of PC-12 cells (Kikuchi et al., 2004a; 2004b;
2004c). Recently, the novel cyclic peptide naturido was isolated from a medicinal fungus
Isaria japonica grown on domestic silkworm (Bombyx mori) which has been reported to
be a promising glia—neuron modulator for the treatment of not only senescence, but also
for Alzheimer’s disease and other neurodegenerative diseases (Ishiguro et al., 2021). Thus,
L japonica may have potential as a source of new candidate drug for the treatment of

senescence and neurodegenerative diseases.

2.14. Entomopathogenicity and infection of insect pests by Isaria spp.

2.14.1 Infection mechanism

Entomopathogenic fungi (in addition to nematodes) are the only insect pathogens
capable of bringing about infection on their host by adhering to the surface of the cuticle
and directly penetrating the external cuticle (Bedding et al., 1982; Ortiz-Urquiza et al.,

2013).

The fungal pathogens mostly gain access to nutrients in the arthropod haemocoel by
direct penetration of the host cuticle (Payne et al., 1988; St. Leger, 1991). Structurally, the
insect cuticle is a complex insoluble multi-layered matrix and the outermost surface, the
epicuticle, plays a key role in protecting insects against fungal infection and preventing the
predator to reach haemocoel (Crespo et al., 2000; Kaczmarek et al., 2021; Pedrini et al.,
2007). Moreover, the cuticle and alimentary canal are considered to be important barriers

against infection as they are the site of pathogen/parasite entry into the haemocoel.
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The multi-layered matrix of epicuticle is composed of three major components;
lipids, proteins and chitins along with presence of phenolic compounds that accelerate or
inhibit fungal growth, and their presence partially determines whether an adherent fungus
develops (Kaczmarek et al., 2021). In order to successfully establish within the insect host,
the invading fungi must proliferate within the haemocoel. This is generally achieved in a
sequential manner when the entomopathogenic fungus adheres to the host by nonspecific
hydrophobic and electrostatic interactions between the conidia and the insect cuticle
(Mannino et al., 2019). After spore attachment, the spores must remain in contact with the
host cuticle for a sufficient length of time to allow subsequent germination and penetration
(St Leger, 1991). The growing hyphae then penetrate the cuticle and enter the host body
for proliferation by using a combination of mechanical pressure and the production of
cuticle-degrading enzymes (Mannino et al., 2019; Ortiz-Urquiza et al., 2013). To evade
detection, the fungus during this stage of infection, grows as hyphal bodies that generally
lack cell walls or any surface specific residues and these hyphae are recognized by the
insect host (King, 2006). However, the success of the infection process is highly
dependent on several factors, such as the structure and composition of the cuticle, the
presence of antifungal compounds in the exoskeleton, as well as the efficiency of the

cellular and humoral defence reactions of the insect after invasion (Mora et al., 2017).

The composition of the cuticle also strongly influences conidia germination, and this
variation often results in differences in susceptibility between insect species (Ortiz-
Urquiza et al., 2013). Once the penetration is complete then the fungus will establish itself
on the insect host and thereafter death may take place rapidly or can take much longer

(King, 2006).

Death is thought to be facilitated by the depletion of nutrients, physical obstruction
or invasion of vital organs and toxicosis. Following the death of insect host, the fungus

switches from hyphal to mycelial growth and grows saprotrophically, subsisting on the
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remaining nutrients on the insect cadaver (Inglis et al., 2001). The fungus then reproduces
via asexual means producing conidia arising directly from the mycosed cadaver or on

synnemata.

However, if the environmental and host conditions are favourable, ascomycetous
entomogenous fungi may produce a teleomorphic form and reproduce via ascospores
produced within perithecia usually formed on an aboveground stroma (King, 2006). The
infectious spores or spore’s fragments are then dispersed to other insect hosts and the
cycle repeats itself. A generalised mechanism of infection of entomopathogenic fungi is

presented in figure (Figure 2.2).

Conidium adheres to the cuticle

\

Germination

f

Formation of appressorium

Penetration of the cuticle

Inavasion of the epidermis and the hypodermis

Tissue invasion Proliferation of hyphal bodies
by normal hyphae in haemolymph

Insect death

\

Saprotrophic growth

Figure 2.2: A summary of the general infection mechanism of insects by
entomopathogenic fungi (Based on Clarkson, & Charnley, 1996; Matthew et al., 2007).

2.15. The Biological control of insect pests by Isaria spp.

Biological control can be defined as the '"utilisation of natural or modified

organisms, genes or gene products to reduce the effects of pests and diseases" (Cook,
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1988). The vast majority of the insecticides and pesticides are indispensable in use but
they have certain negative impact on nontarget species like honey bees, fish and wildlife
both within and outside agro-ecosystems (Pedigo and Rice, 2014). In addition, these
chemical compounds have deleterious effects on the environment, increased reports of
insecticide resistance and ever-increasing costs of insecticide production (Khachatourians,
1986; Charnley, 1989; Kaya & Lacey 2007). To circumvent the deleterious effects of
chemical pesticides on environment worldwide an alternative approach to use
entomopathogenic fungi (EPF) is gaining momentum due to its eco-friendly nature,
effectiveness, specificity and harmlessness to non-target organisms (Das et al., 2021;
2022). Entomopathogenic fungi have been widely employed for the control of major insect
pest and the study reveals that 700 species from approximately 90 genera are pathogenic
to insects (Charnley, 1989; Suganya, & Selvanarayanan, 2010). 1000 species of EPF under
phyla Entomopthoromycota, Blastocladiomycota, Mycosporidia, Basidiomycota and
Ascomycota have been documented to regulate insect populations (Das et al. 2019). Some
of the most important members that are most intensively investigated fungi for preparing
687 mycoinsecticide are Verticillium lecanii (Zimm), Isaria fumosorosea (Wize),
Beauveria bassiana (Vuill), Metarhizium anisopliae (Metschinkof), Hirsutella thompsonii
(Fisher) and Nomuraea rileyi (Farlow) (Das et al., 2019) for controlling various pest
species of Coleoptera, Lepidoptera, Hemiptera, Tysanoptera, Isoptera, and Orthoptera and
Acarina (Hussein et al., 2016). Most of the species belonging to these fungi vary widely
with respect to ease of mass production, host range, environment friendliness, and the
ability to initiate epizootics (Barta et al., 2019). Therefore, they provide a broad range of
organisms with potential for development as pest control agents (Roberts & Humber,
1984). Currently, the most used species of entomopathogenic fungi globally in biological
control are Beauveria bassiana (33.9%), M. anisopliae (33.9%) Isaria fumosorosea
(5.8%), and Beauveria brongniartii (4.1%) out of the humongous numbers isolated,

identified and tested species (de Faria and Wraight, 2007; Rajula et al., 2020).
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2.15.1 Biocontrol of Citrus pests

The citrus rust mite, Phyllocoptruta oleivora (Ashmead) (Acari: Eriophyidae), is a
major pest of citrus in tropical regions (Aghajanzadeh & Mallik, 2007; Robles-Acosta,
2019). Phyllocoptruta oleivora can infest leaves and green branches of citrus. Damage
occurs when P. oleivora feed on the developing fruit; penetration of epidermal cells by the
mite’s stylet causes dark brown areas to develop on the fruit surface (McCoy & Albrigo,
1975). The principal control method for P. oleivora is the use of broad-spectrum
insecticides (Alves et al. 2005). However, the use of chemicals compounds as pesticides
enhances the risk of insecticide resistance and environmental degradation of
agroecosystems (Robles-Acosta, 2019). The use of entomopathogenic fungi for pest
control is an alternative strategy, particularly for dealing with the problems of resistance
(Omoto et al., 1994) and environmental pollution, thereby improving the economic and

biological sustainability of agroecosystems (Alves et al., 2005).

The members of fungi that are reported to contribute towards natural regulation of
insect and mite populations are from the orders Hypocreales and Entomophthorales
(Dolinski & Lacey, 2007). The latter are difficult or impossible to mass-produce, and
therefore have not been produced commercially or applied on a large scale. In contrast,
several species of Hypocreales are commercially available for control of insect and mite
pests; some of these belong to the genera Beauveria, Metarhizium, Isaria, Aschersonia,
Hirsutella, and Lecanicillium (Inglis et al. 2001; Goettel et al. 2005: Robles-Acosta,
2019). The fungi Isaria fumosorosea (Wize) have been extensively studied as biological
control agents (Das et al., 2022). Robles-Acosta, et al., (2019), reported that I.
fumosorosea could be used as a biocontrol agent. However, its efficiency under

experimental conditions never exceeded 50 % against P. oleivora (Robles-Acosta, 2019).

The Asian citrus psyllid, Diaphorina citri Kuwayama (Hemiptera: Liviidae) has

emerged as a major insect pest species responsible for damages of citrus (Citrus spp.) fruit
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quality and tree health (Corallo et al., 2021). This insect is a vector of the phloem-limited
bacterium Candidatus liberibacter asiaticus, a putative causal agent of citrus greening
disease known as Huanglongbing (HLB), considered one of the most destructive diseases
of citrus orchards worldwide (Bove, 2006; Stauderman et al., 2012). Disease management
is primarily based on vector control using pesticides which can affect natural enemies that
play an important role in pest control (Corallo et al., 2021). Entomopathogenic fungi play
an important role in the natural regulation of insect populations and are good microbial
candidates for control of phloem feeding pests because they penetrate the cuticle directly

(Hajek & St. Leger, 1994; Goettel et al., 2010).

The literature survey reveals that several entomopathogenic fungi are known to
infect naturally or remain associated with Diaphorina citri (Stauderman et al., 2012). Of
them, include Isaria fumosorosea (Paecilomyces fumosoroseus) Wize (Hypocreales:
Cordycipitaceae) is a prominent one (Meyer et al., 2008). I fumosorosea (Ifr) is a
promising candidate for pest management since it is produced commercially and
demonstrate pathogenicity against Diaphorina citri and other citrus pests (Avery et al.
2009, 2011; Hoy et al., 2010; Hunter et al., 2011). The morphological and molecular
characteristics of Ifr strains used as biocontrol agent has been evaluated and compared to a
reference strain to develop better strategies for psyllid pest management (Meyer et al.,

2008).

Treatment of blastospores of Isaria fumosorosea under lab conditions against psyllid
has resulted in the mortality of the pathogen (Avery et al., 1999). Studies carried out by
Stauderman et al., (2012), confirms the potential of Isaria fumosorosea to be used in IPM
strategies for D. citri. The broad-spectrum potential of Isaria fumosorosea (Ifr) on insect
pests such as H. vitripennis, T. citricidus and D. abbreviatus were found to provide a
potential biological control agent for these and other pests of agricultural crops (Hunter et

al., 2011). Lezama-Gutiérrez et al., (2012), reported that . fumosorosea (Ifr-4) was found

57



to exert positive biocontrol effect against the nymphs and adults of D. citri under field

conditions.

2.15.2. Biocontrol of Conifer pests

The Western Conifer Seed Bug (WCSB), Leptoglossus occidentalis Heidemann
(Heteroptera: Coreidae), is a cone and seed insect native from Western North America
where it is considered relatively serious pest of conifer seed orchards (McPherson et al.,
1990; Bates et al., 2000). It can feed on several species of conifers seeds using its mouth
parts in piercing the cone and sucking out the endosperm resulting in a high rate of conelet
abortion thereby impacting the seed wviability in different plant genus - Pinus,
Pseudotsuga, Tsuga, Picea, Abies, Cedrus, Juniperus and Pistacia (Bernardinelli &
Zandigiacomo, 2001). This pest was observed feeding on Stone pine cones in several
regions in Europe impacting the overall production of profitable Stone pine edible nuts
(Bracalini et al., 2013; Farinha et al., 2018). There have been reports suggesting an
important impact of this bug on the profitable Stone pine edible nuts (Farinha et al., 2018).
Information on the biocontrol of these insect pests is well documented and laboratory
evaluation of WCSB susceptibility to hypocrealean insect-pathogenic fungi particularly
Isaria fumosorosea Wize and Beauveria bassiana (Balsamo) Vuillemin has shown their
potential of possible use in biocontrol of this invasive insect (Barta 2009; Barta 2010).
Since Isaria fumosorosea isolates exhibited excellent virulence against Western Conifer

Seed Bug and was reported to reach the lowest median lethal concentrations (Barta, 2010).

2.15.3. Biocontrol of Mosquito

Insecticide resistance due to the overuse of chemical substance is seriously
undermining efforts to eliminate the prevalence of medically threatening malaria
arthropods. In response, research on alternatives to the use of chemical insecticides against

adult mosquito vectors has been increasing day by day. Fungal entomopathogens
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formulated as biopesticides have received much attention and have shown considerable

potential in enhancing the susceptibility (Blanford et al., 2012).

The Asian malaria vector, Anopheles stephensi when exposed for six hours to
conidial suspension of I. farinosus at standard dose rate of 1x10° spores ml” could bring
about marginal decline with modest virulence with a percent biting risk at day 14 was
52.9, responding to the feeding stimulant (Blanford et al., 2012). Study carried out by
Karthi et al., (2020), found that the conidial suspension of I tenuipes at a level 1.0 x 10°
conidia/mL could heavily damage the internal gut cells and external physiology of the
dengue larvae compared to the control. The authors also reported that the mode of action
of I tenuipes is target-specific and the sub-lethal dosage at a level 1.0 x 10" conidia/mL
displayed a significant oviposition deterrence index and also blocked the fecundity rate of

dengue mosquitos in a dose-dependent manner (Karthi et al., 2020).

2.15.4. Biocontrol of Livestock pests

Ticks have gained considerable attention as they are one of the main economic
threats to the cattle industry worldwide affecting productivity, health and well-being
(Alonso-Diaz et al., 2021). It has been estimated that more than around 80% of cattle
population worldwide is exposed to tick infestations (Snelson, 1975; Giles et al., 2014),
where the cattle tick Rhipicephalus (Boophilus) microplus (Canestrini), R. (B.) annulatus
(Say), and Amblyomma mixtum (Koch) are considered the most important livestock ticks
in country like Mexico (Alonso-Diaz et al., 2021). The desirability for alternative methods
to control tick populations is prompted by the high prevalence of multiresistant tick strains
to the main chemical acaricides and their ecological consequences. Biological control
using entomopathogenic fungi (EPF) is one of the most promising alternative options
(Alonso-Diaz et al., 2021). The EPF of the genus capable of bringing about infection
against ticks both in natural and experimental settings includes I. farinosus against I.

ricinus (Kalsbeek et al., 1995; Polar, 2007), . fumosoroseus against 1. ricinus (Kalsbeek et
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al., 1995), R. sanguineus under experimental set up (Samish et al., 2001), and /. tenuipes
against R. microplus naturally (Polar, 2007). Laboratory experiments have demonstrated
positive sign of EPF efficacy to control susceptible and resistant/multiresistant tick
populations. It was demonstrated that fungal strains chiefly belonging to 1. fumosorosea
CLO55 and PFR 97 at dose of 10" conidia m™ at 20+ °C against adult midges resulted in
LTs (time taken in days to kill 50% population of midges) value of 2.74 and 3.22 days
respectively (Ansari et al., 2011). Whereas the reported LTy, (time taken in days to kill
90% population of midges) for these two strains was 5.76 and 5.99 days (Ansari et al.,

2011).
2.16. Major secondary metabolites produced by Isaria spp.

Members of the Hypocrealean genus Isaria have been reported to possess rigorous
secondary metabolisms through different operative metabolic pathways, including non-
ribosomal peptide synthetase (NRPS), polyketide synthase (PKS) and terpenoid synthetase
(TS), which produce diverse spectrum of secondary metabolites (SMs), such as ribosomal
peptides (NRPs), polyketides (PKs), terpenoids of miscellaneous types (Lu et al., 2017;
Wang et al., 2018; Zhou et al 2011). Members belonging to Hypocrealean
Entomopathogenic Fungi (HEF) are generally considered to be a rich source of secondary
metabolites (Gibson et al., 2014). Most of the members of HEF are known to produce a
large number of structurally diverse spectrums of secondary metabolites (SMs) with a
remarkable range of bioactivities having potential applications in human and veterinary

medicine and agricultural production (Molnar et al., 2010; Gibson et al., 2014).

Based on last forty years of research published in various scientific journals with the
exclusion of patents, it is estimated that more than 200 SMs have been isolated and
identified from both Isaria cicadae and Isaria tenuipes (Zhang et al., 2019). Many of these
SMs are the functional components exhibiting anti-viral, anti-bacterial, and anti-tumour

activity and few of them involved in an immunity regulation (Hsu et al., 2015; Weng et
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al., 2002). Moreover HEF, SMs are considered as important drug resources (Zhang et al.,
2019). For example, Fingolimod, a novel type of immunosuppressive agent, is a new
medicine approved by the FDA, and the European Medicines Agency, derived from
Myriocin (ISP-1) a SM of the HEF Isaria sinclairii (Strader et al., 2011). Myriocin is also
referred to as ISP- I for immunosuppressant from Isaria. In general, a great variety of
biotherapeutic compounds of immense biological activity have been extracted and purified
from the different species of the HEF genus Isaria. A comprehensive list of the isolated

potent bioactive compounds from Isaria species are presented in Table 2.2.

Nucleosides are the major class of bioactive compound reported from the genus
Isaria. Studies have shown that cordycepin an important nucleoside isolated from Isaria
cicadae having a broad-spectrum pharmacological activity comparable with the metabolite
from Cordyceps spp. Cordycepin shows immunomodulatory, antioxidant, antidepressant,
antibacterial, antiviral, and anti-tumour activity on human cell lines (Zhang et al., 2019).
As a tonic supplement this compound has shown to enhance male reproduction by
stimulating in vitro and in vivo steroidogenesis in mouse Leydig cells by activating the
PKA pathway (Chen et al., 2017). US Food and Drug Administration (FDA) in 2007, has
characterized cordycepin as an orphan drug for the treatment of TdT-positive acute
lymphocytic leukaemia (https://www.fda.gov/). Interestingly, cordycepin along with
pentostatin was subjected to a clinic trail (phase 1/phase 2) in patients with refractory
TdT-positive leukaemia in 2008-2010 (https://www.clinicaltrials.gov/). In China,
cordycepin is used for clinical adjuvant treatment of non-small cell lung cancer and

nephropathy of type 2 diabetes mellitus (Zhang et al., 2019).

The nucleoside adenosine was reported to be higher in mycelium of /. tenuipes than its
fruiting body part (Prommaban et al., 2022). The natural extract of /. tenuipes has been
reported to display significant antioxidant and anti-wrinkle properties that could be used in

pharmaceutical, cosmeceutical, and nutraceutical industries (Prommaban et al., 2022). In
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addition, adenosine derivative, N-(2-hydroxyethyl) adenosine reported from Isaria

cicadae demonstrates potent antioxidant activity (Ahn et al., 2008).

Cordycepic acid (D-mannitol), an isomer of quinic acid with a polyol structure, isolated
from Isaria cicadae sporoderm-broken spore powders demonstrates pharmacological
functions (Zhang et al., 2019). It is used as an important index of quality control for O.
sinensis products. It exhibits potent diuretic and prophylaxis action against postoperative
acute renal failure, relieving cough and asthma, and anti-free radical activities. The
compound was found effective to provide protection or treatment for patients with cerebral
ischemia and trauma where it helps in improving cerebral microcirculation and cerebral

blood flow (Lin et al., 2016).

Cordysinin A, a diketopiperazine (DKP) isolated from the mycelia of C. cicadae (Lu
et al., 2017), is a cyclic dipeptide formed from two amino acids with or without further
structural modifications in diketopiperazine nucleus. It is reported to inhibit the
proliferation of human glioma U87-MG and U251 (Xuewei et al., 2016). Natural DKPs
have attracted attention in the field of drug discovery owing to their rigid structure, chiral
nature, varied side chains and diverse bioactivities including neuroprotective, anti-
oxidative, anti-hyperglycaemic, anti-inflammatory, antitumour, antiviral, antifungal and

antibacterial activities (Wang et al., 2013).

Some of the species belonging to the genus Isaria have been reported to produce a
cyclic peptide referred to as the cyclooligomer depsipeptide beauvericin (BEA).
Beauvericin’s are a class of cyclohexadepsipeptides with core structures made up of three
N-methyl-L-phenylalanine units that are connected alternately with three 2-hydroxy-D-
isovaleric acid (D-Hiv) residues (Hamill et al., 1969). The chemical structure consists of
alternating 2-hydroxy-3-methylbutanoic acid and three aromatic amino acid N-methyl-L-
phenylalanine (N-Me-Phe) (Wang et al., 2018). They were first reported and isolated from

the culture of the insect-pathogenic fungus B. bassiana (Hamill et al., 1969). Beauvericin
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is widely produced by the members of family Cordycipitaceae which include; B. bassiana
and other Beauveria spp., as well as by I. fumosorosea, 1. japonica, 1. tenuipes and I
cicadae (Chhetri et al., 2020; Wang et al., 2018). Beauvericin has moderate antibacterial,
antifungal, and insecticidal activities but potent cytotoxic activity against human cancer
cell lines (Wang et al., 2012; Lu et al., 2016; Tao et al., 2015; Witjen et al., 2014; Weng et

al., 2019; Gibson et al., 2014; Wu et al., 2018).

2.16.1. Biosynthesis pathway of Beavurecin

The necessary components in BEA biosynthesis are amino acid L-phenylalanine (L-
Phe), the hydroxy acid D-hydroxyisovaleric acid (D-HYIV), ATP/Mg**, and S-adenosyl-
methionine (AdoMet), which is the source of the methyl group for the L-phenylalanyl
residues and the beavurecin synthetase (Wang, & Xu, 2012; Zobel et al., 2016). Nitrogen
source could be any amino acid that offers nitrogen to L-phenylalanine or valine by
transamination metabolic pathway and a hexose or a pentose could be the carbon source
instead of glucose. However, glucose is the most effective for beauvericin biosynthesis, as
reported by Xu et al., (2011). The beauvericin synthetase is a multifunctional enzyme that
catalyzes depsipeptide formation. It is a single polypeptide chain with a molecular mass of
approximately 250 kDa and a calmodulin binding motif (Peeters et al., 1988; Wang, & Xu,
2012). It catalyzes beauvericin biosynthesis via a nonribosomal, thiol-templated
mechanism (Kopp, & Marahiel, 2007; Steiniger et al., 2017; Xu et al., 2008). Beauvericin
synthetase can interact with Ca*" sensor calmodulin (CaM) in a Ca2+-dependent manner
(Kim, & Sung, 2018). According to review by Wang and Xu (2012), there are five
intermediates key step of beauvericin biosynthesis. First, two beauvericin synthetase
modules are activated by the corresponding L-Phe and D-HYIV, which are covalently
attached to the enzyme-bound 4'-phosphopantetheinyl arm as thioesters. In the second
step, the L-phenylalanyl residues are N-methylated by AdoMet. In the third step, a peptide

bond is formed. Fourth, a linear hexadepsipeptide intermediate is synthesized and in the
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final step, the linear hexadepsipeptide is cyclized to make beauvericin (Wang, & Xu,
2012). The optimum pH requirement for beauvericin formation was found to be pH 7.2,
and the optimum temperature recorded was 25-27 °C and the beauvericin synthetase was
reported to be inactive if the temperature exceeded 30 °C (Peeters et al., 1983; 1988). The

schematic representation of the BEA biosynthesis is shown in Figure 2.3.
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Figure 2.3: Beauvericin biosynthesis pathway based on Wang and Xu, 2012; Wu et al.,
2018.
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The entomopathogenic fungus Isaria fumosorosea was reported to produce
cyclotetradepsipeptides, namely beauverolides C, F, I, Ja, L, M, and N (Madariaga-Maz6n et
al., 2015). Beauverolides are known mostly to represent a group of lipophilic and neutral
cyclotetradepsipeptides containing linear and branched C9- or C11-f-hydroxy acid residues
(Kuzma et al., 2001). All these cyclotetradepsipeptides exerted a high affinity activity
towards Calmodulin (CaM), with a dissociation constants (Kd) value ranging from 0.078—
3.440 uM. The only tryptophan containing beauverolide Ja showed the highest affinity to
CaM with Kd, value of 0.078 uM (Madariaga-Mazon et al., 2015). Calmodulin (CaM) can
modify its function in several ways, either inhibiting or altering the interaction with other
proteins (Madariaga-Mazén et al., 2015). Some of these compounds may be used as
antipsychotics, muscle relaxants, antidepressants, minor tranquilizers, and local anesthetics
(Johnson, 2006; Menyhard et al., 2009). Beauverolide L displayed anti-immunity activity
against the greater wax moth, G. mellonella (Vilcinskas et al., 1999). Fumosorinone has been
reported from the culture broth of Isaria fumosorosea. 1t is a new 2-pyridone alkaloid and its
structure was confirmed by HRESIMS 1D and 2DNMR (Liu et al., 2015a). Structurally
fumosorinone resembles tenellin and desmethylbassianin but it differs widely in chain length
and degree of methylation. Functionally it is well characterized by a classic noncompetitive

inhibitor of protein tyrosine phosphatase 1B with ICsg value of 14.04 uM (Liu et al., 2015a).

Genome sequencing and molecular experimental studies have revealed that the gene
cluster of fumosorinone biosynthesis includes a hybrid polyketide synthase—nonribosomal
peptide synthetase gene, two cytochrome P450 enzyme genes, a trans-enoyl reductase
gene and other two transcription regulatory genes (Liu et al., 2015). Fumosorinone A is a
natural alkaloid isolated from the fermented broth culture of 1. fumosorosea. The structure
was determined through HRESIMS and has found to be structurally similar to

fumosorinone (Zhang et al., 2017).
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2.16.2. Putative synthesis pathway of fumosorinone

The structure of fumosorinone is highly resembles tenellin. The genetic basis for the
biosynthesis of tenellin is well established and on the basis of tenellin research a putative
biosynthetic pathway and the reactions involved in the biosynthesis of fumosorinone has
been proposed (Liu et al., 2015a). Polyketide synthase (PKS) produce polyketide chains
with different reduction and methylation patterns and non-ribosomal peptide synthetase
(NRPS) catalyses the fusion of the polyketide chain to an amino acid (tyrosine) (Boettger

et al., 2012) and an offloading domain for release (Du and Lou, 2010).

In the primary steps acetate is extended seven times with seven unites of malonate by
PKS modules, programmed C-methylations occur after the first three and the sixth
extensions, and cycles of full reduction occur after the first two extensions (Fisch et al.,
2011). In the next steps ORF3 (fumosorinone A) encodes a cytochrome P450
monooxygenase which is believed to catalyse an unprecedented oxidative ring expansion
of prefumosorinone A to form the 2-pyridone core of fumosorinone (Halo et al., 2008).
Then ORF4 (fumosorinone B) encodes an unusual cytochrome P450 monooxygenase
which may be involved in the hydroxylation of the nitrogen of prefumosorinone B but not

of acyltetramic acid prefumosorinone A to form fumosorinone (Liu et al., 2015a).
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Figure 2.4: Putative biosynthesis of fumosorinone based on Lieu et al., 2015.

The two novel spirocyclic trichothecane derivatives, spirotenuipesine A and B were
isolated form fungus . japonica fruiting body grown in barley grain and the structure of
these compounds was elucidated with the help of HREIMS and NMS spectroscopy
(Kikuchi et al., 2004). Both the compounds spirotenuipesine A and B at a 1 uM level
displayed potent activity in neurotrophic factor biosynthesis in glial cells and the released
neurotrophic factors promote neuronal differentiation of PC-12 cells (Kikuchi et al.,
2004b). Therefore, these compounds are active in neurotrophic factor biosynthesis,
suggesting that both may be lead compounds in drug synthesis for serious neuronal
disorders such as Alzheimer’s disease. Continuing investigation into secondary
metabolites from cultivated fruiting bodies of Isaria japonica led to isolation of three

novel trichothecane-type sesquiterpenoids, paecilomycine A, B and C and the structures of
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these compounds were deduced from their spectroscopic data and their absolute
configurations were elucidated by preparing their MPA esters (Kikuchi et al., 2004c).
Paecilomycine A displayed potent biological effects. Tenuipesine A, a novel trichothecane
with an unprecedented carbon-migrated skeleton including a cyclopropane ring was
isolated from fungus /. japonica by the same co-workers. However, the biological activity
of tenuipesine A was not tested by these workers and this compound however, may be a
promising therapeutic one with biological novelty (Kikuchi et al., 2004a).

The two-novel cyclic pentapeptides cycloaspeptides F and G along with the two
known cycloaspeptides A and C, have been isolated from the crude extract of the fungus 1.
farinosa (Zhang et al., 2009). The structures of these metabolites were elucidated
primarily by NMR and MS methods. Cycloaspeptides represent a class of ABA-containing
cyclic pentapeptides that are generally reported from fungi.

The novel N-hydroxypyridones, militarinones E and F along with two known
militarinones A and B were isolated from the fermented culture of the fungus /. farinosa
(Ma et al., 2011). The structures of the novel militarinones were elucidated by
spectroscopic methods and confirmed by X-ray crystallography. An N-hydroxypyridone
derivative represents a group of compounds with a rich diversity of structures and
bioactivities. Two new pyridone alkaloids, farinosones A and B were isolated from the
mycelial extract of fungus I farinosa, together with a known compound farinosone C
(Cheng et al., 2004). The structures of these novel compounds were characterized through
NMR spectroscopy. Farinosones A and C at 50 uM concentration displayed neurite
outgrowth in the PC-12 cell line, while farinosone B did not show any activity.
Farinosones are more or less related to militarinones in chemical structure, belonging to
the terpene group of compounds (Weng et al., 2019).

From the culture broth of 1. tenuipes a novel penostatin J together with three known
penostatins A, B and C were isolated and the structure of the novel compound was

elucidated using HRESI-MS (Chen et al., 2014). These compounds (A, B, C & J), were
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found to be a potent protein tyrosine phosphatase 1B (PTP1B) inhibitors (Chen et al.,

2014).

Isariotins A, B C and D alkaloids possessing a unique bicyclo [3.3.1] nonane ring
were isolated from the culture broth of fungus /. tenuipes (Haritakun et al., 2007). The
structures of these compounds were elucidated primarily by NMR and through mass
spectroscopic analyses. Compounds A, C and D had moderate activity against the M.
tuberculosis H3;Ra and their MIC values were 486.0, 488.0 and 544.0 uM respectively,
but the activity of compound B was not specified (Haritakun et al., 2007). Continuing
investigation into secondary metabolites from fermentation culture broth of 1. tenuipes led
to the isolation of new spirocyclic and bicyclic hemiacetals, isariotins E and F, together
with TK-57-164A and their structural formula was established by HRESIMS
(Bunyapaiboonsri et al., 2009). Fermentation of /. tenuipes with minimal salt medium in a
liquid static condition produced four new alkaloids isariotins G, H, I, J and their structures
were elucidated on the basis of NMR spectroscopic and mass spectrometry data
(Bunyapaiboonsri et al., 2011). All these compounds were reported to exhibit potent

antimalarial and cytotoxic activities.
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Table 2.2: Enumeration of phyto-pharmaceutical metabolites from different species of Isaria spp., depicting chemical structure and

pharmacological activities. (Chemical structures were prepared using Chem Draw Professional 15.0).

SL Source Trivial Name/Mol. Formula/Mol. Mass Structure Study/activity/ results Study model References
No (g/mol)
1.0 L sinclairii N-(2-Hydroxyethyl)adenosine e Y Antioxidant activity HUVEC Ahn et al,
/C12H17N505 /428.4 (ICsp value of 5.08 endothelial 2008
mg/ml in the fraction cells/DPPH
containing N-(2- assay
Hydroxyethyl)
adenosine.
2.0 I sinclairii Myriocin/ C,;H30NOg / 401.5 Potent  inhibitor  of Mouse Chiba, 2020
lymphocyte proliferation model
in mouse allogeneic
mixed lymphocyte
reaction (MLR) with
1Cso value = 8.0nm.
3.0 L farinosa Farinosone A/C,sH»7NOy4 Induced neurite PC-12  cell Cheng et al,
/405.5 outgrowth in the PC-12 line 2004
cell line at concentration
of 50 uM but exhibited
no cytotoxicity.
4.0 1 farinosa Farinosone B/C,sH,7NOs /421.5 No cytotoxicity ~was PC-12  cell Cheng et al.,
observed against PC-12 line 2004
cell line at tested
concentration.
5.0 1 farinosa Farinosone C/C9H,sNOs/347.4g Induced neurite PC-12  cell Cheng et al.,
outgrowth in the PC-12 line 2004
cell line at
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Cycloaspeptide F/ C4,Hs3N504, / 803.9g/mol

Cycloaspeptide G/C36Ha3Ns0- /657.8g/mol
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Cytotoxic effects against
HeLa (Glso 31.2uM) and
MCF7 cells (Glso
23.4uM).

Cytotoxic effects against
Hela (Glsp >63.4 pM)
and MCF7 cells (Gls
31.9 uM).

Cytotoxic effects
demonstrated on HelLa
(Glsy 49.8 pM) and
MCF7 cells (Gls 18.7
uM).

Cytotoxic effects
demonstrated on HelLa
(Glsp 30.2 pM) and
MCF7 cells (Gls 15.2
uM).

HeLa
MCF7
human
cancer
lines

HeLa
MCF7
human
cancer
lines

HeLa
MCF7
human
cancer
lines

HeLa
MCF7
human
cancer
lines

and

cell

and

cell

and

cell

and

cell

Zhang et al,
2009

Zhang et al.,
2009

Zhang et al,
2009

Zhang et al.,
2009
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12

L farinosa

L farinosa

L farinosa

Militarinone A /CyH37NQg / 459.6

Militarinone B /C,sH33NOs / 439.5

Militarinone E /C,sH;3sNOs / 441.6
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Significant cytotoxic
activity  against  the
human lung carcinoma
cell line A549, with
IC50 value of 1.75 uM.

Antimicrobial  activity
with ICs value
>150.0uM.  Exhibited
neurotrophic effects on
PC-12 cells at 10.0pM

Exhibited moderate
cytotoxic against human
lung carcinoma cell line
A549, with ICs, value of
> 120.0 uM. Significant
antimicrobial  activity
against S. aureus S.
pneumoniae and  C.
albicans, 1Csy value of
2.11.,2.60., & 434 M
respectively.

Exhibited significant
cytotoxic against human
lung carcinoma cell line
A549, with ICs, value of
> 1.59 uM. Moderate
antimicrobial  activity
against S. aureus S.
pneumoniae and  C.
albicans, 1Csy value of
>150.0 puM respectively.

Human lung
carcinoma
cell line
A549. PCI12
cells. S.
aureus S.
pneumoniae
and C.
albicans

Human lung

carcinoma
cell line
A549. S.
aureus S.
pneumoniae
and C.
albicans

Human lung

carcinoma
cell line
A549. S.
aureus S.
pneumoniae
and C.
albicans

Ma et al,
2011: Schmidt
et al., 2002

Maetal., 2011

Maetal., 2011
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L farinosa

1. fumosorosea /
1. cicadae

L cicadae

Militarinone F /CosH3sNOs / 441.25

Beauvericin/Cy4sHs7N3O9 / 783.9

Cordycepin / C;oH3NsO5 /251.24
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Exhibited moderate Human lung
antimicrobial  activity carcinoma
with ICsy values of cell line
>150.00 uM against S. A549. S.
aureus S. pneumoniae aureus S.
and C. albicans. pneumoniae
Comparatively and C.
demonstrated moderate albicans
cytotoxic activities
against human lung
carcinoma cell line
A549, with ICs, value of
>120.0 uM.

Potent  cytotoxicity Human

towards Human retinoblastoma

retinoblastoma Y79, Y79 cells.

HaCaT, HepG2 and HepG2 and

HepG2/ADM  cells HepG2/ADM

with ICsy value 0.4- cells

4.0, 2.7, 3.12 and

240 pM. Against,

NIH/3T3 and CT-26

murine cell lines with

ICs values of 1.2 and

1.4 uM respectively.

Inhibitor of PTPIB

with ICsy value of

0.59 pM.

Antitumor effects, it C6 glioma

induces apoptosis via cells; C666-1

ADORA2A receptor- cells

p53-caspase-7-PARP
pathway in C6 glioma
cells. It also inhibits
the proliferation and
progression of NPC
by targeting the

Maetal., 2011

Cheng et al,
2009; Wang et
al.,, 2014; Heilos
et al, 2017
Zhang et al., 2017

Chen et al., 2014;
Zhou et al., 2022;
Prommaban et al.,
2022
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L cicadae

L cicadae

I cicadae

I cicadae

Cordysinin A/ C11H13N203 /226.27

Beauvericin A/ C46HsoN309 /798.0

Beauvericin E/C4;Hs7N309 /735.9

Beauvericin J/C4sHs7N3;01 /799.9
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WM

CH(CH3),

CH;

MAPK/ERK and B-
catenin pathways at
750uM.  Displayed
potent  anti-wrinkles
activity.

Inhibit the
proliferation of
human glioma U87-
MG and U251 cells
with ICs, values 14.5
and 29.4 uM
respectively.

Cytotoxic against
multidrug  resistant
HepG2; ICsy 2.81uM
and HepG2/ADM
cells ICsp 2.93 uM.

Cytotoxic against
multidrug  resistant
HepG2; ICsp 13.67
UM and HepG2/ADM
cells ICso 14.48 uM.

Cytotoxic against
multidrug  resistant
HepG2; ICso 5.04 pM
and HepG2/ADM
cells ICsy 2.67 uM.

Human glioma

U87-MG  and
U251 cells
HepG2 and
HepG2/ADM
cells

HepG2 and
HepG2/ADM
cells

HepG2 and
HepG2/ADM
cells

Xuewei et al.,
2016

Wang et al., 2014

Wang et al., 2014

Wang et al., 2014
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1 fumosorosea

1. fumosorosea

1 fumosorosea

1. fumosorosea

1 fumosorosea

1. fumosorosea

Beauverolide C/C3sHs9N30s
/591.8
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Calmodulin ~ (CaM)
inhibitor with affinity
constant Kd, value of
0.300 pM

Calmodulin  (CaM)
inhibitor with affinity
constant Kd, value of
0.400 uM

Calmodulin ~ (CaM)
inhibitor with affinity
constant Kd, value of
0.190 pM

Calmodulin ~ (CaM)
inhibitor with highest
affinity constant Kd,
value of 0.078 uM

Calmodulin ~ (CaM)
inhibitor with affinity
constant Kd, value of
1.660 uM

Calmodulin ~ (CaM)
inhibitor with affinity
constant Kd, value of
3.440 uM

CaM-
Biosensor
hCaM  124C-
AF350

CaM-
Biosensor
hCaM  124C-
AF350

CaM-
Biosensor
hCaM  124C-
AF350

CaM-
Biosensor
hCaM  124C-
AF350

CaM-
Biosensor
hCaM  124C-
AF350

CaM-
Biosensor
hCaM  124C-
AF350

Madariaga-Mazoén
etal., 2015

Madariaga-Mazoén
etal., 2015

Madariaga-Mazo6n
etal., 2015

Madariaga-Mazoén
etal., 2015

Madariaga-Mazoén
etal., 2015

Madariaga-Mazoén
etal., 2015
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1 fumosorosea

1. fumosorosea

1. fumosorosea

1 fumosorosea

1. tenuipes

1. tenuipes

Beauverolide N/C,7H4 N304
/503.6

Fumosorinone/C,yH3sNOs /477.6

Fumosorinone A

CAF-603/ C1sHy60, / 238.37

Isariotin A/ C;;H33NO; /411.5

Isariotin B /C21H31NO§; /4255
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Calmodulin ~ (CaM)
inhibitor with affinity
constant Kd, value of
1.740 uM

Non-competitive

inhibitor of PTPIB
with 1Csy value of
14.04 uM.
Antidiabetic activity.

Inhibitor of PTPI1B
with ICsy value of
3.24 uM.

Cytotoxicity —against
MDA, MCF-7,
SKOV-3, Hela,
A549, and HepQG2,
with an IC50 of 0.1—
6.0 pg/mL.

Moderate activity
against the M.
tuberculosis  Hz;Ra
with the MIC value of
486 pM

Not specified

CaM-
Biosensor
hCaM  124C-
AF350

p-nitrophenyl
phosphate
(pNPP) as
substrate. Type
2 diabetic
KKAy mice

p-nitrophenyl
phosphate
(pNPP) as
substrate

Tumor cell
lines: MDA,
MCEF-7,
SKOV-3, Hela,
A549, and
HepG2
Mycobacterium
tuberculosis

Not specified

Madariaga-Mazoén
etal., 2015

Liu et al., 2015a:
Liu et al., 2015b.

Zhang et al., 2017

Zhang et al,
2009; Weng et al.,
2019

Haritakun et al.,
2007

Haritakun et al.,
2007
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35

36

1. tenuipes

1. tenuipes

1 tenuipes

1. tenuipes

1 tenuipes

Isariotin C/C21H31NO7 /4095

Isariotin D/C9H»NOg /367.4

Isariotin E /C21H31N05/ 3775

Isariotin F/C,H3,CINOs /413.9

Isariotin G/ C,H3,CINOg /429.9
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Moderate activity
against the M.
tuberculosis  Hz;Ra

with the MIC value of
488 uM
Moderate activity

against the M.
tuberculosis  Hi;Ra
with the MIC value of
544 uM

Not evaluated due to
sample limitation by
the authors

Inhibition of
Plasmodium
falciparum K1 with
an IC50 value of 5.1
uM  and cytotoxic
activities against
cancer cell lines (KB,
BC, and NCI-H187)
and nonmalignant
(Vero) cells with
respective 1C50
values of 15.8, 2.4,
1.6, and 2.9 uM.

Antimalarial activity;
ICso = 551 pg/ml
Cytotoxic  activities
against KB, MCF-7,
NCIH187 and Vero
cells with respective

Mycobacterium
tuberculosis

Mycobacterium
tuberculosis

Not applicable

Plasmodium

falciparum K1,
Cancer cell
lines KB, BC,
and NCI-H187.

Plasmodium
falciparum K1,

and three
cancer cell
lines (KB,
MCF-7, and

Haritakun et al.,
2007

Haritakun et al.,
2007

Bunyapaiboonsri
et al., 2009

Bunyapaiboonsri
et al., 2009

Bunyapaiboonsri
etal, 2011
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1. tenuipes

1 tenuipes

1 tenuipes
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ICsy = 6.19, 9.21,
22.18, and 26.97
pg/ml.

Antimalarial activity;
ICso = >10.0 pg/ml
Cytotoxic  activities
against KB, MCF-7,
NCIH187 and Vero
cells with respective
ICso = 8.26, 18.56,
3736, and 22.64
pg/ml.

Antimalarial activity;
ICso = 3.81 pg/ml
Cytotoxic  activities
against KB, MCF-7,
NCIH187 and Vero
cells with respective
ICsp = 5.12, 5.37,
225, and 26.85
pg/ml.

Antimalarial activity;
ICso = 2.19 pg/ml
Cytotoxic  activities
against KB, MCF-7,
NCIH187 and Vero
cells with respective
ICsp = 298, 437,
44.86, and 1.77
png/ml.

NCIH187)
and
nonmalignant
Vero cells

Plasmodium
falciparum K1,
and three
cancer cell
lines (KB,
MCF-7, and
NCIH187)

and
nonmalignant
Vero cells
Plasmodium
falciparum K1,

and three
cancer cell
lines (KB,
MCF-7, and
NCIH187)

and
nonmalignant
Vero cells
Plasmodium

falciparum K1, and
three cancer cell
lines (KB, MCF-7,
and NCIH187)

and non-malignant
Vero cells

Bunyapaiboonsri
etal., 2011

Bunyapaiboonsri
etal., 2011

Bunyapaiboonsri
etal, 2011
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43
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45

46

1. tenuipes

1. tenuipes

1 tenuipes

1 tenuipes

1. tenuipes

1 tenuipes

1 japonica

Penostatin A/ C,,H3,05/ 344.5

Penostatin B/ C»,H3,05 /344.5

Penostatin C/ Cp,H300, /326.5

Penostatin J /Cy,H3003 /342.5

Ergosterol Peroxide/ C,sH4405/428.6

TK-57-64A/ C5,H35NOg / 409.5

Tenuipesine A /Ci7H2406/ 324.15

HOy,
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Protein  phosphatase 1B
inhibitors, ICs, value =
15.87uM.

Protein  phosphatase 1B
inhibitors, ICs, value =
33.65uM.

Protein phosphatase 1B
inhibitors, ICsy value = 0.37
uM

Protein phosphatase 1B
inhibitors, ICs, value =
12.53 uM

Antioxidant activity with
46.3% lipid peroxidation
690uM concentration.
Induces  apoptosis  via
activation of death receptor
5 and caspase 8/3 in DU
145 prostate cancer cells.

Inactive towards KB, BC,
and NCI-H187 and
nonmalignant Vero cells

No  biological  activity
tested.

p-nitrophenyl
phosphate
(PNPP) as a
substrate

p-nitrophenyl
phosphate
(PNPP) as a
substrate

p-nitrophenyl
phosphate
(PNPP) as a
substrate

p-nitrophenyl
phosphate
(PNPP) as a
substrate
Rat liver
microsomes,
DU 145
prostate
cancer cells

KB, BC, and
NCI-H187
and
nonmalignant
Vero cells

Chen et al., 2014

Chen et al., 2014

Chen et al., 2014

Chen et al., 2014

Kim et al., 1999;
Han et al., 2014

Bunyapaiboonsri
et al., 2009

Kikuchi et al.,
2004a
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48

49

50

51

52

53

1 japonica

1 japonica

1 japonica

1 japonica

1 japonica

1. japonica

1 japonica

Spirotenuipesine A / CisH»O0s /
266.33

Spirotenuipesine B /C;sH»,0s /282.33

Paecilomycine A/ CysH»04/ 266.14

Paecilomycine B/ CsH,,05 / 282.14

Paecilomycine C/ CsH;004/ 264.13

Hanasanagin/C;sH,3N705
/381.39

(3R,6R)-4-Methyl-6-(1-methylethyl)-
3-phenylmethyl-perhydro-1,4-
oxazine-2,5-dione/

CisHi1oNO; /261.32

HO,

HO'
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NH

Potent neurotrophic factor
biosynthesis activity in glial
cells at 1uM.

Potent neurotrophic factor
biosynthesis activity in glial
cells at 1uM.

Paecilomycine A enhanced
the extension of neurite
outgrowth of PC-12 cells at
10nM

Displayed mno biological
activity at tested
concentration of >1uM.

No biological activity tested
due to insufficient amount
of sample

Antioxidant activity, ECs
value of 8.1 uM.

Induces apoptosis of HL-60
cancer cell lines at 5.0-100
pg/ml.

1321N1
human
astrocytoma
cells and PC-
12 cells
1321N1
human
astrocytoma
cells and PC-
12 cells
1321N1
human
astrocytoma
cells and PC-
12 cells

1321N1
human
astrocytoma
cells and PC-
12 cells

DPPH
radical,

Human HL-
60 leukemia
cell

Kikuchi
2004b

Kikuchi
2004c¢

Kikuchi
2004c

Kikuchi
2004c¢

Kikuchi
2004b

Sakakura
2005.

Oh et al., 2002

et

et

et

et

et

et

al.,

al.,

al.,

al.,

al.,

al.,
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56

57

1 japonica

1. japonica

1 felina

1 felina

4-Acetyl-12,13-epoxy-9-
trichothecene-3,15-
diol/ C17H24O5 /308.4

Naturido/ C26H37N4O 1 o-H/ 566.2588

Isarfelin A/ C36H5507N5/669

Isarfelin B / C35H5307N5 /655

NHMe,
NH
HO 0 R N COH
Me
o 0
OH COH
(CHy)CH;
CO—CH,—C—0
s
Pro—Leu——Phe—GCly—Ala
(CHy),CH

CO—CH,—C——0
e
Pro——Val——Phe——Gly —Ala

Cytotoxic against human
cancer cells HL-60, U-937,
HeLa, MCF-7, and HepG2
with respective IC50 value
= 10, 22, 45, 53 and 170
nmol/l.

Glia—neuron modulator at
0.03 to 1.0 uM
concentration. Hair anti-
ageing effect.

The ICs, value of antifungal
activity was  3.lug/mL
against R. solani.
Insecticidal activity ~with
ECs value = 75.99ug/mL

The ICs, value of antifungal
activity was  3.lug/mL
against R. solani.
Insecticidal activity ~with
ECso value = 75.99pug/mL

Human
cancer  cell
lines; HL-60,
U-937,
HeLa, MCF-
7, and
HepG2
Hippocampal
neurons,
Senescence-
accelerated
mice
(SAMPS).

R. solani
and

Leucania
separata

R. solani
and

Leucania
separata

Oh et al., 2001;
Pae et al., 2003

Ishiguro et al.,
2021

Guo et al., 2005

Guo et al., 2005
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3. MATERIALS AND METHODS

3.1. Chemical and Reagents

The solvent methanol (99.9%) was of HPLC grade from HiMedia (India). Beauvercin,
gallic acid, tannic acid and 2,2-Diphenyl-1-picrylhydrazyl (DPPH) were purchased from
Sigma (St. Louis, MO, USA) and SD Fine Chemical Limited (India) respectively.
Ferrozine, EDTA (Ameresco), potassium ferricyanide (HiMedia), ferric chloride (SRL),
trichloroacetic acid (SRL 90544) and 2, 4, 6-tri [2-pyridyl]-s-triazine (Sigma) used were
of the highest purity grade that was obtained from different vendors. Dulbecco’s
modified Eagle’s medium, Hank’s balanced salt solution (HBSS), fetal bovine serum
(FBS), L-glutamine, trypsin-EDTA, penicillin/streptomycin solution were purchased
from HiMedia, India. All other reagents and solvents used in this study were of
analytical grade and obtained from reputed Indian suppliers. Glassware used in all
experiments were washed in cleaning solution (potassium dichromate 100 gm: sulfuric
acid 500ml: water: 1000 ml) to remove contaminating trace elements by soaking for
twelve hours, followed by rinsing with tap water several times and finally in distilled
water. For routine cleaning of glassware, cleaning solution HiSpark from HiMedia, India

was used. Water was treated in a Milli-Q water purification system.

3.2. Study sites

The field trip for the collection of an entomopathogenic fungi were conducted in
different ecological regions of Darjeeling Hills between the first week of June and the
first week of October in 2016 and 2017. The entomopathogenic fungal samples were
collected from seven sites throughout the temperate forest of Darjeeling Hills. The major
collection sites noted in the present study covers mainly the hilly regions of Darjeeling
District which are rich in natural vegetation. Search of entomopathogenic fungi was

carried out in all possible microhabitats in the natural forest systems such as moss-
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covered trunk of forest trees, underside of leaves and the leaf litter on forest floor.
However, special attention was always given to sites close to rivers and springs for their
high humidity. Natural forests dominated by Castanopsis sp. were the most abundant
collection sites. Ecological records of the collecting sites, like climate, vegetation and
soil texture, was critical for the collection of fungal samples (Lama, 2004). The
collecting localities were divided into five main regions: Lebong; Jalapahar: Tiger Hill;
3" Mile; 6™ mile; Takdah Cantonment: and Ragayrung.
3.3. Collection of Isaria spp.
Mycoses insect cadavers were carefully photographed covering the natural habitat of
the entomopathogenic fungi Isaria spp along with the disease symptoms and vegetation
pattern of the location. Photographs are linked to each fresh specimen by a unique
reference number (Young, 2005). Precautions were taken to avoid collection of over-
mature; premature, or badly insect-damaged specimens because some characters are
lost in damaged specimens (Hyde et al., 2010). Wherever possible, more than one
specimen was collected. This is generally done for replication a purpose which is
necessary to confirm the accuracy of the size, availability and morphology of the fungal
structures (Senanayake et al., 2020). Important morphological, ecological and
physiological data were noted on the field site using the fresh material. Once the on
field preliminary investigation is completed the specimen was collected and cleaned
gently using soft paint brushes in the field and placed in an individual presterilized
transparent plastic container lined with sterilised dry tissue paper or cotton wool so as
to avoid moisture accretion and deterioration followed by growth of unwanted moulds.
The containers containing Isaria samples were properly field labelled comprising

certain tentative information about the samples.
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Table 3.1 The sites of sample collection of the genus Isaria spp., from different ecological regions of Darjeeling hills.

Strain No. Scientific Name Date of Location Latitude Longitude
Collection N) (E)
IDAR-01 Isaria javanica Frieder 16/08/2016 Mungpoo, Darjeeling, India 26°5826.55" 88°2022.99"
Bally

IDAR-02 Isaria farinosa (Holmsk). Fr. 12/09/2016 PNHZP, Zoo, Darjeeling, 27°03'31.00" 88°15'15.86"
India

IDAR-03 Isaria tenuipes Peck 7/09/2016 3" Mile, Darjeeling, India 27°0'39.61" 88917'34.6"

IDAR-04 Isaria tenuipes Peck 12/08/2017 Ragayrung, Darjeeling, 27°2'9.62" 88°15'45.63"
India

IDAR-05 Isaria farinosa (Holmsk). Fr. 16/09/2017 Jalapahar, Darjeeling, India 27°3'34.48" 88°15'3"

IDAR-06 Isaria tenuipes Peck 21/08/2016 Lebong, Darjeeling, India 27°427.22" 88°13'53.45"

IDAR-07 Isaria tenuipes Peck 23/09/2017 6" Mile, Darjeeling, India 27°3'41.57" 88°16'35.51"

IDAR-08 Isaria farinosa (Holmsk). Fr. 12/10/2017 Tiger Hill, Darjeeling 26°59'48" 88°17'40"

IDAR-09 Isaria fumosorosea Wize 23/10/2017 Mongmaya, Darjeeling, 27°03'36.00" 88°25'48.00"
India
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The specimens lacking synnemata were brought to the laboratory and were
examined under an inverted microscope to confirm fungal infection. A number of the
collected specimens could not be reliably identified to any arthropod group. Often these
were small larval stages or in an advanced state of decomposition and lacking any
readily identifiable features. The specimen was handled carefully and processed as
quickly as possible for axenic culture. The, collected specimens were stored at 4°C for
up to a week wherever necessary before isolation of cultures.

3.4. Fungal isolation into pure culture

One of the essential steps needed to be performed while working artificial fungal cultures
is to separate the disease-producing organism from the mixed cultures (mostly bacteria
and fungi) and to grow the desired fungus in pure culture (Petit, 1895). To achieve this,
agar plate cultures were made with manual nutrient agar preparation. In the present
research, potato dextrose agar (PDA) has been used, as preliminary studies showed that
all the isolates were capable of germination upon inoculation of serial diluted conidia. In
most of the cases, a pure culture was directly obtained from the insect by touching a
flamed inoculating needle containing a loopful of streptomycin solution (30pg/ml) to the
spore bearing synnemata and then touching gently onto a potato dextrose agar media
under sterile conditions. The conidia were inoculated into three equidistant points on 90
cm Petri plate containing 12 ml sterile PDA media in triplicate at 20°C. In majority of
the cases, this technique often leads to the isolation of pure cultures. However, in some
cases, i.e., in case of heavy contaminations a loopful of spores were serially diluted in
sterile peptone water up to the level of 10” dilutions and the diluted contents were
poured into a sterilized PDA plates followed by subculturing of the desired fungal
colony. Culture plates were examined every 24 hours after inoculation to confirm

germination of the conidia and also to check for the development of contaminating fungi.
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For short term use, the cultures were stored as agar discs in sterile distilled water at 4°C.
Additionally, stock cultures were accordingly maintained on PDA slants and were held
in storage at 4°C, until used (Alexopoulus & Beneke, 1964).

3.5. Morphological observation of the isolated fungi

Isolated fungi were microscopically observed to determine if they were the target fungi.
For preliminary identification of fungal species, conidiogenous structures were mounted
in lacto phenol cotton blue (staining solution for fungi) and the fungi were identified
using the micro-morphological characters and taxonomic keys (Luangsa-ard et al., 2007;
Lacey, 2012). Twenty-five conidia were randomly measured from each spontaneous
isolate Furthermore, the cultured mycelia on potato dextrose agar plates that were
maintained for a few weeks at 20°C were observed in terms of colony color and hyphal
morphology. A piece of mycelium from each isolate was transferred onto a glass slide
with a drop of lactic acid (60%) without color dye and lactophenol blue were used as the
mounting media. The preparation was observed under a binocular research microscope
with high magnification (Olympus CX21i) for precise morphological observation at
genus level.

3.6. DNA sequencing analysis of isolated fungi

To confirm the identity of fungal isolates as Isaria spp. preliminary identifications were
complemented by a GenBank BLAST search using ITS nrDNA sequences. For
molecular identification, genomic DNA was extracted from pure axenic cultures grown
on potato dextrose agar (PDA) for one week at 25°C, by a simple and rapid DNA
extraction protocol (Aamir et al., 2015) using FasPrep 24 tissue homogenizer (MP
Biomedical GmbH, Eschwege, Germany). The DNA was resuspended in 50 pl TE (Tris-
EDTA; pH= 8.0) buffer and analyzed quantitatively as well as qualitatively by 1 %

agarose gel electrophoresis. The nuclear ribosomal internal transcribed spacer (ITS) gene
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was amplified by PCR using primer pair ITS4 & ITS5 (White et al., 1990) in a reaction
volume of 50 pl. The reaction mixture contained 32 pl PCR grade water (Sigma, St.
Louis, MO, USA), S5uL PCR buffer (10x), 4uL of 10 mMdNTPs mix (Sigma-Aldrich), 1
ul of each primer (20 pmol/ul), 1 pL (5 U/ul) of Taq polymerase (Sigma-Aldrich) along
with 20-50 ng of template DNA. Amplification was done using an Applied
BiosystemsProFlex PCR System (Applied Biosystems, Waltham, MA, USA) following
standard cycling conditions: initial denaturation at 95°C for 5 min, followed by 35 cycles
of denaturation at 95°C for 90 seconds, primer annealing at 52°C, primer extension at
72°C for 1 min, and a final extension step at 72°C for 10 min. The amplified products
were analyzed on 1.2% agarose gel containing ethidium bromide. The PCR products
were purified using an Axygen PCR clean-up kit (Axygen Scientific, CA, USA).
Sequencing reactions were performed with a BigDye terminator cycle sequencing Kkit,
ver. 3.1/1.1 (Applied Biosystems). All the sequencing reactions were purified and

analyzed on an ABI Avant 3100 automated DNA sequencer (Applied Biosystems).

Table 3.2 PCR and sequencing primers used in this study.

Region Primer Sequence Reference
ITS ITS4 5'TCCTCCGCTTATTGATATGC 3' White et al., 1990
ITS ITS5 5'-GAAGTAAAAGTCGTAACAAGG White et al., 1990
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Table 3.3 Composition of nutrient media used for determination of mycelial growth characterization of Isaria spp., from Darjeeling Hills

Nutritional reagents

Dextrose

Maltose

Asparagine

Sucrose

Malt extract

Potato infusion

Oat meal

Corn meal

Peptone

MgS0,.7H,0

KH,PO,

K;HPO,

Composition of media (g/L)

HAM- GPA MCM HAM-
SDA MEA CMA OMA MPDA CDA 1 LAM 2
10 20 50
20 20 10 10
10
2
30
15
20 3
60
17
5 6 5 15 2
0.5 0.5
0.5 0.5 0.5 0.5
0.46
1 0.5 0.5
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KNO; 2 2
NaNO; 3
NaCl 100
0.10
CaCL,
KCl 0.5
FeSO4.7H,0 0.01
Yeast 10 2

extract

Tryptone 20

Agar 20 20 20 20 20 20 20 20 20 20 20 20 20

H,O0 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000

CDA: Czapek Dox Agar., CMA: Corn Meal Agar, GP: Glucose Peptone Agar, HAM-1": Hennerberg Agar., HAM-2: Hopkins Agar., ME:
Malt Extract Agar, MCM: Mushroom Complete Medium, MPDA: Martin Peptone Dextrose Agar Medium, MSA; Malt Salt Agar, NA:
Nutrient Agar, OMA: QOat Meal Agar, PDA: Potato Dextrose Agar, SDA: Sabouraud Dextrose Agar, TA: Tryptone Agar
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3.7. Growth and long-term preservation of fungal cultures

For long term storage, the pure culture was incubated at 20°C in an incubator under dark
conditions with periodic observation under the inverted microscope to check for mycelial
growth and unwanted contamination. Once the axenic culture reaches a diameter of 30 mm,
they were cut into small sized agar discs (9mm?) aseptically using sterile corkborer. Mature
healthy cultures agar discs (3-7 per vial) were then transferred in 30 ml Borosil glass vial
covered by 15 mm of mineral oil (liquid paraffin specific gravity 0.830-0.890). The mineral
oil vials were thoroughly sterilised by autoclaving twice, 36 hours apart, at 121°C for 20
minutes. The storage vials were stored at cool room temperature for long term storage. All
freezing culture was stored at Department of Microbiology, St Joseph’s College Darjeeling.
The cultures were later recovered by draining excess oil from inoculum as possible and more
than one subculture was made so as to reduce the adhering oil prior to any experimental work.
However, the purity of the cultures was ensured periodically by checking culture plates under
the inverted microscope regularly for mycelial growth and contamination from undesired

microbes (Alexopoulus & Beneke, 1964).

3.8. Preservation of specimen’s herbarium or spontaneous specimen

After proper aseptic isolation of the living culture the clean fruit body of spontaneous
specimens were air dried. Silica gel (blue) was taken in glass bottles capped with aluminium
foil and sterilised in an oven for 3 hours at 180°C. After sterilisation the silica gel crystal
were allowed to cool down and filled aseptically (1/3™ volume) to a 70 % alcohol
presterilized plastic container. The air-dried specimens were aseptically transferred to a
container containing sterilised dry coarse self-indicating blue silica gel. The specimen
containers were then sealed with cello tape and preserved at 4°C (Alexopoulus & Beneke,

1964).
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3.9. Cultural techniques.

3.9.1 Media used for the cultivation of mycelia

Preliminary studies showed that potato dextrose agar medium was suitable for the isolation
and growth of the isolates under study. Therefore, it was used as the basic culture medium.
Stock cultures were accordingly maintained and preserved on potato dextrose agar at 4°C
until use for the following plate inoculation experiment. The liquid medium used for
evaluation of the mycelial growth and biomass yield for biochemical assay was modified by
the addition of 0.01% yeast extracts to potato dextrose broth. In the present study following
media were used for the isolation of genus Isaria members, characterization of the isolates
and production of biomass for carrying out experiment on biological activity. All the media
used were sterilised in an autoclave at 15, p.s.i., for 15 minutes. Compositions of the fifteen-
culture media used based on Alexopoulus & Beneke, 1964; Booth, 1971 and Shrestha et al.,

2006 has been presented in Table 3.3.

3.9.2. Preparation of the inoculum

Each strain was inoculated onto basic potato dextrose agar [2% (w/v); 20ml] medium in a 90
mm Petri dish and was cultured for 10 days at 20°C in the dark. Mycelial disks with a
diameter of 5Smm were punched out aseptically from the actively growing tip of mycelia
culture with a presterilized corkborer. Then three-point inoculations were carried out in 90
mm Petri dish by placing the mycelial discs at an equidistant position to each other on a given
nutrient media, followed by incubation at a given conditions (mentioned in the text). For
biomass yield, each mycelial disk was inoculated into 30 ml basic medium in a 100-ml
Erlenmeyer flask and grown in a static culture (seed culture) at 25°C in the dark for 14 days.
Hereafter, for large scale mycelial growth each primary seed culture was transferred intoa 2 L

Erlenmeyer flask containing 300 ml of the basic culture medium, and incubated at 20°C for
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21 days under liquid static conditions. The experiment was carried out in three biological

replicates for maximum extractions.

3.9.3. Incubation

All the basic nutritional and growth experiments for biomass generation were incubated in a
constant temperature at 20°C, in an incubator without artificial illumination for five, ten and
fifteen days. Since rather low temperature and dark/ light condition prove to be necessary for
the fungus to grow well in artificial liquid static culture. In experiments on adequate mycelial
biomass generation the cultures were incubated on the bench in the laboratory, where the
temperature was 18-20°C in summer and where the cultures were exposed to the natural day

light.

3.9.4. Determination of the mycelial growth in culture media

Radial growth of each fungal colony was calculated from the mean of three diameters
intersecting at right angles in plate cultures to the nearest mm. To evaluate the mycelial
growth in various liquid media, 2-5 mycelial discs were inoculated into 30ml liquid medium
in a 100-ml Erlenmeyer’s flask and grown in a static culture at 20°C for 14 days in the dark.
Each condition was tested in four replications. After cultivation, the mycelium was collected
on filter paper (Whatman No. 2), rinsed free of nutrients with sterilised cold distilled water
and then gently squeezed to remove excess water. Each mycelium was then transferred on a
preweighed piece of aluminium foil and dried in a drying oven for 2 days at 70°C, which was
sufficiently long to dry the amounts of mycelia obtained to constant dry weight before being
weighed. The average mycelial growth was calculated from the value of four replicate flasks
for each medium and analysed statistically using ANOVA with P <0.05 (Shrestha et al.,

2006).
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3.10. Effects of physical environmental and nutritional factors on vegetative growth
3.10.1 Effect of Temperature

The influence of temperature on the growth of nine isolates was studied using petri dishes
each containing - approximately 20 ml. of 2% potato dextrose agar. To screen the optimum
temperature for the mycelial growth of these isolates, 5 different temperatures (12, 16, 20, 24,
and 30°C) were studied. Three mycelial discs were inoculated onto agar media as mentioned
earlier. The medium was adjusted to pH 7.0 and incubated for 14 days at 12, 16, 20, 25 and
30°C separately. Radial growth of mycelia on each Petri dish was measured as described
previously. To calculate final mean value of mycelial growth of each strain three colony

replications were used (Shrestha et al., 2006).

3.10.2. Effect of pH

The ability of nine isolates of Isaria to grow on different hydrogen ion concentrations of the
medium was studied using the potato dextrose agar medium. The medium was adjusted to pH
4,5, 6,7, 8 and 9 with the addition of 1 N NaOH or HCI before autoclaving, and incubated
for 14 days at 20°C. The measurement of mycelial growth was performed following same

technique as mentioned earlier (Shrestha et al., 2006).

3.10.3. Effect of Carbon Source
The ability of nine isolates of Isaria to use different organic compounds as sources of carbon

and energy was tested in a basal nutrient solution of simple composition.

Peptone 2.0g
KH,PO4 0.5g
MgS0,4.7H,0 0.5g
Distilled water 1000.ml

The above basal medium was supplemented separately with different carbon-source at the rate
of 1% weight/volume and organic acids at the rate of 0.01% respectively. The carbon source

included dulcitol, D- glucose, fructose, galactose, mannose, raffinose, sodium acetate, starch,
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trehalose and xylose. The organic acid carbon source included citric acid, fumaric acid,
maleic acid, oxalic acid and tartaric acid. All media for carbon nutrition determination were
prepared into two parts, the desired carbon source being autoclaved separately and afterwards
added aseptically to the basal medium. Basal medium without carbon served as control

(Shrestha et al., 2006).

3.10.4. Effect of Nitrogen Source

To study nitrogen source utilization variety of nitrogen sources was added to the basal media
with slight modification of Shrestha et al., 2006. The concentration of each nitrogen source
added separately in the media was set at 0.5% (w/v) level. The basal medium employed had
the composition. The nitrogen source included casein, peptone, yeast extract, urea, asparagine,
cysteine, glycine, glutamic acid, calcium nitrate, potassium nitrate, ammonium sulphate,

sodium nitrate. Basal medium without nitrogen served as control.

Glucose 10.0g
KH,PO4 0.5g
MgS0,4.7H,0 0.5g
Thiamine hydrochloride 500¢g
Distilled water 1000.0ml

3.10.5. Effects of C/ N Ratios on Mycelial Growth

A defined basal salt medium had a composition.

NaNO; 2.0g
KH,PO,4 0.5g
MgS0,4.7H,0 0.5g
CaCl, 0.3g
FeSO,4 0.01g
Distilled water 1000.0ml
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This basal salt medium was used in all C: N ratios medium preparations. Glucose and
proteose peptone (SRL-41406) were used as the carbon and nitrogen sources, respectively.
The medium was autoclaved for 15 minutes at 121°C. Stock solutions of glucose (100 g 1™
and proteose peptone (10 g 1) were autoclaved separately. To this sterilized basal salt media
glucose and proteose peptone was added separately as required to achieve various C: N ratios.
The C: N ratios were calculated as carbon and nitrogen present in the glucose (40% carbon)
and proteose peptone (14% nitrogen). The basal salts medium was mixed with glucose at a
rate of 1, 2, 3, 4, 5 and 6 % Carbon I Finally, the C: N ratios (Glucose versus Proteose
peptone) were adjusted to 10:1, 20:1, 30:1, 40:1, 50:1 and 60:1. The basal media were
adjusted to pH 7 before autoclaving by adding 1 N sodium hydroxide or 1 N hydrochloric
acid. After incubation on the media for 14 days at 25°C, the colony diameter was measured to

nearest mm (Shrestha et al., 2006).
3.10.6. Effect of Macro and micro nutrients

Macro elements: In this experiment, method of Sung et al., 2010 was followed with slight
modifications. To determine the effect of potassium, (KH,PO4) calcium (CaCl,), sodium
(NaCl), Magnesium (MgS0,4.7H,0) were added separately to Martin’s peptone dextrose agar
(MPDA) at a rate of 0.05% (w/v). Trace elements: Similarly, Iron (FeSO4.7H,0), Manganese
(MnS0O4.7H,0), Copper (CuS04.5H,0) and Zinc (ZnSO4.7H,0) were added as above at the
rate of 0.01%. MPDA without MgSQO4.7H,0 and KH,PO,4 was used as control (Shrestha et al.,

2006).

3.10.7. Effect of Vitamins
The simple basal media was used to study the effect of vitamins and had the following

composition:
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Glucose 10.00gms

Asparagine 1.00gms
KH,PO, 0.5gms
MgSOq4 0.5gms
Distilled water 1000.00ml

The vitamins included riboflavin, pyridoxine, nicotinic acid, biotin, ascorbic acid and
pyridoxine was sterilized aseptically using a micro-syringe filter (0.22 micron) and
subsequently added to a sterilized basal media at a rate of 0.5ug/ml and inositol at a rate of

5mgl™. The basal media without vitamin was used as a control (Shrestha et al., 2006).

3.11. Inoculum Preparation and mycelial growth for biomass yield

For seed culture, the agar was cut into plugs (bmm in diameter with the help of cork-borer)
and three plugs from the growing tip was inoculated into 250 ml Erlenmeyer flasks containing
25 mL (n=3) of improved potato dextrose broth (PDB supplemented with 0.01g yeast extracts
per liter). The seed culture flask was incubated on a rotary shaker at 100 rpm and 25°C for 5
days. Hereafter, for large scale mycelial growth each primary seed culture was transferred into
a 2 L Erlenmeyer flask containing 3000 ml of the seed culture medium, and incubated at 25
°C for 30 days under liquid static conditions. The experiment was carried out in three

biological replicates for maximum extractions (Shrestha et al., 2006).

3.11.1 Preparation of the fungal extract

After 12 days of liquid static growth, the mycelium pellets were separated by filtration with
muslin cloth and washed thoroughly with deionized H,O. The mycelium pellet was oven-
dried at 60°C temperature for three days and then pulverized. The pulverized fungal material
(10 g) was extracted with analytical grade methanol and double distilled water (70:30) using a
magnetic stirrer at a low speed for 16 hours, then the mixture was centrifuged at 3000 x g for

ten minutes and the supernatant was decanted. The decanted methanol extract was filtered
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twice through the Whatman No. 1.0 filter paper and the process was repeated three times to
ensure no mycoconstituents were remained in the residues. All the methanol extracts obtained
in each phase were combined in a round bottom flask. The methanol was then removed by
rotary evaporation to dryness under reduced pressure to produce aqueous methanol extract of
nine isolates (IDAR-01 to IDAR-09 ME). The IDAR-01to IDAR-09 ME residue was
redissolved in methanol at a concentration of 100 mg/mL to make a stock solution. The stock
solution was sterilized by filtration through a 0.2-micron syringe filter prior to its use for
antimicrobial and antiproliferative assays. The experiment was performed using methanol
(vehicle) control at the same dilution as a negative control. The % yield of Fr-ME extract was
calculated using the formula as: Percentage yield = (crude dried extract/dried sample) x 100

% (Awang et al., 2021).

3.12. Qualitative Analysis of the Phytochemicals of the mycelia

Preliminary phytochemical screening was carried out on the highly concentrated methanolic
extract solution of pulverized mycelia from nine isolates using standard procedures as
described by Ejikeme et al., (2014), Ezeonu and Ejikeme (2016), Harborne, (1973), Sofowora

(1993), and Trease and Evans (1989).

3.12.1. Test for Tannins
To 5 ml of the extract, 3 drops of 0.1% ferric chloride was added gently. A brownish green or
a blue-black colouration was recorded as a positive test (Ejikeme et al., 2014; Ezeonu and

Ejikeme, 2016).

3.12.2. Test for Phlobatannins
Each extract (10 ml) of each powder sample was boiled with 5 ml of 1% aqueous
hydrochloric acid. Deposit of red precipitate was indicative of a positive test (Ejikeme et al.,

2014; Ezeonu and Ejikeme, 2016; Trease & Evans, 1989).
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3.12.3. Test for Saponins

A mixture of distilled water (5 ml) and extract (10 ml) was agitated vigorously for a stable
persistent froth. The formation of emulsion on addition of three drops of olive oil was
indicative of a positive result (Ejikeme et al., 2014; Ezeonu and Ejikeme, 2016; Trease &

Evans, 1989).

3.12.4. Test for Steroids

Extract (5 ml) was added 2 ml acetic anhydride followed with 2 ml of concentrated
sulphuric acid. A violet to blue or green colour change in sample(s) indicates the presence of

steroids (Ejikeme et al., 2014; Ezeonu and Ejikeme, 2016; Trease & Evans, 1989).

3.12.5. Test for Terpenoids

Chloroform (2ml) was mixed with concentrated sulphuric acid (3ml) which was then
carefully added to 5 ml of each extract to form a layer. The presence of a reddish-brown
colouration at the interface indicated positive results for the presence of terpenoids (Ejikeme

et al., 2014; Ezeonu and Ejikeme, 2016; Trease & Evans, 1989).

3.12.6. Test for Flavonoids
10 ml of concentrated extract was hydrolyzed with 5 ml of 1.0 M dilute ammonia solution
followed by the addition of 5 ml of concentrated sulphuric acid. Appearance of yellow

colouration which disappeared on standing showed the presence of flavonoids (Ejikeme et

al., 2014; Ezeonu and Ejikeme, 2016; Trease & Evans, 1989).

3.12.7. Test for Alkaloids

The extract was made alkaline using 5 ml of 28% ammonia solution (NH3) in a separating
funnel. Equal volume of chloroform (5.0 ml) was used in further solution extraction in
which chloroform solution was extracted with two 5 ml portions of 1.0 M dilute sulphuric

acid. This final acid extract was then used to carry out the following test: 0.5 ml of
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Dragendroff’s reagent (Bismuth potassium iodide solution) was mixed with 2 ml of acid
extract and precipitated orange colour indicated the presence of alkaloid (Ejikeme et al.,

2014; Ezeonu and Ejikeme, 2016; Harborne, 1973; Trease & Evans, 1989).

3.12.8. Test for phenols

1 ml of concentrated methanolic extract was taken and 2 ml of distilled water and 10% ferric
chloride was added in it. The formation of green or blue color indicated the presence of
phenols (Ejikeme et al., 2014; Ezeonu and Ejikeme, 2016; Harborne, 1973; Trease & Evans,

1989).

3.12.9. Test for quinones
A volume of 1 ml of each isolate was allowed to react with 1 ml concentrated sulphuric acid.
Appearance of red color indicated the occurrence of quinones (Ejikeme et al., 2014; Ezeonu

and Ejikeme, 2016; Harborne, 1973; Trease & Evans, 1989).

3.12.10. Test for Glycoside

Keller Killanis’ test: To 1 ml of each fungal extract, 1 ml glacial acetic acid was added and
left to cool down. After cooling two drops of FeCl; were added gently and 2 ml of
concentrated H,SO4 along the side walls of test tube was dispensed carefully. Development
of reddish brown colored ring at the intersection of two layers indicated the presence of
glycosides (Ejikeme et al., 2014; Ezeonu and Ejikeme, 2016; Harborne, 1973; Trease &

Evans, 1989).

3.12.11. Test for anthraquinones
To 1 ml of each sample, hydrochloric acid diluted to 2% was added. The appearance of red
color indicated the presence of anthraquinone presence (Ejikeme et al., 2014; Ezeonu and

Ejikeme, 2016; Harborne, 1973; Trease & Evans, 1989).

99



3.12.12. Test for proteins

Xanthoproteic test: 1 ml of each concentrated methanolic extract was treated with few
drops of conc. nitric acid. Presence of proteins in test samples was indicated by the
formation of yellow color.

Biuret test: An amount of 0.5 ml of each test solution was taken and equal volume of
sodium hydroxide solution (40%) was gradually added to it. After that few drops of 1%
CuSOq solution was added. Appearance of violet color in test samples indicated the presence
of protein (Ejikeme et al., 2014; Ezeonu and Ejikeme, 2016; Harborne, 1973; Trease &
Evans, 1989).

3.13. Determinant of non-enzymatic antioxidant components

3.13.1. Determination of total phenolic content

Total soluble phenolics in the extracts were assessed using the method described by
Singleton and Rossi (1965) with slight modifications. Briefly the fungal extract (0.5ml) was
mixed with 0.5 ml of 1000-fold Folin—Ciocalteu phenol reagent and dark incubated for 5
min at room temperature (RT), after that 1 ml of freshly prepared 2% Na,COj; solution was
added and mixed well. After 10 min of dark incubation, the absorbance of the blue color that
developed was read at 730 nm using UV-Visible spectrophotometer. Gallic acid (5- 20
pg/ml) was used as the phenolic standard and the concentrations of total phenolic
compounds were presented as GAE using a standard curve of gallic acid standard curve. All
tests were carried out in triplicates.

3.13.2. Determination of total flavonoid content

The total flavonoid content was measured by using colorimetric assay used Zhishen et al.,
(1999) with slight modifications. Methanolic extract (250ul) was mixed with 1.25 ml
deionized water and 75 pl of 5% NaNO,. After 5 min of incubation at room temperature,

0.15 ml of 10% AICI; were added and mixed well. The mixture was incubated for 6 min at
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room temperature and 0.5 ml of I mM NaOH. Finally, the volume was made up to 2.5ml
with 275 pl of deionized water and mixed well. The absorbance was measured at 510 nm
after 30 minutes of incubation. The flavonoid content was determined from a gallic acid (20-
100 pg/ml) standard curve. All tests were carried out in triplets.

3.13.3. Determination of total tannin content

Total tannin content was measured using Folin’s Dennis method as described by Nwinuka
et al., (2005) with a slight modification. Briefly, 0.25 ml of extract was diluted with 2.25 ml
distilled water, 0.50 ml Folin’s Dennis reagent was added and allowed to stand for reaction
up to 1 min. This mixture was neutralized by addition of 1.0 ml 7 % sodium carbonate (w/v)
and kept in a water bath at 25 °C for 20 minutes. The absorbance of resulting blue colour was
recorded at 700 nm using UV-VIS spectrophotometer. Tannin estimation was determined
from a tannic acid (100-1000 pg/ml) standard curve. All tests were carried out in triplet.
3.13.4. Assay for f-Carotene and Lycopene.
The concentration carotenoids lycopene and B-Carotene methanolic extract were estimated
spectrophotometrically based on method by Nagata and Yamashita (1992) with a slight
modification. Dried fungal mycelial powdered (5 g) was extracted in methanol (100 ml) at
room temperature (24 h), filtered (Whatman No #4 filter paper), extraction was repeated
thrice and pooled extract was evaporated (42°C) to dryness. Dried methanol extract of pulp
and seeds (100 mg) was dissolved by thorough vortexing in mixture of acetone + hexane
(4:6 v/v) (10 ml) and filtered (Whatman No #4 filter paper). The absorbance of filtrate was
then measured at different wavelengths (453, 505 and 663 nm) to calculate lycopene and -
Carotene contents in 100 ml extract to express their concentration in mg per gram (mg/g).
The content of f-carotene and lycopene was calculated from the equations given as follows:
Lycopene (mg/ml) = -0.0458Age3 + 0.372A505 — 0.0806A 453

B- Carotene (mg/ml) = 0.216A¢¢3 -0.304A 505+ 0.452A 453
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3.14. In Vitro Antioxidant Assays
3.14.1. DPPH (2, 2-diphenyl-1-picrylhydrazyl) radical scavenging assay
Anti-radical activity scavenging activity of the methanolic extract on the stable radical 1,1-
diphenyl-2-picrylhydrazyl (DPPH) was estimated by the method described by Brand-
Williams et al., (1995) with some modifications. Briefly, in this assay, a volume of 1.0 mL
of various concentrations of fungal extract was mixed with freshly prepared 3.0 mL DPPH
solution prepared in 95% methanol and adjusted the absorbance to 1.0 (+0.02) at 517nm.
The reaction mixture was vortexed well and then incubated for 30 min at room temperature
in dark. After 30 min of dark incubation, the absorbance was measured at 517 nm against
80%-methanol as a blank reference using a UV-VIS spectrophotometer (Evolution 201,
Thermo Fisher Scientific). Butylated Hydroxy Toluene (BHT) was used as a positive
reference compound and was prepared in similar manner. The percentage free radical
scavenging activity of the sample was calculated according to the following equation:

% Scavenging activity = [(Ac-As) / Ac] x 100 where Ac = absorbance of control and
As = absorbance of sample. An equal amount of methanol and DPPH without sample served
as a control. The ICsy value represented the concentration of the methanolic extract that
caused 50% inhibition of hydroxyl radical formation was determined through a linear
regression analysis.
3.14.2. Scavenging of 2, 2’-azinobis-(3—ethylbenzothiazoline-6-sulphonate) radical
cation (ABTS®") assay
The long-lived radical cation chromophore 2, 2’-azinobis-(3—ethylbenzothiazoline-6-
sulphonate) radical cation (ABTS®") was generated through the oxidation of ABTS with
potassium persulfate. The scavenging activity of this cation radical was determined by the
method of Re et al., 1999. Specifically, 7 mM of ABTS stock solution was mixed with

2.45mM potassium persulfate solutions prepared in deionized water and the mixture was
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allowed to stand in the dark at room temperature for sixteen hours to produce a dark-
coloured solution containing ABTS radical cation. The radical is stable for up to five days if
refrigerated. For the study of methanolic extract radical scavenging activity, the ABTS **
solution was suitably diluted with ethanol to yield an absorbance of 0.70 (= 0.2) at 734nm
and equilibrated at 25°C to be used for antioxidant assay. The assay was performed by
adding 1ml methanolic extracts to be tested at different amounts to 3ml of ABTS®" radical
cation solution and the mixture were shaken gently, incubated for six minutes at 37°C. The
reduction of ABTS®' radical cation absorbance by adding compounds that contain
antioxidants was measured by the change of absorbance of ABTS®" radical cation at 734nm
using deionized water as a blank, on UV- visible spectrophotometer (Thermo Fisher
Scientific). A standard solution of ascorbic acid was also prepared and tested at a range of 2

to 10mg/ml in methanol (HPLC grade, HiMedia).

Scavenging effect (%) = [(Ac—As)(Ac)] x 100.

Where, Ac and As are the absorbance of control and sample, respectively. The result
was compared with control which was prepared by adding 1.0ml of methanol in place of the
sample.

3.14.3. Evaluation of metal-chelating activity

The Fe*'-chelating ability by the extracts was estimated by the method of Jiang et al., (2005)
with a slight modification. The ability of methanolic extract was monitored by measuring
the formation of Fe*"-ferrozine complex. A 1-ml aliquot of a methanolic solution of the
lyophilized extract (2-10 mg/ml) was reacted with 0.1ml of 2.0 mM aqueous ferrous
chloride (Merck) and 3.7ml deionized water. After incubation for 5 min, the reaction was
initiated by adding 0.2ml of 5.0 mM ferrozine. The mixture was vortexed and left at room
temperature for 10 min to equilibrate. After incubation the absorbance of the resulting

solution at 562 nm was determined spectrophotometrically. A lower absorbance indicates a
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stronger Fe’'-chelating ability and the percentage chelating capacity were calculated as;
Chelating activity (%) = (Ac - As)/Ac x 100, where Ac was the absorbance of the control in
the reaction system and As was the absorbance of the sample.
3.14.4. Reducing activity assay
The reductive ability of the extract was determined using the Oyaizu (1986) method with a
slight modification. A 1.0-ml aliquot of the lyophilized extract solution (2-10 mg ml'
methanol) was mixed with 2.5 ml of 0.2 M phosphate buffer, pH 6.6- and 2.5-ml aqueous
solution of 10 g potassium ferricyanide (HiMedia RM1034) in test tubes. The mixture was
placed in a water bath at 50°C, for 20 min. Then, 2.5 ml aqueous solution of 100 g
trichloroacetic acid (SRL 90544) was added followed by centrifugation at 1200g for 10 min.
In the next stage, the upper layer of the solution (2.5 ml) was mixed with 2.5 ml of distilled
water and 0.5 ml of 0.1 %(w/v) ferric chloride (SRL 72287) and allowed to stand for 10
min. The absorbance was measured at 700 nm using a UV-VIS spectrophotometer
(Evolution 201, Thermo Fisher Scientific); the higher the absorbance of the reaction
mixture, the greater the reducing power. The reference solution was prepared as above, but
contained water in place of samples. The reducing power was expressed as ascorbic acid
equivalents using a standard curve of ascorbic acid. All these procedures were carried out in
triplicates.

3.14.5. Hydroxyl radical scavenging assay

The hydroxyl radicals were generated in an H,O, —FeSO,4 system by oxidation of FeSO4 and

were assayed by the color change of salicylic acid according to the method of Zhong et al.,

(2010) with some modification. The hydroxyl radical was produced in a reaction mixture

containing 1 ml of sample (2-10 mg/ml), 1 ml of 9 mM FeSO,4 and 1 ml of 0.3% H,0O; in 0.5

ml of 9 mM salicylic acid—ethanol solutions was mixed well and the mixture was incubated at

37°C for 30 min. The change in absorbance caused by the color change of salicylic acid was
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recorded at 510 nm. Gallic Acid was used as the positive control. The hydroxyl radical

scavenging activity was calculated as follows:

Scavenging activity (%) = (Ac — As)/ Ac] x 100 where Ac is the absorbance of the control

(methanol instead of sample), As is the absorbance of the sample.

3.14.6. Hydrogen peroxide scavenging activity assay

The capability of samples to quench H,O, was determined spectrophotometrically based on
the method of Ruch et al., (1989) with minor changes. An aliquot of hydrogen peroxide
solution 2.0mM prepared in 50mM phosphate buffered saline (pH 7.4) and various
concentrations of the extracts (2-10 mg/ml) were mixed (1:0.6 v/v) gently in a test tube
covered with aluminium foil which were then capped immediately. Absorbance of H,O, at
230 nm was determined after10 min of dark incubation in a spectrophotometer against a blank
solution containing phosphate buffer without hydrogen peroxide. For each sample

concentration, a separated blank sample was used for background subtraction.

The percentage inhibition rate of hydrogen peroxide by the methanolic extract was calculated
as; Inhibition rate (%) = (Ac - As)/AcX100, where Ac was the absorbance of the control in

the H,O; system and As was the absorbance in the presence of the sample.

3.14.7. FRAP Assay

The antioxidant capacity of each methanolic extract was determined by FRAP assay,
following the method of Benzie and Strain (1996). Working FRAP reagent was prepared
immediately before use by mixing acetate buffer (300 mM, pH 3.6), 2, 4, 6-tri [2-pyridyl]-s-
triazine (10 mM in 40 mM HCI) solution, and FeCl;.6H,O (20 mmol/L) solution in 10:1:1
ratio, respectively. Three millilitres of FRAP reagent was mixed with the 100 pl of each
methanolic extract solution and the content was mixed vigorously. The absorbance was read

at 593 nm at the interval of 30s for 4 min. An aqueous solution of known Fe*" concentration
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in the range of 1-5 pg/mL was used for calibration. Using the regression equation, the FRAP

values (ng Fe (II)/mL) of the each methanolic extract solution were calculated.

3.15. Assay of antimicrobial activity

3.15.1. Test Bacteria

Five reference strains of clinically important pathogenic test bacteria used in this study
include; two Gram-positive; Bacillus subtilis (MTCC-121) and Staphylococcus aureus
(MTCC-3160) and three Gram-negative; Escherichia coli (MTCC-1698), Pseudomonas
aeruginosa (MTCC- 4673) and Salmonella typhimurium (MTCC-1252). The bacteria were
obtained from Microbial Type Culture Collection (MTCC), Institute of Microbial Technology
(IMTECH), Chandigarh, India. These bacterial cultures were maintained by regular

subculturing on nutrient agar slants and stored at -20°C using 10% glycerol as preservative.
3.15.2. Preparation of test solutions

The lyophilized methanolic extracts were dissolved in double distilled water to give a working
concentration of 01 and 02 mg mL™". These extracts were further sterilized by filtration

through a 0.2-micron syringe filter (Schwalbe et al., 2007).

3.15.3. Antibacterial activity

Antibacterial activity of the synthesized bio silver nanoparticles was carried out according to
the agar well diffusion method of Perez et al., (2010), with slight modifications. A loopful of
bacterial culture were aseptically inoculated into 10 mL of pre-sterilized Mueller—Hinton
broth (HiMedia M391-100G, India) followed by 5-h incubation at 37°C in a shaking
condition. These actively growing broth culture suspensions prior to antimicrobial assay were
adjusted turbidimetrically to 0.5 McFarland standards with specified pre-sterilized broth to

yield a bacterial suspension of 1-2 x 10° CFU/ml (Schwalbe et al., 2007).
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3.15.4. Agar well diffusion assay

The antimicrobial activities of the fungal extracts were evaluated by means of the agar-well
diffusion assay described by Farahmandfar et al., 2019 and Schwalbe et al., 2007. Aseptically,
1000 pl of a bacterial suspension (1-2 x 10° CFU/ml) was added to twenty millilitres of the
Mueller-Hinton molten agar (cooled 52°C in a water bath). This mixture was poured evenly
onto sterile petri dishes (100 x 15 mm). The plate was rotated gently back and forth to ensure
even distribution of the inoculated agar culture. Once the agar plates had fully hardened, wells
of 9.0 mm diameter were pierced out using a sterile cork-borer. Exactly, 100 ul of the fungal
extracts (01 & 02 mg mL") suspended in double distilled H,O was added per well and
vortexed until in suspension. The plates were then incubated in an upright position for 24 h at
37°C in an incubator. The antibiotic Streptomycin (100 pg mL™") (Abbott) served as positive
control and EDTA (100 pg mL™) as a negative control in every experiments. The diameter of
the resulting zone of inhibition (ZOI) including the diameter of the well was recorded using a
calliper. Growth inhibition was measured as the diameter of clear zone of growth inhibition to
the nearest millimetres (0.1 mm) range. Zone of inhibition less than 10.0 mm was not
considered. All samples were tested in triplicate and the zone of inhibition results shown are

the means + SD.

3.16. Cell viability assay

The human carcinoma cells, HeLa (cervical cancer), PC3 (prostrate cancer) and HepG2
(hepato carcinoma) were used to investigate the cytotoxic activity evaluation of the
methanolic fungal extract. The cells were cultured to reach confluence in RPMI1640
supplemented with 10% FBS, 2 mM L-glutamine, 100 unit/ml penicillin, and 100 pg/ml

streptomycin and maintained at 37 °C in a humidified atmosphere with 5% CO, incubator.

Cell viability of the methanolic extract was assessed by the MTT assay as described by

Mossman, 1983. MTT [3-(4,5-dimethylthiazol-2- yl)-2,5-diphenyltetrazolium bromide] is a
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tetrazolium salt that appear yellow in colour in its oxidized form which is cleaved by
mitochondrial and endoplasmic reticulum dehydrogenase of metabolically competent cells,
yielding a measurable purple formazan product. This formazan production was quantified
spectrophotometrically and it was accepted as proportional to the viable cell number and

inversely proportional to the degree of cytotoxicity (Fotakis & Timbrell 2006).

Exponentially growing cells were trypsinized and aseptically collected, counted, and adjusted
to a final concentration of 3 x 10° cells/well, to be inoculated on 96-well plates. After 24 hr
adherence, the cells were treated with various concentration of fungal extract for 72 hr.
Thereafter, the appropriate incubation time, 1:10 volume of MTT solution (5 mg/mL) was
added to each well and incubated for 4 hr in dark. Then the medium was carefully removed,
and the formazan formed in the wells was dissolved for homogenous measurement in 150 pl
of dimethyl sulfoxide, the plates were kept for 5 min on a plate shaker. The absorbance was
measured at 570 nm using a microplate reader (company). For the control, SDYB medium
(pH 7.4) and Dulbecco's PBS were used in place of the fungal culture filtrate. Cytotoxicity
was calculated as the percent reduction in absorbance relative to the control (DMSO). Unless

stated otherwise, all experiments were performed in four replicates (n=4).

3.17. Determination of cell apoptosis by PI staining

Determination of cell apoptosis by the propidium iodide (PI) flow cytometric assay is based
on the principle that apoptotic cells, among other typical features, are characterized by DNA
fragmentation and, consequently, loss of nuclear DNA content. The HeLa cells in logarithmic
growth phase were suspended at a final concentration of 3x10*/mL in a 12-well culture plate.
After desired period of incubation, the cells were treated with different concentrations of
methanolic extracts for 72 hours. Then, an aliquot of treated cell was harvested, trypsinized,
centrifuged at 4°C, 1500 rpm, supernatant aspirated off and pellet washed with PBS. Pellet

was further resuspended on ice cold PBS in which 5ul of PI solution was added briefly mixed
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and incubated on ice under dark conditions for 20 minutes. Then the cell apoptosis was
analysed by using a flow cytometer (BD FACS Verse) and gate was used to exclude any
clumped nuclei. The PI staining was carried out only in HeLa cell lines as this cell exhibited

IC50(>50) value within the range of extract concentration tested.

3.18. Annexin-V/PI Staining

Apoptosis was measured by flow cytometry using Annexin-V/PI double staining. Hela cells
were seeded in a 6-well plate at a density of 0.50 x10° cells/well and incubated at 37°C for 24
h. Then, the medium was removed and fresh media with the indicated concentrations of
extracts were added. After 48h, cells were collected and washed with ice cold PBS twice and
resuspended in 25l of 1X Annexin-V binding buffer, 1.5ul of Annexin-V staining solution
10ul of PI (stock: 50 ul/ml), (BD Biosciences) staining solution and incubated on ice under
dark condition for 20 min in dark. Then, the number of viable, apoptotic and necrotic cells

were quantified using flow cytometry.

3.19. Colony Forming Assay

To check the long-term effect of the extracts on HeLa cells, cells were seeded in a 6 well plate
at a density of 3000cells/well and incubated at 37°C for 24h. Then, the media was removed
and fresh media with the indicated concentrations of extracts were added. Every, other two
days, media was removed and fresh media with desired concentrations of extracts were added
for at least 10 days. After ten days, media was removed and each well was washed with PBS,
fixed with methanol for 20 min followed by washing with PBS and staining with 0.4% crystal
violet for 30 min. After staining, each well was rinsed with tap water to remove the excess

stain and the image was analysed using software ImageJ.
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3.20. HPLC analysis

Analysis of beauvericin in the extract was done in a HPLC system (Dionex, Ultimate 300)
using a reversed-phase HPLC column (Acclaim™ C18, Sum, 120 A, 4.6 x 250 mm) with
isocratic conditions and a mobile phase of acetonitrile-water (75:25) at a flow rate of
0.5ml/min with UV detection at 210 nm for fifteen minutes. Precise quantities of beauvericin
(Sigma, USA) were dissolved in methanol as an internal standard. Beauvericin was
determined by comparing peak areas from sample to an internal standard. All reagents used
for HPLC analysis were degassed and sterilized using 0.22 pum syringe filter.

3.21. Morphological evaluation of apoptosis using light microscopy

The morphological changes of HelLa cells were determined using an inverted light
microscope. HelLa cells were grown in 12 well plates and treated with mycelial methanolic
extract at a concentration of 100pg/ml for 72 h. After incubation under optimal conditions, the

morphological changes were examined at 4X under inverted light microscope (Nikon TS100).

3.22. FT-IR spectroscopy

The crude extract was subjected to functional groups analysis by FTIR (Perkin Elmer
Spectrum 1: FT-IR), having resolution of 1.0 cm™. Potassium bromide (KBr) pellets was used
to obtain the infrared spectra of crude extract powders covering scan range from an entire

wavelength region of around 4000- 450 cm.

3.23. Statistics

All results are expressed as mean =+ standard deviation values of the three sets of observations
(Microsoft Corporation, 2018). MTT and Annexin-V/PI assays were analysed using one-way
ANOVA followed by Tukey's post hoc test of significance (where different alphabets denote
significant difference (p<0.05) (RStudio Team, 2020). Multivariate principal component
analysis (PCA) and agglomerative hierarchical clustering (AHC) analysis was performed

using PAST software (Hammer et al., 2001).
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4. RESULTS

4.1 Sampling

Collections were made during extensive fieldwork in Darjeeling Hills between the first week
of June to first week of October in 2016 and 2017. The collection data are listed in Table 4.1.
All examined collections and raised axenic cultures are deposited in the herbarium of Sikkim
University, Sikkim and duplicates of the pure culture materials have been deposited in the
herbarium of the St Joseph’s College, Darjeeling, India.

4.2 Morphological characterisation

The morphological characters, conidia and phialide from host material and conidia from 14
days old PDA cultures were measured using high power lens of the microscope. All
measurements are presented in pm with averages (n=15) in brackets in Table 4.2. The
morphological features and the related description of the nine isolates are described below.
Isaria javanica Friederichs & Bally

Morphologically conidiogenous structures were phialidic and conidia were formed in chains
on verticillate phialides. Phialides are flask shaped 5.2-6.6 x 2.2-2.7 um in length. The
dimensions of conidia were recorded to be 3.1-4.1 x 1.4-2.0 um on hosts. The conidia
formed white or greyish white mass with fusiform to oval, both ends often forming pointed
structure. Mean conidial dimensions from cultures grown on 1/3" PDA supplemented with
0.1% yeast extract were 3.3-4.2 x1.1-1.5 pm. The mycelium was immersed; hyphae
branched, septate, hyaline, inter- and intracellular, smooth, and 1.5-2.3 pum thick. Growth was
found to be best at 24°C with colonies on PDA growing optimally attaining a diameter of
38+1.41mm after 14 days of dark incubation at pH 7.0. The whitish colony gradually turns

pinkish in color with age.

111



Table 4.1: Isaria specimens collected and examined from different ecological regions of Darjeeling hills.

Sample Species Putative Host Host Dominant Locality Latitude Longitude
code Order stage vegetation ™) (E)
IDAR-01 Isaria javanica Coleoptera Adult Hamamelidaceae, Upper Labdah, 26°58'26.55" 88°20'22.99"
Friederichs & Bally Juglandaceae Mungpoo
IDAR-02 Isaria farinosa Lepidoptera Pupa Fagaceae, Ericaceae Darjeeling Zoo 27°03'31.00" 88°15'15.86"
(Holmsk). Fr. Sphagnum sp.
IDAR-03 Isaria tenuipes Peck Lepidoptera Pupa Fagaceae, 3" Mile Forest 27°0'39.61" 88017'34.6"
Elaeocarpaceae,
Gentianaceae
IDAR-04 Isaria tenuipes Peck Lepidoptera Pupa Fagaceae, Ericaceae 6" Mile Forest 27°2'9.62" 88°15'45.63"
IDAR-05 Isaria farinosa Hymenoptera Adult Ericaceae, SJC Medicinal 27°3'34.48" 88°15'3"
(Holmsk). Fr. Sapindaceae Garden
IDAR-06 Isaria tenuipes Peck Lepidoptera Pupa Betulaceae, Soom Forest 27°4'27.22" 88°13'53.45"
Fagaceae,
Juglandaceae
IDAR-07 Isaria tenuipes Peck Lepidoptera Pupa Betulaceae, Lebong Forest 27°3'41.57" 88°16'35.51"
Ericaceae, Fagaceae
IDAR-08 Isaria farinosa Araneae Adult Fagaceae, Ericaceae Tiger Hill Forest 26°59'48" 88°17'40"
(Holmsk). Fr.
IDAR-09 Isaria fumosorosea Lepidoptera Larva Magnoliaceae, Pradhan Medicinal 27°03'36.00" 88°25'48.00"
Wize Lauraceae, Garden Mongmaya
Rosaceae
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Isaria farinosa (Holmsk). Fr.

In this specimen also the conidiogenous structures are phialidic and it measured 4.2-6.5 x
2.2-3.1 um in dimensions and conidia were ellipsoidal to fusiform and measured 2.2-2.7 x
1.2-1.7 um on the host. The conidia from cultures on PDA after 14 days of dark incubation
measured 2.2-3.3 x 1.2-1.8 um. The mycelium is submerged, hyphae are branched, septate,
hyaline, inter- and intracellular, smooth, and 1.4-2.5 pm thick. Growth was recorded best
at 24°C with colonies on PDA growing with diameter of 40.75+0.95 mm after 14 days of
dark incubation at pH 9.0. Colonies initially appeared whitish in color and gradually it

turns light yellow with age.

Isaria tenuipes Peck

Conidiogenous structures are phialidic and it measured 4.1-6.3 x 3.1-4.3 um in dimensions
and conidia were ellipsoidal to cylindrical, slightly curved and measured 3.2-5.3 x 1.3-1.8
um on the host. While the conidia from cultures on PDA after 14 days of dark incubation
measured 4.6-6.8 x 1.9-2.4 um. The mycelium was submerged, hyphae branched, septate,
hyaline, inter- and intracellular, smooth, and 1.3-2.4 pm thick. Growth was best at 24°C
with colonies on PDA growing with diameter of 40.75+0.95 mm after 14 days of dark
incubation at pH 9.0. Colonies initially appeared whitish in color which gradually it turns

creamish yellow in color.

Isaria fumosorosea Wize

Conidiogenous structures are phialidic and it measured 4.6-5.8 x1.8-2.4 um in dimensions
and the conidia were ellipsoidal to cylindrical, slightly curved and measured 3.7-4.7 x1.1-
1.9 um on the host. Conidia from cultures on PDA after 14 days of dark incubation
measured 4.1-4.9 x1.2-1.8. The mycelium was submerged, hyphae branched, septate,
hyaline, inter- and intracellular, smooth, and 1.5-2.4 um thick. Growth was found to be the

best at 24°C with colonies on PDA growing up to a diameter of 50+0.81 mm after 14 days
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of dark incubation at pH 8.0. Colonies appeared whitish in coloration with highly floccose
morphology.

4.3. Molecular analysis

Nine isolates of Isaria i.e., IDAR-01 to IDAR-09 which have been identified with
classical morphological taxonomic approach based upon macroscopic, microscopic and
cultural characters were further confirmed their identity with molecular techniques. The
nrDNA analysis was carried out by sequencing ITS region of the genomic DNA using
specific markers. PCR amplification of ITS region using ITS4 and ITSS primer generated
an amplicon of 543 to 556, specific to entomopathogenic fungus Isaria (Table 4.3). The
sequences of nine isolates were BLASTN searched against the sequences of Isaria species
already submitted in the NCBI GenBank indicated that ITS sequence of the present study
had a maximal of 98-100 % homology with Isaria spp. Thus, sequencing results of all

isolates significantly supported the identity of sequences as the members of genus Isaria.

4.4. Construction of the phylogenetic tree

Phylogenetic tree was constructed using sequences of nine isolates and voucher sequences
of its allies obtained from GenBank. GenBank accession numbers and strain details for
global isolates reported earlier are shown in Table 4.4. In order to infer relationship
between Isaria spp isolates infecting insects in temperate region of Darjeeling Hills based
on ITS region, an optimal tree was generated by using maximum likelihood method and
evolutionary distances were computed by Neighbour-Joining method (NJM) and
Maximum Composite Likelihood method (MCLM). The phylogenetic tree is given in
Figure 4.1. It was inferred from phylogenetic analysis that all nine isolates were clustered
in a separate subclade. However, ITS region of each isolate could not generate genetic

diversity.
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Table 4.2: Measurements of morphological characters, conidia and phialide from host material and conidia from 14-day old MEA (Malt
Extract Agar) cultures of Isaria spp from Darjeeling Hills. All measurements are presented in um with averages (n=15) and £SD in
brackets.

Species Putative Host Conidia on MEA length x Conidia on host length x Phialides on host length x
Order width width width

1. javanica IDAR-01 Coleoptera 3.77(x0.33) x 1.33 (£0.16) 3.72 (=0.30) x 1.86 (+0.31) 6.0 (£0.49) x 2.8 (£0.14)

1. farinosa IDAR-02 Lepidoptera 2.83 (£0.35) x 1.53 (+0.18) 2.51 (£0.16) x 1.48 (x£0.23) 6.17 (£0.62) x 2.65 (+0.28)
L. tenuipes IDAR-03 Lepidoptera 4.75 (+£0.67) x 1.83 (£0.34) 3.80 (£0.44) x 1.8(%0.49) 5.27 (0.83) x 2.66 (+0.32)
1. tenuipes IDAR-04 Lepidoptera 5.66 (£0.70) x 2.16 (£0.21) 4.25 (£0.71) x 1.58 (£0.26) 5.25 (£0.86) x 3.71 (+0.38)
1. farinosa IDAR-05 Hymenoptera 2.65 (£0.33) x 1.44 (£ 0.24) 2.42 (£0.23) x 1.45 (£0.20) 5.53 (£0.75) x 2.16 (£0.52)
L. tenuipes IDAR-06 Lepidoptera 5.01 (£0.69) x 2.51 (£0.34) 5.12 (£0.74) x 1.58 (£0.27) 5.08 (£0.67) x 2.46 (£0.56)
L. tenuipes IDAR-07 Lepidoptera 6.53 (£1.25) x 2.34 (+0.26) 4.12 (£0.56) x 1.54 (x0.25) 5.30 (£0.53) x 3.78 (+41)
L. farinosa IDAR-08 Araneae 2.65 (£0.33) x 1.4 (+0.33) 2.50 (£0.16) x 1.5 (£0.14) 5.46 (£0.66) x 2.26 (£0.41)
1. fumosorosea IDAR-09 Lepidoptera 4.54 (£0.25) x 1.51(£0.22) 4.25(%0.42) x1.53(£0.27) 5.24 (£0.50) x 2.16(£0.41)
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Table 4.3: Molecular identification of nine isolates of Isaria spp., collected from different ecological regions of Darjeeling hills based on
ITS- rDNA sequencing.

S1. No. Sample Sequencing Closet match Query coverage % Similarity Sequence
code code bp
1 IDAR-01 NL33 Isaria javanica 100% 98% 556
2 IDAR-02 NL29 Isaria farinosa 100% 99% 555
3 IDAR-03 NL30 Isaria tenuipes 100% 100% 555
4 IDAR-04 NL31 Isaria tenuipes 100% 99% 551
5 IDAR-05 ST79 Isaria farinosa 100% 100% 543
6 IDAR-06 ST80 Isaria tenuipes 100% 100% 543
7 IDAR-07 ST82 Isaria tenuipes 100% 100% 544
8 IDAR-08 ST8&3 Isaria farinosa 100% 99% 545
9 IDAR-09 ST84 Isaria fumosorosea 100% 100% 545
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Table 4.4: GenBank sequences included in phylogenetic analysis of Isaria species.

Species Country ITS Reference

Isaria amoenerosea - AY 624168 Luangsa-ard ef al. 2005
Isaria amoenerosea Ghana AY 624169 Luangsa-ard ef al. 2005
Isaria farinosa Denmark AY 624181 Luangsa-ard et al. 2005
Isaria farinosa UK AY 624179 Luangsa-ard et al. 2005
Isaria farinosa Netherlands AY 624178 Luangsa-ard et al. 2005
Isaria fumosorosea Japan AY624183 Luangsa-ard et al. 2005
Isaria javanica Indonesia AY624186 Luangsa-ard et al. 2005
Isaria amoenerosea Brazil JN998782 D’Alessandro et al., 2013
Isaria fumosorosea Argentina JN998801 D’Alessandro et al., 2013
Isaria farinosa Argentina JN998784 D’Alessandro et al., 2013
Isaria fumosorosea Argentina JN998800 D’Alessandro et al., 2013
Isaria fumosorosea Mexico IN998798 D’Alessandro et al., 2013
Isaria fumosorosea Brazil IN998795 D’Alessandro et al., 2013
Isaria tenuipes Brazil JN998789 D’Alessandro et al., 2013
Isaria tenuipes Brazil JN998788 D’Alessandro et al., 2013
Isaria javanica Argentina JN998794 D’Alessandro et al., 2013
Isaria farinosa Argentina JN998783 D’Alessandro et al., 2013
Isaria fumosorosea Brazil IN998796 D’Alessandro et al., 2013
Isaria javanica Japan AB539089 Shimazu and Takatsuka, 2010
Isaria javanica Japan AB539088 Shimazu and Takatsuka, 2010
Isaria javanica Japan AB539087 Shimazu and Takatsuka, 2010
Isaria javanica Japan AB539091 Shimazu and Takatsuka, 2010
Cordyceps cardinalis Japan AB237660 Yokoyama et al. unpublished
C. pseudomilitaris Thailand AJ786589 Stensrud et al. 2005
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4.5. ITS-nrDNA sequences of individual sample

The detailed study on the molecular identification of the fungi was done at National Fungal
Culture Collection of India (NFCCI), Biodiversity and Palaeobiology Group, MACS-

Agharkar Research Institute, Pune, India.

Isaria javanica (IDAR-01)

The Internal Transcribed Spacer (ITS) sequencing of the isolate IDAR-01 yielded 556 base

pair (bp) sequences are given below.

CCTGATCCGAGGTCACGTTCAGAAGTGGGGTGTTTTACGGCGTGGCCGCGTCG
GGTTCCCGGTGCGCGTTGGAGTACTACGCAGAGGTCGCCGCGGACGGGCCGCC
ACTGTATTTCGGGGCCGGCGGTGTGCTGCCGGTCCCCAACGCCGACTCCCCCG
AAGGGGTGTCGAGGGTTGAAATGACGCTCGAACAGGCATGCCCGCCAGAATG
CTGGCGGGCGCAATGTGCGTTCAAAGATTCGATGATTCACTGAATTCTGCAATT
CACATTACTTATCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAGAT
CCGTTGTTGAAAGTTTTGATTCATTTGTTTTGCCTTGCGGCGGATTCAGAGAGA
CTGATGGAAACAGAGTTTAGGGGTCTCCGGCGGCCGCCTGGGTCCGGGCCGCG
GGCGGCGCAAGGCCGTCCGGACGCCGGGGCGAGTCCGCCGAAGCAACGATAG
GTATGTTCACAAAGGGTTAGGGAGTTGAAAACTCGGTAATGATCCCTCCGCTG

GTTCACCAACGGAGACCTTGTTACG

The Basic Local Alignment Search Tool (BLAST) analysis of above nucleotide sequence
obtained in the present study showed 98% similarity for 100% query coverage with the
sequence available in NCBI database. Hence, molecular results validated the taxonomic

results of I. javanica.
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Isaria farinosa (IDAR-02)

The Internal Transcribed Spacer (ITS) sequencing of the isolate IDAR-01 yielded 555 base
pair (bp) sequences are given below.
CTGATCCGAGGTCACGTTCAGAAGTCGGGGGTTTTACGGCGTGGCCACGTCGGGG
TTCCGGTGCGAGTTGGATTACTACGCAGAGGTCGCCGCGGACGGGCCGCCACTTC
ATTTCGGGGCCGGCGGTATACGGCCGGTCCCCAACGCCGATTTCCCCAAAGGGAA
GTCGAGGGTTGAAATGACGCTCGAACAGGCATGCCCGCCAGAATGCTGGCGGGC
GCAATGTGCGTTCAAAGATTCGATGATTCACTGAATTCTGCAATTCACATTACTTA
TCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGAAA
GTTTTGATTCATTTGTTTTGCCTTGCGGCGGATTCAGAAGATACTGAGAATACAGA
GTTTGGGGGTCTCCGGCGGCCGCCTGGATCCAGGCCGCGGCCGGCGCGGGGCCG
GCCGGACGCTGGGGCGAGTCCGCCGAAGCAACGATAGGTATGTTCACAAAAGGG
TTTGGGAGTTGAAAACTCGGTAATGATCCCTCCGCTGGTTCACCAACGGAGACCT
TGTTAC

The Basic Local Alignment Search Tool (BLAST) analysis of above nucleotide sequence
obtained in the present study showed 99% similarity for 100% query coverage with the
sequence available in NCBI database. Hence, molecular results validated the taxonomic

results of 1. farinosa.

Isaria tenuipes (IDAR-03)

The Internal Transcribed Spacer (ITS) sequencing of the isolate IDAR-01 yielded 555 base
pair (bp) sequences are given below.
CCTGATCCGAGGTCACGTTCAGAGGTTGGGGGTTTCACGGCGGGCCGCGTCGGGT
TCCCGGTGCGAGTGCTTGTACTGCGCAGAGGTCGCCGCGGACGGGCCGCCACTCC
ATTTCAGGGCCGGCGGGGTGCTGCCGGTCCCCAAGGCCGACGTCCCGGGGGACG
TCGAGGGTTGAAATGACGCTCGAACAGGCATGCCCGCCAGAATGCTGGCGGGCG
CAATGTGCGTTCAAAGATTCGATGATTCACGGAATTCTGCAATTCACATTACGTA
TCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGAAA
GTTTTGATTCGTTTGTGTTGCCTTGCGGCGGATTCAGAGAGGCTGACAGATACAG
GGTTGCGTGGTCCCCGGCGGCCGCCTGGGTCCAGGTCGCGGGCCGGCGCTGGGCC
GTCCGGACGCTGGGGCGGGTCCGCCGAAGCAACTATGGGTAGGTTCACAGAAGG
GTTGGGAGTTGTAAAACTCTGGTAATGATCCCTCCGCTGGTTCACCAACGGAGAC
CTTGTTAC
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The Basic Local Alignment Search Tool (BLAST) analysis of above nucleotide sequence
obtained in the present study showed 100% similarity for 100% query coverage with the
sequence available in NCBI database. Hence, molecular results validated the taxonomic

results of . tenuipes.

Isaria tenuipes (IDAR-04)
The Internal Transcribed Spacer (ITS) sequencing of the isolate IDAR-01 yielded 551 base

pair (bp) sequences are given below.

GATCGAGGTCACGTTCAGAGGTTGGGGGTTTCACGGCGGGCCGCGTCGGGTTCCC
GGTGCGAGTGCTTGTACTGCGCAGAGGTCGCCGCGGACGGGCCGCCACTCCATTT
CAGGGCCGGCGGGGTGCTGCCGGTCCCCAAGGCCGACGTCCCGGGGGACGTCGA
GGGTTGAAATGACGCTCGAACAGGCATGCCCGCCAGAATGCTGGCGGGCGCAAT
GTGCGTTCAAAGATTCGATGATTCACGGAATTCTGCAATTCACATTACGTATCGC
ATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGAAAGTTTT
GATTCGTTTGTGTTGCCTTGCGGCGGATTCAGAGAGGCTGACAGATACAGGGTTG
CGTGGTCCCCGGCGGCCGCCTGGGTCCAGGTCGCGGGCCGGCGCTGGGCCGTCCG
GACGCTGGGGCGGGTCCGCCGAAGCAACTATGGGTAGGTTCACAGAAGGGTTGG
GAGTTGTAAAACTCTGGTAATGATCCCTCCGCTGGTTCACCAACGGAGACCTTGT
TAC

The Basic Local Alignment Search Tool (BLAST) analysis of above nucleotide sequence
obtained in the present study showed 99% similarity for 100% query coverage with the
sequence available in NCBI database. Hence, molecular results validated the taxonomic

results of . tenuipes.

Isaria farinosa (IDAR-05)
The Internal Transcribed Spacer (ITS) sequencing of the isolate IDAR-01 yielded 543 base

pair (bp) sequences are given below.

GGTCACGTTCAGAAGTCGGGGGTTTTACGGCGTGGCCACGTCGGGGTTCCGGTGC
GAGTTGGATTACTACGCAGAGGTCGCCGCGGACGGGCCGCCACTTCATTTCGGGG
CCGGCGGTATACGGCCGGTCCCCAACGCCGATTTCCCCAAAGGGAAGTCGAGGG
TTGAAATGACGCTCGAACAGGCATGCCCGCCAGAATGCTGGCGGGCGCAATGTG
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CGTTCAAAGATTCGATGATTCACTGAATTCTGCAATTCACATTACTTATCGCATTT
CGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGAAAGTTTTGATT
CATTTGTTTTGCCTTGCGGCGGATTCAGAAGATACTGAGAATACAGAGTTTGGGG
GTCTCCGGCGGCCGCCTGGATCCAGGCCGCGGCCGGCGCGGGGCCGGCCGGACG
CTGGGGCGAGTCCGCCGAAGCAACGATAGGTATGTTCACAAAAGGGTTTGGGAG
TTGAAAACTCGGTAATGATCCCTCCGCTGGTTCACCAACGGAGACCTTGT

The Basic Local Alignment Search Tool (BLAST) analysis of above nucleotide sequence
obtained in the present study showed 100% similarity for 100% query coverage with the
sequence available in NCBI database. Hence, molecular results validated the taxonomic

results of . farinosa.

Isaria tenuipes (IDAR-06)
The Internal Transcribed Spacer (ITS) sequencing of the isolate IDAR-01 yielded 543 base

pair (bp) sequences are given below.

GTCACGTTCAGAGGTTGGGGGTTTCACGGCGGGCCGCGTCGGGTTCCCGGTGCGA
GTGCTTGTACTGCGCAGAGGTCGCCGCGGACGGGCCGCCACTCCATTTCAGGGCC
GGCGGGGTGCTGCCGGTCCCCAAGGCCGACGTCCCGGGGGACGTCGAGGGTTGA
AATGACGCTCGAACAGGCATGCCCGCCAGAATGCTGGCGGGCGCAATGTGCGTT
CAAAGATTCGATGATTCACGGAATTCTGCAATTCACATTACGTATCGCATTTCGCT
GCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGAAAGTTTTGATTCGTT
TGTGTTGCCTTGCGGCGGATTCAGAGAGGCTGACAGATACAGGGTTGCGTGGTCC
CCGGCGGCCGCCTGGGTCCAGGTCGCGGGCCGGCGCTGGGCCGTCCGGACGCTG
GGGCGGGTCCGCCGAAGCAACTATGGGTAGGTTCACAGAAGGGTTGGGAGTTGT
AAAACTCTGGTAATGATCCCTCCGCTGGTTCACCAACGGAGACCTTGTTA

The Basic Local Alignment Search Tool (BLAST) analysis of above nucleotide sequence
obtained in the present study showed 100% similarity for 100% query coverage with the
sequence available in NCBI database. Hence, molecular results validated the taxonomic

results of 1. tenuipes.
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Isaria tenuipes (IDAR-07)
The Internal Transcribed Spacer (ITS) sequencing of the isolate IDAR-01 yielded 544 base

pair (bp) sequences are given below.

GGTCACGTTCAGAGGTTGGGGGTTTCACGGCGGGCCGCGTCGGGTTCCCGGTG
CGAGTGCTTGTACTGCGCAGAGGTCGCCGCGGACGGGCCGCCACTCCATTTCA
GGGCCGGCGGGGTGCTGCCGGTCCCCAAGGCCGACGTCCCGGGGGACGTCGA
GGGTTGAAATGACGCTCGAACAGGCATGCCCGCCAGAATGCTGGCGGGCGCA
ATGTGCGTTCAAAGATTCGATGATTCACGGAATTCTGCAATTCACATTACGTAT
CGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGAAA
GTTTTGATTCGTTTGTGTTGCCTTGCGGCGGATTCAGAGAGGCTGACAGATACA
GGGTTGCGTGGTCCCCGGCGGCCGCCTGGGTCCAGGTCGCGGGCCGGCGCTGG
GCCGTCCGGACGCTGGGGCGGGTCCGCCGAAGCAACTATGGGTAGGTTCACAG
AAGGGTTGGGAGTTGTAAAACTCTGGTAATGATCCCTCCGCTGGTTCACCAAC
GGAGACCTTGTTA

The Basic Local Alignment Search Tool (BLAST) analysis of above nucleotide sequence
obtained in the present study showed 100% similarity for 100% query coverage with the
sequence available in NCBI database. Hence, molecular results validated the taxonomic

results of 1. tenuipes.

Isaria farinosa (IDAR-08)
The Internal Transcribed Spacer (ITS) sequencing of the isolate IDAR-01 yielded 545 base

pair (bp) sequences are given below.

GGTCACGTTCAGAAGTCGGGGGTTTTACGGCGTGGCCACGTCGGGGTTCCGGT
GCGAGTTGGATTACTACGCAGAGGTCGCCGCGGACGGGCCGCCACTTCATTTC
GGGGCCGGCGGTATACGGCCGGTCCCCAACGCCGATTTCCCCAAAGGGAAGTC
GAGGGTTGAAATGACGCTCGAACAGGCATGCCCGCCAGAATGCTGGCGGGCG
CAATGTGCGTTCAAAGATTCGATGATTCACTGAATTCTGCAATTCACATTACTT
ATCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGA
AAGTTTTGATTCATTTGTTTTGCCTTGCGGCGGATTCAGAAGATACTGAGAATA
CAGAGTTTGGGGGTCTCCGGCGGCCGCCTGGATCCAGGCCGCGGCCGGCGCGG
GGCCGGCCGGACGCTGGGGCGATTCCGCCGAAGCAACGATAGGTATGTTCACA
AAAGGGTTTGGGAGTTGAAAACTCGGTAATGATCCCTCCGCTGGTTCACCAAC
GGAGACCTTGTTA

122



The Basic Local Alignment Search Tool (BLAST) analysis of above nucleotide sequence
obtained in the present study showed 99% similarity for 100% query coverage with the
sequence available in NCBI database. Hence, molecular results validated the taxonomic

results of 1. farinosa.
Isaria javanica (IDAR-09)

The Internal Transcribed Spacer (ITS) sequencing of the isolate IDAR-01 yielded 545 base

pair (bp) sequences are given below.

GGTCACGTTCAGAGTTGGGGGTTTCACGGCGGGGCCGCGTCGGGTTTCCGGTG
CGAGCTGTAGTACTTCGCAGAGGTCGCCGCGGACGGGCCGCCACTCCATTTCA
GGGCCGGCGGGGTGCTGCCGGTCCCCAAGGCCGACGTCCCGGGGGACGTCGA
GGGTTGAAATGACGCTCGAACAGGCATGCCCGCCAGAATGCTGGCGGGCGCA
ATGTGCGTTCAAAGATTCGATGATTCACGGAATTCTGCAATTCACATTACGTAT
CGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGAAA
GTTTTGATTCGTTTGTGTTGCCTTGCGGCGGATTCAGAGAGACTGATGGATGCA
GGGTTGCGTGGTCTCCGGCGGCCGCCTGGGTCCAGGTCGCGGGCCGGCGCGAG
GCCGTCCGGACGCTGGGGCGAGTCCGCCGAAGCAACGATGGGTAGGTTCACA
GGAGGGTTGGGAGTTGTGAAAACTCTGGTAATGATCCCTCCGCTGGTTCACCA
ACGGAGACCTTGTTA

The Basic Local Alignment Search Tool (BLAST) analysis of above nucleotide sequence
obtained in the present study showed 100% similarity for 100% query coverage with the
sequence available in NCBI database. Hence, molecular results validated the taxonomic

results of 1. fumosorosea.

4.6. Evolutionary analysis by Maximum Likelihood method

The evolutionary history was inferred by using the Maximum Likelihood method and
Kimura 2-parameter model (Kimura, 1980). The bootstrap consensus tree inferred from
500 replicates (Felsenstein, 1985) was taken to represent the evolutionary history of the
taxa analyzed. Branches corresponding to partitions reproduced in less than 50% bootstrap
replicates are collapsed. The percentage of replicate trees in which the associated taxa
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clustered together in the bootstrap test (500 replicates) is shown next to the branches
(Felsenstein, 1985). Initial tree(s) for the heuristic search were obtained automatically by
applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated
using the Maximum Composite Likelihood (MCL) approach, and then selecting the
topology with superior log likelihood value. This analysis involved 33 nucleotide
sequences. There were a total of 3113 positions in the final dataset. Evolutionary analyses

were conducted in MEGA11 (Tamura et al., 2021).

4.7. Growth parameters of Isaria spp.

During the current study, attempts have been made to study critically the effects of some
major environmental factors such as temperature, pH and light conditions on the mycelial
growth of the nine test isolates, because these factors considerably influence the manifold
activities of fungi (Leatham & 1987; Meletiadis et al., 2001; Mahmud & Ohmasa, 2008.).
This study was considered necessary for two reasons (1) to ascertain carefully the optimum
temperature, pH and light for the best growth of test isolates during the artificial cultivation
and (2) to evaluate the growth characteristics of nine isolates for fungal biomass

production.
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Figure 4.1: Neighbour-joining tree based on analysis of the ITS4-ITS4 rDNA sequences of
the isolates IDAR-01, IDAR-02, IDAR-03, IDAR-04, IDAR-05, IDAR-06, IDAR- 07, IDAR-
08, and IDAR-09 (From Darjeeling Hills, India) and some related global species. Branch
termini are labelled according to isolate numbers, and GenBank accession numbers. Numbers
above the nodes indicate bootstrap values (>50%) generated after 500 replications.
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4.7.1. Effect of temperature

Temperature is considered to be one of the major environmental factors that influence the
growth of mycelium of the fungi. All the nine strains of the genus Isaria were grown on
Potato Dextrose Agar plate medium with an initial pH of 7.0 and incubated for 14 days
under dark condition to study the effect of different temperatures on the mycelial growth of
the entomopathogenic fungi. To determine the effect of different temperature on mycelial
growth, Smm agar mycelial seed disc was inoculated on three equidistant points on PDA
plates of 90 mm and incubated at each of the following temperatures: 12°, 16°, 20°, 24°
and 28°C. The Petri plates were incubated under dark condition for 14 days and thereafter
the mean diameter of each radial growth was determined. The results for each treatment
are presented in Table 4.5. The Table 4.5., shows that the optimum temperature for
maximal radial growth of vegetative colonies lies close to 20°C for eight strains while
IDAR-06 exhibited optimal growth at 24°C. While all the strains grew well in a broader
range of temperatures (16-28°C). It is also necessary to mention that no mycelial growth in
any of the strain was observed at 30°C or beyond. The temperature/growth response is
skewed; of the nine strains all favoured comparatively lower mycelial growth at 12°C and
a moderate to higher growth at temperature in between 16-24°C. In contrast, an increase or
decrease of temperature treatment beyond or below these reduces the radial growth
drastically. Thus, the effect of temperature was varied amongst the nine isolates tested.
There seemed to be a tendency for a comparatively better growth for all isolates at
temperature of 16-24°C. In the present experiment, it was noticed that the temperature
treatment of 20°C showed excellent mycelial growth for all the strains with respect to its
quality and density. Thus, it was recorded that the trend of mycelium growth with respect
to temperature was found to be very similar for all the strains. It was also observed that the

strains could survive at temperature as low as 4°C and the mycelial growth was restored
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when the temperature was brought back to room temperature (20°C approx.) after being
stored at 4°C.

Table 4.5: Effect of temperature (°C) on the mycelial growth and density of different
strains of Isaria isolates collected from different ecological regions of Darjeeling hills.
“Average of three independent colony radial diameters with standard deviation. c:
Compact, sc: Moderately compact, st: Moderately thin and t: Thin. Temperature effect was

conducted in potato dextrose agar medium (PDA).

Strain No. Mycelial growth (mm)* and density

12 16 20 24 28
IDAR-01 21.8+0.83c 32.6+1.14c 38+1.22¢ 35.8+1.64c 31.44+0.54c¢
IDAR-02 24.8+0.83c 31.8+0.83¢ 33+1.22¢ 25.4+1.14c 20.8+0.83¢
IDAR-03 16.6+£0.54sc 25.8+0.83¢ 40.6+1.14c¢ 33.2+1.48¢ 30.8+0.83¢
IDAR-04 16.8+0.83sc 23.2+0.83¢ 34.6+1.67¢ 33.4+1.51c¢ 31+1.22¢
IDAR-05 19.6+1.14c 24.4+1.14¢ 31.8+1.48¢ 20.6+1.67¢ 19.4+0.54sc
IDAR-06 14.8+1.09sc 19.8+0.83sc 34+1.22¢ 35.8+1.48c 23+1.87¢
IDAR-07 21.8+0.83¢ 35+1.0c 42+1.58c¢ 35.4+1.14c 27+0.70c
IDAR-08 25+0.70c 33.8+0.83¢ 51.6+1.14c¢ 30+1.22¢ 25+0.70c¢
IDAR-09 26.2+0.83¢ 37.2+1.09¢ 47.8+0.83¢ 36.2+0.83¢ 31+1.58¢

4.7.2. Effect of pH

To study the effect of pH on the ability of different strains of genus Isaria to grow at
different hydrogen ion concentration was studied using the PDA medium. Six different pH
conditions were prepared by adjusting the media pH with 1IN (HCI/NaOH) and set at an
interval of pH 1.0 starting from 4.0 up to 9.0 using Systronics pH meter. Inoculation and
incubation techniques were followed as described in the material and method section.
Since proper utilization of nutrients provided in the media depends largely on the pH of
culture media, hence it is imperative to determine the optimum pH for the growth of an
organism. Radial mycelial growth under various tested hydrogen ion concentrations is
shown in Table 4.6. All the strains grew relatively well at all pH levels tested, although at

lower pH, the growth was comparatively very little. However, out of all the strains IDAR-
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01, IDAR-06 and IDAR-08 showed better growth at pH 6, 7 and 8 while IDAR-02, IDAR-
03, IDAR-04, IDAR-05, and IDAR-09 exhibited better growth at pH: 7, 8 and 9
respectively. It is interesting to note that the mycelial growth of any strain of the genius
Isaria did not show an abrupt decline above or below pH 7. Furthermore, the mycelial
density of all the nine isolates were always observed to be extremely good which in all
cases developed abundant mycelial density (+++) at neutral pH and was recorded stable at
neutral pH for each replication. It indicated that the different strains of Isaria were less
sensitive to change in pH. Results as enumerated in Table 4.6., indicate that among all the
strains, overall mycelial growth is highest for IDAR-09 (50+0.81mm) at pH 8 followed by

IDAR-08 (48.75+0.95mm), at pH 7.
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Table 4.6: Effect of pH on the mycelial growth and density of different strains of Isaria isolates collected from different ecological

regions of Darjeeling hills. “Average of three independent colony radial diameters with standard deviation. c: Compact, sc: Moderately

compact, st: Moderately thin and t: Thin. pH effect was conducted on potato dextrose agar medium (PDA).

Strain No. Mycelial growth (mm) and density

pH 4 pHS pH6 pH7 pH 8 pHI
IDAR-01 37+0.81c 37.25+0.5¢ 37+1.63¢ 38+1.41c 37.5+0.57¢ 37.5+1.73¢
IDAR-02 36.254+0.95¢ 34+1.41c 34.25+0.95¢ 32.5+1.29¢ 38.5+0.57¢ 40.75+0.95¢
IDAR-03 29+0.81sc 36.75%0.50sc 34+2.61sc 40.25+0.95sc 41.75+0.95sc 41.75+1.25sc
IDAR-04 26+0.81sc 32.25+0.50sc 31.75+2.16sc 30+1.41sc 31.5+1.29sc 32+0.81sc
IDAR-05 29.25+0.95¢ 29+0.81c 30.25+0.95¢ 31+0.81c 30.25+1.50¢ 33+0.81c
IDAR-06 25+0.81sc 31+0.81sc 30+0.81sc 34+1.41sc 33.25+2.36sc 32.5+1.29sc
IDAR-07 29.75+1.70c¢ 39.254+0.95¢ 42+0.81c 43.5+0.57¢ 45.25+0.50¢ 46.5+0.57¢
IDAR-08 34.25+1.25¢ 42.5+1.29¢ 46.25+0.95¢ 48.75+0.95¢ 46+1.41c 47.5+0.57¢
IDAR-09 43+0.81c 45.75+0.95¢ 45.25+0.95¢ 47.25+0.95¢ 50+0.81c 43.75+1.25¢
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4.7.3. Effect of light

To determine the effect of light on the mycelial growth, PDA medium on a Petri plate was
inoculated and exposed to different period of light at 20°C. Of the two sets of plates, one
set was incubated under 12 hours continuous light (400 lumen) from 12 cm afar. The
second set was incubated under complete darkness for a period of 14 days. In both cases
the total incubation period was 14 days. The results are given in Figure 4.2. There was no
significant effect of light on the mycelial growth of any of the strains. But it is interesting
to note that IDAR-08 showed relatively better growth (51.6+1.14mm) under complete
darkness. Similarly, in case of IDAR-03 (47+1mm) and IDAR-04 (46.33+2.08mm),
stimulation of luxuriant mycelial growth was observed when the culture was exposed to 12
hours darkness/light for a period of 14 days. Since, the strains are non-phototrophic light
intensity is expected not to influence the growth of mycelia. Furthermore, no pronounced
colony pigmentation was produced by any of the nine strains irrespective of light/dark

conditions.
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Figure 4.2: Growth properties of nine strains of Isaria isolates from Darjeeling hills on
different light-dark settings. Mycelial growth was measured as the diameter of colony (mm)
on the culture plates (n=3 plates = SD of nine readings).
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4.8. Effect of different culture media

Fifteen different culture media were used to screen the optimal mycelial growth of nine
isolates of the genus Isaria. Of the fifteen-culture media tested, MCM medium was the
most suitable for favourable growth especially in case of IDAR-01, IDAR-02, IDAR-06,
IDAR-07, IDAR-08 and IDAR-09, CDA medium for IDAR-05 and GP medium for the
growth of IDAR-04 respectively. The results are presented in Table 4.7. In these media, the

colony diameter and density were greater in comparison to other media tested.

However, in general, semi synthetic media like PDA and SDA were also found
equally good for the mycelial growth when all the isolates were taken into consideration. It
was also recorded that the synthetic media such as glucose peptone and Czapek’s agar
medium was found to be overall satisfactory in growing all isolates. Regarding the
mycelial growth of isolates on salt stress media such as MSA, the trend of growth was
dissimilar to the rest of the media tested. It may be inferred that high salt stress of 7.5%
(w/v NaCl) resulted in very poor mycelial growth in IDAR-01, IDAR-02, IDAR-05,
IDAR-08 and IDAR-09. In the present study 7.5 % NaCl concentration has been found to

be inhibitory for the growth of IDAR-03, IDAR-04, IDAR-06 and IDAR-07.

4.9. Effect of carbon source

After making out the role of physical factors in the growth of all isolates an attempt was
made to see how far the nature of carbon effects mycelial growth. In order to understand
the effect of carbon source in basal medium lacking carbon an experiment was set. The
effect of different carbon source on growth by nine strains was investigated in the basal
medium supplemented with 1% separately autoclaved individual carbon sources with an

initial pH of 7.0 and dark incubated at 20°C for 14 days. Since the carbon source is known
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to influence the radial colony growth of almost all fungi, twelve different carbon sources

(at 1%, w/v) were tested to determine the most suitable one for mycelial growth.

The result shown in table 4.8 reveals the suitability of various carbon sources for the
growth of nine strains. It appears from the results that the supplementation with 1% (w/v)
influenced the mycelial growth of all isolates significantly. The growth of all isolates with
all carbon sources was evident from the table with varying mycelial growth and density.
The result indicated that almost all the nine strains could utilize a wide range of carbon
sources for mycelial growth. Among twelve carbon sources tested, some of the isolates
such as IDAR-04, IDAR-05, IADR-06, IDAR-07 and IDAR-08, exhibited pronounced
vegetative growth on media where the carbon source was disaccharides like maltose and
sucrose. The monosaccharides such as dulcitol excreted positive growth influence on
respective isolates (IDAR-02, IDAR-08 and IDAR-09), (Table 4.8). It appeared that the
disaccharides were most preferably useful for the mycelial growth. However, very weak
growth was recorded in the media supplemented with xylose or sodium acetate as the
carbon source. Little mycelium density was found on control plate lacking any carbon
source.

4.10. Effect of nitrogen source

An experiment was conducted to work out the effects of supplementation of amino acids,
inorganic nitrogen and complex organic nitrogen substance in basal media on mycelial
growth. The effect of complex organic, amino acids and inorganic nitrogen substance on
growth was tested in basal medium supplemented with inorganic and organic nitrogenous
substances at 0.5% (w/v) level with pH adjusted to 7.0. However, the nitrogen source was
autoclaved separately and aseptically combined afterwards. The experiment was conducted
for the period of fourteen days (dark incubation) at 20°C and the results of colony diameter

and density so obtained are recorded in Table 4.9.
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Table 4.7: Effect of different culture media on mycelial growth of nine isolates of Isaria spp., collected from different ecological
regions of Darjeeling hills. Mycelial growth was measured as the diameter of the colony (mm) on the culture plates (n=3 plates + SD).

Isolates
Medium IDAR-01 IDAR-02 IDAR-03 IDAR-04 IDAR-05 IDAR-06 IDAR-07 IDAR-08 IDAR-09
CDA 44.00+1 37.67+£1.52 40.67+2 47.00+2 44.00+1 31.67£1.52 50.33%1.52 49.67+2.51 60.67£1.52
CMA 21.67+0.57 16.00£1 31.00+£1 27.67+1.52 22.67+2.08 25.67+1.52 31.00+£1 27.33£1.52 40.33%1.52
GP 39.334+0.57 28.67+2.08 48.00+1 52.00+1 33.33+1.52 48.00+2 29.67+1.52 33.33+2.51 48.33+£2.08
HB 15.00+1 26.33+1.52 22.334+0.57 30.00+1 35.3343.05 13.33+1.52 37.33+0.57 43.00+1 51.00+1
HO 41.62+1.52 42.00+1 29.67+1.52 39.00«+1 24.67+0.57 25.00«£1 40+1 39.00+£1 49.00+1
LILLY 43.3342.08 40.00+1 28.67+1.52 35.33+1.15 29.00+1 33.33+0.57 39.33+1.52 51.33+1.52 53.33+£0.57
ME 26.66+1.52 26.66+2.08 37.66+1.52 32.33+1.15 19.00+2.64 35.66+0.57 36.33+1.52 31.33+1.52 31.33+4.16
MCM 47.67+0.57 47.67+1.15 50.00+£1 51.00«+1 37.33+£0.57 50.67£1.52 56x1 59.00+£1 58.00=+1
MPDA 39.00+0.57 37.00+1 37.00+1 37.00+1 34.00+1 33.67+1.52 42+1 42.67+0.57 45.67+1.52
MSA 21.67+1.15 17.00+0 - - 20.67+0.57 - - 18.67+1.15 18.33+0.57
NA 27.67+1.15 19.33+0.57 38.00+£2 42.67+2.08 26.00£2 28.00£2 26.67+£2.08 15.00£2 34.67£2.51
OMA 25.00+2.64 17.00+1 29.67+1.52 28.67+0.57 24.33+1.52 30.00+1 25.334+0.57 25.33+1.15 35.33£1.15
PDA 40.67+1.15 31.33+1.15 43.67+2.51 44.67+1.15 42.67+1.15 39+2.64 45.33+1.52 39.00+1 47.67+1.52
SDA 34.00£1.73 29.00+1 43.00+1 41.67+0.57 21.67+2.08 43.334£2.08 33.67+1.52 37.67+£2.08 42.67+0.57
TA 27.334£2.51 16.67+1.52 25.67+£2.08 28.33+0.57 21.334£2.51 21.67+1.15 20.67+0.57 19.00£1 37.00+1

— : No growth was recorded

CDA: Czapek Dox Agar., CMA: Corn Meal Agar, GP: Glucose Peptone Agar, HB: Hennerberg Agar., HO: Hopkins Agar., ME: Malt
Extract Agar, MCM: Mushroom Complete Medium, MPDA: Martin Peptone Dextrose Agar Medium, MSA; Malt Salt Agar, NA: Nutrient
OMA: Qat Meal Agar, PDA: Potato Dextrose Agar, SDA: Sabouraud Dextrose Agar, TA:

Agar, Tryptone Agar.
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Table 4.8: Effect of different carbon source on the mycelial growth of various strains of Isaria spp., collected from different ecological regions
of Darjeeling hills. Mycelial growth was measured as the diameter of the colony (mm) on the culture plates (n=3 plates = SD). Effect of carbon
source was conducted on basal salt medium with each carbon source being added at 1.0% (w/v) separately.

Isolates

Carbon

IDAR-01 IDAR-02 IDAR-03 IDAR-04 IDAR-05 IDAR-06 IDAR-07 IDAR-08 IDAR-09
e Mycelial growth (mm) and density
Dextrose 30.66+0.57 33+1 33+1 29.33+2.5 28.33+1.52 29.66+1.52 35.33v2.08 39.66+1.52 39.66+0.57
Dulcitol 29.33+0.57 38.66+0.57 27+1 25.66+1.52 33+£1.73 30.33+1.52 34.33+1.52 44.33+0.57 45.33+0.57
Fructose 29.66+0.57 33.66+0.57 29.6+0.57 31«1 34.334+0.57 23+1 40.66+0.57 39.33+0.57 40+1
Galactose 30+1 36.33+0.57 18.66+2.08 20+£1.73 32.33+0.57 18.33+1.52 17+1 39.33+0.57 40.66+1.52
Mannose 30.33+0.57 34.66+1.15 31.66+1.52 30+1 24.33+0.57 29.33+0.57 38.66+0.57 39.334+0.57 38.66+0.57
Trehalose 29.33+1.52 35.33+0.57 32.66+1.15 33+1 38.66+0.57 24.33+0.57 38+1 38+1 39.334+0.57
Xylose 24.66+0.57 37«1 17.66+1.15 17+1 24.33+0.57 18+1 21£2 20.66+2.08 36.66+0.57
Maltose 32+1 22+1 36+1 34.66+1.52 31.66+1.52 31.66+2.08 46+1 46.33+0.57 47.33+0.57
Sucrose 33.33+0.57 36+1 28.33+0.57 28.66+1.52 36+1.73 27.66+1.52 40.33+1.52 39.33+0.57 39.33+1.15
Raffinose 30.33+0.57 38+1 32.3+0.57 28.66+1.52 30.33+1.52 25.33+0.57 38.66+0.57 34+1 43+1]
Starch 30.66+0.94 37.33+0.23 31.66+0.47 32+2.12 31.66+0.23 25.66+0.23 40+0.70 42.33+0.47 40.66+0.23
Na-Acetate 31+1 28+1 20.33+£2.08 25+1 19.33+£0.57 30+1 36+1 41+1 47+1
Control 31+1 22.33+0.57 361 25.33+1.15 2242 23+1 28.66+1.15 40.33+1.52 45.33+0.57
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It is clear from the Table 4.9 that mycelial growth occurred in all nitrogen sources.
Supplementation of basal growth medium lacking nitrogen with organic and inorganic
nitrogenous sources in general showed a stimulatory effect on mycelial growth and density
in the selected isolates (Table 4.9), but the growth responses were variable with different
nitrogenous substances. Data clearly indicates that all the amino acids tested (asparagine,
glycine, cysteine and glutamic acid) supported the growth of all isolates.

Glutamic acid as nitrogen source among amino acids was superior in accelerating the
mycelial growth of all isolates producing larger colony diameter followed by asparagine,
cysteine and glycine. Yeast extracts amongst organic nitrogenous compounds positively
supported mycelial growth. However, among the nitrate nitrogen, sodium nitrate was found
to be superior to calcium nitrate and potassium nitrate with respect to mycelial growth and
density. All the tested nitrates were better than ammonium sulphate for mycelium growth,
although it fulfils the requirement of sulphur. Urea as nitrogen was found to exhibit lesser
colony growth of all isolates and very feeble mycelial density was recorded in all the
isolates.

Thus, all the nine isolates grew approximately equally well with amino acids, nitrate and
complex nitrogen substance. Finally, in the absence of nitrogen source, in the control

plates, there is predominance of very thin mycelial growth.
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Table 4.9: Effect of different nitrogen source on the mycelial growth of various strains of Isaria spp., collected from different ecological
regions of Darjeeling hills. Mycelial growth was measured as the diameter of the colony (mm) on the culture plates (n=3 plates + SD). Effect

of nitrogen source was conducted on basal salt medium with each nitrogen source being added at 0.5% (w/v) separately.

Nitrogen source IDAR-01 IDAR-02 IDAR-03 IDAR-04 Ils]())rltf-sos IDAR-06 IDAR-07 IDAR-08 IDAR-09
Mycelial growth (mm) and density)
Asparagine 29.66+2.08 32.66+0.57 22.66£1.15 23.33£1.15 29.66£1.15 26.66+0.57 29.33+1.15 37.66+0.57 39+1
Glycine 25+1 33.66+1.15 22.33£1.52 26.33+£0.57 28.661.15 23.33+0.57 31.66+2.08 40.334£2.08 36.33£1.15
Cysteine 25+1 22.66+1.52 23.66+0.57 20.66+2.51 19.66+1.52 16.33+0.57 23.33+0.57 20.33+0.57 34.33+2.08
Glutamic acids 44.33+1.52 34+1 40.66+1.52 41.66+1.52 41.33+0.57 39.661.52 40+1 41x1 33+1
CaNO; 36.33+0.57 15.33+1.15 22.66+0.57 18.66+0.57 19+1 20.66+1.15 30+1.73 32.66+0.57 19.334£3.21
KNO; 38.66+0.57 37+1 23.33+£2.08 24.33£1.52 28.66+1.15 25+1 35+1 37.33+£1.52 44.66+1.15
NaNO; 42.66+0.57 28.33+1.52 28.66+1.52 45.66+1.52 44.66+1.52 32+1 36+1 44+1 46.33+0.57
NH,SO, 25.66+0.57 21.3341.52 16.33+0.57 16.66+0.57 21.3340.57 16.33+0.57 19.66+1.52 23.3340.57 36.33+0.57
Casein 40.66+0.57 34.33£1.52 38.33£1.52 36.66+1.52 29.66+0.57 40.33+1.52 40.33+0.57 33+1 3743
Peptone 35.33+0.57 29.33+1.52 40+1 3342 24.66+0.57 36.66+1.52 461 32+1 39+1
Yeast Extract 40+1 41.334£2.08 39.66+0.57 34.33+1.52 28.66+1.52 40.33+1.52 47.334+0.57 48.66+0.57 40.33£1.15
Urea 32+1.15 24.5+2.08 32+2.08 32.5+3.51 16.5+1 13+1.15 13.5+1.52 28+2.51 21+1.15
Control 15+1 19.3341.52 21+1 20+1 20.33+0.57 19+2 20.66+2.08 23+1 23.3340.57
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4.12. Effect of carbon to nitrogen ratio

The radial mycelial growth of all nine strains of Isaria spp., with different C/N ratios
(adjusted with different concentration of D-glucose and proteose peptone) for a period of
fourteen days is presented in Table 4.10. An optimum C/N ratio of 50: 1 (12.5 g D-Glucose
or 5% C and 3.84 g Proteose Peptone) was observed for IDAR-01, IDAR-03 and IDAR-09
while 60:1(15 g D-Glucose or 6% C and 4.61 g Proteose Peptone) for IDAR-04, IDAR-06
and IDAR-08, respectively and a very low C/N ratio of 5:1(1.25 g D-Glucose or 0.5% C
and 0.769 g Proteose Peptone) for IDAR-05. The negative control i.e., media containing
agar only, showed a mycelial growth with extremely poor level of mycelial density for all

nine strains, revealing it could not sustain rich mycelial growth.

4.13. Effect of Vitamins

To study the vitamin requirements of all nine sample strains of Isaria spp., an experiment
was designed. The basal medium was boiled with activated charcoal (5g/1) and filtered to
eliminate any trace of vitamin present in the basal medium (Lilly and Barnett, 1951). Both
the basal medium and the stock solution of vitamins (thiamine, biotin, pyridoxine, nicotinic
acid, and riboflavin) were sterilized separately and mixed at the rate of 0.5 mg vitamin/I
before inoculation. The results are given in table 4.11. The radial mycelial growth of the
medium supplemented with thiamine-HCI] was the highest among the tested vitamins for
IDAR-09 (41£1mm), even higher than the control medium with all vitamins (control 1)
and without vitamin (control 2), although there is no significant difference among these
treatments and the media containing biotin (VH), ascorbic acid (VC) nicotinic acid and
thiamine-HCI (Table 4.11). It was significant to note that the basal medium (without
vitamin) was found to be a poor medium for mycelial growth in all cases excepting IDAR-
08 and IDAR-09 which showed comparatively better growth in basal medium than that of

a medium containing either ascorbic acid or pyridoxine.
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Table 4.10: Effect of different C/N ratios on the mycelial growth and density of various strains of Isaria spp collected from different ecological
regions of Darjeeling hills. Mycelial growth was measured as the diameter of the colony (mm) on the culture plates (n=3 plates + SD). “Average
of three independent colony radial diameters with standard error. c: Compact, sc: Moderately compact, st: Moderately thin and t: Thin. Effects

of C/N ratio was conducted on basal salt medium.

Strain No. Mycelial growth (mm) and density
01:01 05:01 10:01 20:01 30:01 40:01 50:01 60:01

IDAR-01 29.84+2.77t 32.8+1.30sc 31+1.87c 30.4£1.51c¢ 36+1c 37.8£1.09¢ 40.4+1.14c 39.4+.89¢
IDAR-02 32.8+1.92sc 30.8+1.48sc 42.6+1.67sc 40.8+.83sc 41.2+.83sc 39.4+1.14c 39.8+1.30c 40.8+.83c
IDAR-03 23.8+.83t 24.6%1.14sc 3443.56sc 36+1sc 37.6+.89¢c 39.6+1.14c 41.6+1.14c 40.4+1.34c
IDAR-04 38.6=1.14t 37+1.30sc 35.4+1.14sc 36+1sc 37.8+0.83sc 35.6+1.14sc 37.8+0.83c 39.4+1.58c
IDAR-05 41.2+2.58t 36.4+1.14sc 32.2+0.83sc 30.4+1.14sc 30.4+1.14sc 31.8+1.30c 33+0.70c 33.6+1.14c
IDAR-06 23.2+1.48t 26+1.58sc 31.6+1.14sc 29.8+0.83sc 34.6+0.89sc 34+1sc 34+1c 35+1.58¢
IDAR-07 33.6+1.14t 33.61.51sc 38.2+0.83sc 40.8+0.83sc 37.2+1.64sc 47.6+£2.07c 45.6+1.51c 45.8+0.83¢
IDAR-08 30.6+1.51t 40+2.91sc 29.8+0.83sc 45+0.70sc 42.2+1.30c 46.4+1.34c 47.2+1.09¢ 48.6+1.14c
IDAR-09 34.6+1.94t 40.4+1.14sc 36.8+0.83sc 44.6+0.89c 45.4+1.14c 40.6+1.14c 48.2+0.83¢ 45.6+0.89¢
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Table 4.11: Effect of different vitamin source on the mycelial growth of various strains of Isaria spp., collected from different ecological
regions of Darjeeling hills. Mycelial growth was measured as the diameter of the colony (mm) on the culture plates (n=3 plates = SD). Effect of
vitamin source was conducted on basal salt medium with each micro-syringe filter sterilized vitamin source being added at 0.5ug/ml separately.

T-HCI= Thiamine HCI.

Strain
No. Mycelial growth (mm)

Ascorbic Acid Biotin (VH) Inositol Nicotinic Acid Pyridoxine (VB6) Riboflavin T-HCl Control
IDAR-01 28.66+0.57 27.66£1.52 27.66+0.57 26.33£1.15 28.66+0.57 26.33£1.15 25.33+0.57 22.33+0.57
IDAR-02 25.33+0.57 21+1 25.66%1.52 23.33£1.52 23.66£1.52 24+1 26+1 21.33+0.57
IDAR-03 24.33+0.57 20+1 18.33+0.57 24.33+0.57 22.33+0.57 22.66+0.57 22.66+0.57 20.66+0.57
IDAR-04 18.66+0.57 2242.64 20+1 18+1 17.33+0.57 18.66+0.57 18.66+£0.57 15.66+0.57
IDAR-05 21.33+0.57 28+1.73 20.33£1.52 21.66+0.57 20.33+0.57 18.66+ 20.66+0.57 17.33+0.57
IDAR-06 20.66+0.57 25.33+0.57 23+1 19+1 20.33+0.57 19.33+0.57 19.66+£0.57 17+0
IDAR-07 22+1 22.66+0.57 23.66+0.57 21.66+1.52 21+1 21.66+0.57 20.66+1.15 18+1
IDAR-08 33+1 34.66+0.57 34.33+1.52 29.66+0.52 30.33+0.57 30.66+0.57 30.66+0.57 26.33+£0.57
IDAR-09 36.66+1.52 33.33+0.57 34+1 37.33+0.57 38+1 36.66+0.57 41+1 30.33+0.57

139



4.14. Effect of Organic acids:

When various organic acids (citric acids, fumaric acid, malic acid, oxalic acid and tartaric
acid) were added to the basal medium at a concentration of 0.01% (w/w), oxalic acid was
found to be excellent for the mycelial growth of IDAR-03, IDAR-04, IDAR-05, IDAR-07,
IDAR-08 and IDAR-09 respectively and citric acid for IDAR-02 and IDAR-06 followed
by maleic acid for IDAR-01 (Table 4.12). After 14 days of dark incubation, the mean
colony diameters of strains IDAR-08 and IDAR-09 grown in the presence of oxalic acid
were 35.66 mm and 35.0 mm, respectively. It was also evident from the results that visual
ratings of the mycelial density were extremely poor (-), poor (+) to moderate (++) in few
strains. Furthermore, the mycelial growth was found to be scanty and thus it could be
assumed from the results that supplementation of organic acids in the basal medium had

minimal effect on the growth of mycelia.
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Table 4.12: Effect of different organic acids source on the mycelial growth of various strains of Isaria spp collected from different

ecological regions of Darjeeling hills. Mycelial growth was measured as the diameter of the colony (mm) on the culture plates (n=3

plates = SD). Effect of organic acid source was conducted on basal salt medium with each organic acid source being added at 0.01%

(w/v) separately.
Strain No. Mycelial growth (mm)
Citric acid Fumaric acid Malic acid Oxalic acid Tartaric acid

IDAR-01 2241 12.66£1.15 2743.05 24.33+1.52 21.33+0.57
IDAR-02 29.33+1.52 18+1 23+2.51 29+1 15.33+1.52
IDAR-03 28+2.64 23+1 20.5+2.64 30.66+2.08 24.33+1.52
IDAR-04 30+1 19+2 29.5+1 32+1 18+1
IDAR-05 24.33+0.57 194+2.64 33.5+1 38+l 26.33£1.15
IDAR-06 31.33+1.52 21+1 21.5+1 31«1 20+1
IDAR-07 30+1 20+2 24.5+1 28.33+1.15 28+1
IDAR-08 29+1 23+1 21.5+1 35.66£1.15 32+1
IDAR-09 34.66+1.52 23.66+2.51 36.5+1 3542 35+1
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4.15. Effects of Mineral elements

Eight mineral macro and micro elements in its salt form were used to study their effects on
the process of mycelial growth elongation. The mycelial growth is sensitive towards the
presence of mineral elements and therefore an attempt was made to find out its effects on
the mycelial growth. All the trace elements were added separately to MPDA medium at a
concentration of 0.01% (w/v) and the macro elements at a concentration of 0.05% (w/v).
The mycelial growth of almost all the strains was significantly increased in the MPDA
medium with all the macro-elements tested than the medium (control) without any mineral
element. The lack of any of the macro-elements from the complete medium did not have
any significant effect on mycelial growth, although the highest yield of colony diameter
occurred in the complete medium supplemented with calcium. There was no significant
difference of the colony diameters in the medium supplemented K, Mg”", Ca’" and Na”
and between the medium without any macro-element.

It is clear from the results that the mycelial growth of IDAR-01, IDAR-05, IDAR-08 and
IDAR-09 was significantly enhanced in the medium containing Fe as the trace-elements,
compared with that in the control medium (Table 4.13). The colony diameter in the basal
medium without mineral nutrient’s (control) was significantly less than that in the medium
supplemented with mineral nutrients. The medium supplemented with copper had the toxic
effect on growth in case of IDAR-01 and IDAR-09. The growth of IDAR-01 (12.33+1.52
mm) and IDAR-09 (15+1mm) was found to be adversely affected with supplementation of
copper in the basal media and its presence significantly decreased the growth of these
strains. Thus, all the strains exhibited excellent mycelial density of visual ratings (+++)

on supplementation of mineral elements.
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Table 4.13: Effect of different mineral elements source on the mycelial growth of various strains of Isaria spp., collected from different
ecological regions of Darjeeling hills. Mycelial growth was measured as the diameter of the colony (mm) on the culture plates (n=3 plates + SD).
Effect of mineral elements source was conducted on Martin’s peptone dextrose agar with each macro and micro element source being added at

0.05% and 0.01% (w/v) separately.

Strain Mycelial growth (mm)
No.

Fe Zn Mn Cu K Mg Ca Na Control
IDAR-01 38+1 33.66+1.52 32.66+0.57 12.33£1.52 38+1 37.33£1.52 39+1 39+1 32.66+1.52
IDAR-02 26.66+1.52 40+1 32.66+2.08 36.66+1.52 34.66+0.57 36.66+1.52 44.66+1.15 40+1 32+2
IDAR-03 37.66+1.52 27.66+2.08 36+1 46+1 39+1 38+1 42.66+0.57 36.66+1.52 30+1
IDAR-04 39.33+2.08 40.33+2.51 38.66+1.52 38.33+1.52 32+1 35+1 33.66+0.57 36+1 35+1
IDAR-05 35+1 16+1 33.33+0.57 29.66+0.57 44.33+1.52 41+1 45+1 35+1 3242
IDAR-06 32+1 31.33+1.52 32.66+2.51 35+1 40+1 36+1 33.66+0.57 35+1 29+1
IDAR-07 38+1 46+1 48.66+0.58 49.33+0.57 42+1 44.33+1.52 38.33+1.52 41.33+1.52 3612
IDAR-08 50+1 52+1 50.33+1.52 42.33+0.57 36.33+0.57 39+1 38.66+1.15 41£3.60 38+2
IDAR-09 50+1 48+1 44.66+1.52 15+1 46+1 40+1 48+1 47.66+0.57 33.66+1.52
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4.16. Effect of Medium Composition on Radial Growth Rate.

Radial growth was measured in terms of mycelial elongation, diameter of the radial
mycelial colony on the surface of agar media. The mycelial growth rate was calculated as
described previously by Nguyen et al., (2020) using the formula: V=D /T, where V is the
mycelial growth rate (mm/day), D is the diameter growth (mm), and T is the incubation
time (days).

In this experiment, three types of fungal nutrient media were used to determine the growth
rate in mm per day. Mycelial growth was measured as the mean of three diameters taken
during the incubation period of fourteen days. As recorded in the Figure 4.3, the growth
rate was found to be varied from 1.5-3.5 mm on SDA and PDA agar plates whereas 3.4-4.2
mm with MCM agar plate. Growth rate of all the isolates was also effected by varied

composition of medium.
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Figure 4.3: Effect of different media source on the mycelial growth of various strains of
Isaria spp., collected from different ecological regions of Darjeeling hills. Mycelial growth
was measured as the diameter of the colony (mm) on the culture plates (n=3 plates £ SD of
nine readings) at 20°C, PDA= Potato Dextrose Agar, SDA= Sabouraud Dextrose Agar and
MCM= Mushroom complete Medium.
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4.17. Static fermentation and inoculation density

An experiment was conducted for selection of optimum inoculum size and its effect on
mycelial dry weight of all nine isolates. To select the optimum inoculum size, three to
eight mycelial discs (5 mm) were inoculated in 30 mL of potato dextrose broth in a 300ml
culture vessel and incubated at 20°C for 14 days. It was evident from the figure that the
optimal mycelial growth in liquid static culture increased as the number of mycelial discs
increased up to five to six, but more than six discs did not increase the dry weight (Figure
4.4). Thus, three to five mycelial discs were found to be optimum for 30 mL of liquid
culture. However, three discs gave a comparable mycelial yield in terms of dry weight and
thus it was used as a standard size of inoculum for all the experiment carried out in liquid
static media.

4.18 Effect of different media and incubation time on the growth of fungal biomass
and media pH.

The effect of incubation period on the growth of nine isolates was studied in vitro using
CDB, MCM and PDB broth medium. To determine the optimum culture period, three
mycelial discs (5 mm) were inoculated in 30 mL of each broth medium and incubated at
20°C (dark) for 5 to 15 days under liquid static condition. Mycelial dry weight was
measured as mentioned above for all experiments. The results of mean mycelial dry weight
and pH of nine isolates as affected by three culture broth media are incorporated in Table
4.14. The pH of the growth medium was initially adjusted at 7.0 which became acidic
between day five and day fifteen of growth. The pH of the medium remained low for all

the isolates with exception to IDAR-01.
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Figure 4.4: Effect of inoculum size on mycelial dry weight of nine isolates of genus Isaria spp., collected from different ecological regions of

Darjeeling hills on potato dextrose agar broth incubated at 20°C for 14 days liquid wunder static condition.
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The pH of IDAR-01 grown on CDB medium increased slightly towards alkaline pH
following fifteen days of continual growth. The results clearly showed that the mycelial
biomass content of all nine isolates increased with time up to ten days and then declined
while IDAR-01 exhibited maximum growth up to fifteen days of incubation in CDB and
MCM, IDAR-03, IDAR-04, IDAR-06, IDAR-07, IDAR-08 and IDAR-09 gave similar
results in CDB. In this experiment it was also noted that the rate of growth was maximum
between five to ten days based on the mycelial dry weight.

Of the three different liquid culture media used per strain at static condition, PDB and
MCM produced the best results for the majority of strains analysed. Generally, these media
significantly improved the overall mycelia biomass production over time of each of the
selected species. However, for large scale production of fungal biomass, PDB is selected as
preference to other two tested liquid medium owing to ready availability. Thus, PDB liquid

static culture for ten days at 20°C is recommended for further research.

147



Table 4.14: Effect of growth media, incubation period on fungal biomass and pH over time on
the mycelial growth and dry weight of various strains of Isaria spp., collected from different
ecological regions of Darjeeling hills. Mycelial growth was measured as the dry weight of the
mycelium in a liquid static culture (n=3 flask + SD of three readings).

5-Days 10-Days 15 Days
DMW
Fungi Medium DMW (g) Final PH DMW (g) Final PH (2) Final PH
IDAR-01 CDB 0.27+0.04 7.49+0.37 0.27+0.04 7.29+0.23 0.37+0.03 8.22+0.14
MCM 0.21£0.03 3.9+0.02 0.25+0.04 3.63+0.26 0.42+0.01 4.53+0.16
PDB 0.13+0.03 5.27+0.24 0.39+0.13 5.78+0.16 0.33+0.11 3.83+0.22
IDAR-02 CDB 0.28+0.06 4.67+0.54 0.45+0.08 6.07+1.18 0.40+0.1 6.01+0.57
MCM 0.31+0.06 3.94+0.09 0.47+0.06 4.71+0.32 0.43+0.32 4.88+0.69
PDB 0.22+0.04 5.240.14 0.47+0.05 3.92+0.03 0.36+0.02 3.28+0.15
CDB 0.407+0.012 6.44+0.303 0.373+0.033 5.87+0.05 0.38+0.04 6.01+0.15
IDAR-03 MCM 0.22+0.02 4.46+0.03 0.340.04 4.48+0.25 0.22+0.05 4.30+0.01
PDB 0.39+0.47 4.83+0.07 0.40+0.01 4.59+0.19 0.25+0.02 3.62+0.04
CDB 0.27+0.03 6.30+0.12 0.31+0.008 6.07+0.17 0.32+0.01 6.38+0.22
IDAR-04 MCM 0.22+0.02 4.46+0.03 0.34+0.04 4.48+0.25 0.22+0.05 4.30+0.01
PDB 0.39+0.47 4.83+0.07 0.40+0.01 4.59+0.19 0.25+0.02 3.62+0.04
CDB 0.25+0.03 5.17+0.12 0.39+0.14 5.98+0.16 0.32+0.03 3.69+0.29
IDAR-05 MCM 0.21+0.03 3.92+0.10 0.29+0.004 3.64+0.06 0.18+0.03 4.66+0.66
PDB 0.22+0.05 5.53+0.35 0.31£0.10 4.04+0.129 0.27+0.02 3.62+0.11
CDB 0.28+0.02 6.33£0.13 0.25+0.13 6.17+0.11 0.30+0.01 6.70+0.11
IDAR-06 MCM 0.18+0.01 3.73+£0.31 0.37+0.01 6.02+0.05 0.34+0.24 3.64+0.0+6
PDB 0.14+0.005 5.86+0.54 0.45+0.05 4.2240.15 0.24+0.01 3.83++0.06
CDB 0.23+0.04 6.85+0.22 0.20+0.07 6.37+0.28 0.27+0.05 6.54+0.32
IDAR-07 MCM 0.18+0.01 5.75+0.03 0.29+0.01 4.60+0.58 0.23+0.06 5.40+0.09
PDB 0.162+0.01 5.51+0.03 0.36+0.006 4.82+0.06 0.20+0.06 5.14+0.10
CDB 0.31+0.05 7.03+0.49 0.26+0.06 6.36+0.29 0.37+0.03 7.49+0.24
IDAR-08 MCM 0.22+0.03 5.75+0.09 0.42+0.03 4.60+0.58 0.24+0.20 5.76+0.43
PDB 0.206+0.007 5.62+0.21 0.37+0.01 5.83+0.23 0.38+0.01 4.48+0.25
CDB 0.29+0.04 6.72+0.16 0.30+0.03 6.54+0.09 0.39+0.07 6.81+0.26
IDAR-09 MCM 0.15+0.009 4.97+0.21 0.44+0.21 5.08+0.75 0.25+0.08 4.61+0.7
PDB 0.37+0.39 5.31+0.08 0.30+0.01 3.56+0.08 0.24+0.06 3.07+0.12
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4.19. Percent (%) yield of crude extract of various strains of Isaria spp., collected from
different ecological regions of Darjeeling hills.

5 g finely ground pulverised mycelium was extracted by maceration three times with 70%
methanol (aqueous), evaporated to dryness and weighed to obtain the yield. The same
procedure was repeated for all investigated fungal isolates and the results of percent yield
of mycelial extract of nine isolates are given as a percentage of the original weight of crude
sample (Table 4.15). The wet weight values of all nine extracts under study was found to
range from 8.17+5.20g for mycelium of 1. farinosa IDAR-05 to 2.79+8.74g in 1. farinosa
IDAR-08. The dry weight of nine isolates was found ranging maximum from 0.634+0.06g
in I. tenuipes IDAR-06 to a minimum of 0.308+0.12¢g in /. fumosorosea IDAR-09. Among
the nine isolates the percent yield of cultured mycelial methanol extract was the highest for
L. fumosorosea IDAR-09 (14.02%) while extract of /. farinosa IDAR-05 had the smallest
yield (10.55%). The extraction yield percentage of all the extract was found to be in the
following relative decreasing order of: IDAR-09(14.02%)> IDAR-07(13.19%)> IDAR-
01(12.97%)> IDAR-08 (11.95%)> IDAR-06 (11.69%)> IDAR-03 (11.50%)> IDAR-02
(11.31%)> IDAR-04 (10.65%)> IDAR-05 (10.55%). The data herein reveals that the
extraction yield of all isolates was found similar when compared amongst isolates with
aqueous alcohol as an extraction solvent. The probable explanation may be attributed to the
higher solubility of carbohydrates and proteins in protic solvent water present in the

extraction solvent (7:3 v/v Me-OH-H,0).
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Table 4.15:
Darjeeling hills. Aqueous methanol (70%) was used as a solvent for mycelial extraction. (n=3,

Extraction yield efficiency of various strains of Isaria spp., collected from

+ SD).

Isolates Wet weight (g) Dry weight (g) Yield (%)3
IDAR-01 4.40+4.63 0.385+1.30 12.97+0.07
IDAR-02 5.52+7.94 0.469+0.49 11.31+0.11
IDAR-03 5.92+3.45 0.399+0.16 11.50+0.47
IDAR-04 5.95+5.86 0.410+0.11 10.65+0.02
IDAR-05 8.17+5.20 0.366+0.30 10.55+0.12
IDAR-06 4.78+5.25 0.457+0.50 11.69+0.12
IDAR-07 4.16£1.06 0.634+0.06 13.19+0.22
IDAR-08 2.79+8.74 0.373+0.11 11.95+0.18
IDAR-09 5.53+4.60 0.308+0.12 14.02+1.48

4.20. Qualitative phytochemical analysis

Qualitative analysis for the detection of wvarious phytochemicals viz. alkaloids,
anthraquinones, flavonoids, saponins, tannins, terpenoids, glycosides, phenols, steroids,
triterpenoids and proteins, was carried out from cultured mycelial methanol extract of nine
isolates. Results summarised in Table 4.16., indicated that wvarious classes of
phytochemical did not obey the polarity of solvents for compound resolution. The
preliminary chemical screening results confirmed the presence of flavonoids, phenolic
compound, phlobatannin, tannins, saponins, proteins and glycosides in all nine isolates and
steroid were present in only in IDAR-04 and IDAR-06. The presence of these
phytochemicals in the concentrated methanolic extracts based on visual inspection varied
quantitatively from mild positive to highly positive in all extracts of different isolates.
Anthraquinones, alkaloid, terpenoid and quinines were absent in all nine isolates. Further,

cultured mycelial extracts contained the maximum phytochemical classes.
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Table 4.16: Preliminary biochemical analysis for the detection of phytochemicals in concentrated methanolic extract from mycelia of Isaria isolates from

Darjeeling hills. (n=3).

Test of Compound class IDAR-01 IDAR-02 IDAR-03 IDAR-04 IDAR-05 IDAR-06 IDAR-07 IDAR-08 IDAR-09
Alkaloids - - - - - - - - -
Phenolic compounds ++ +++ -+ -+ ++ ++ ++ ++ -+
Flavonoids - + + + - + + T +
Tannins + + + + + + + + +
Phlobatannin - + - + + + + — +
Glycoside ++ +++ ++ +++ ++ ++ ++ ++ +++
Proteins + + + + + + + + +
Saponins + ++ + +++ + + ++ + +
Anthraquinones - - - - - - - — _
Quinones - - - - - - - - _
Steroid - - - + - + - - _
Terpenoids - - - - - - - - -

Note: +: Mild positive; ++: Positive; +++: Highly positive;— Negative
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4.21. Comparison of IR spectra from four different species of genus Isaria

In order to examine the probable chemical compositions of the crude methanolic extract,
FTIR (Fourier Transform Infrared) spectroscopy was used. The spectrum analysis (Fig. 4.5/A)
of the lyophilized extract of Isaria javanica IDAR-01 shows the characteristic absorption
peaks at 3302 cm ' (R,-N-H stretch), 2924 cm ™! (aliphatic C-H stretching, asymmetric) 2853
cm ' (C-H stretching, symmetric) respectively. The vibration at 1746 cm' indicates y C=0
stretching and y C-(C=0)-C stretching at 1638 cm™ whereas peak at 1468 and 1378 cm'
indicate y C-H bending followed by spectrum at 1240 cm™ and 1165 cm™ indicates y C=0O
stretching and minor peak at 722 cm™ reflects y C-C bending out of plane.

The FTIR spectrum analysis (Fig 4.5/B) of the lyophilized extract of Isaria tenuipes IDAR-04
shows the characteristic absorption peaks at 3292 cm ™' (y -N-H stretch), 2931 cm ' (aliphatic
C-H stretching, asymmetric) and 2855 cm ' (C-H stretching, symmetric) respectively. The
vibration at 1622 c¢m ' indicates y C=N stretching and y N-O (cis) stretching at 1405 cm’
whereas peak at 931 indicate y N-O stretch.

The FTIR spectrum analysis (Fig 4.5/C) of the lyophilized extract of Isaria farinosa IDAR-02
shows the similar characteristic absorption peaks at 3343 cm ' (y -O-H stretch) indicating the
functional group of a carbohydrates, 2929 cm ' (aliphatic C-H stretching, asymmetric) and
2855 cm ' (C-H stretching, symmetric) respectively indicating lipids. The vibration at 1653
cm ' indicates vy C=0 stretching and o6 (C-H,) stretching at 1454 cm” whereas peak at 1404
indicate y C-N stretch. There was a strong absorptive peak for the methanol extract in the
vicinity of 890 cm ™', which indicated higher sugar composition compared with intensities of
peak at 1259 cm ' and at 1080 cm ™ indicating the presence of ethers.

The FTIR spectrum analysis (Fig 4.5/D) of the lyophilized extract of Isaria fumosorosea
IDAR-09 shows the characteristic absorption peaks at 3300 cm ™' (R,-N-H stretch), 2927 cm™

(aliphatic B (C-H;) stretching, asymmetric), 2853 cm ' (v (C-Hy) stretching, symmetric) 1643
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cm ' (y (C-O stretching) respectively indicating the probable presence of higher lipid content.
The vibration at 1460 cm™ ' indicates & (C-H,) suggesting the existence of nucleosides. There
was a strong absorptive peak for the methanol extract in the vicinity of 1258 cm ™, 1081 cm™
and 630 cm ! indicating the presence of ethers.

The overall results showed the presence of N-H stretching vibration, C-H stretching, C=N
stretching and N-O stretching vibration which could possibly indicate the presence of some
alkene, amine and nitro compounds in methanolic extract.

In the present study, FTIR data was evaluated only for four isolates representing four different
species. This limitation was based on prospective observational studies of nucleophile
functional groups from FTIR chromatogram. We did not include other isolates based on
anticipation that these nucleophiles that could participate in oxidation reduction reactions are

also present in the replicate collection from various ecological regions.
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Figure 4.5: Fourier transform infrared spectra of lyophilized extract of A. Isaria javanica
IDAR-01 prepared as KBr pellet and scanned in the range 4000 to 450 cm ™.

153



100.0

%T

95 |
90 |
85 |
80
75

70 |

60 |
55 4
50 |
45 |
40
35 ]
30 4
25

20

2080

1622

3292 2031

1452
1405

843
802

05

1024
1083

0.0
4000.0

T
3600

T
1800
cm-1

T T T T
3200 2800 2400 2000

T
1600

T
1400

T T T T 1
1200 1000 800 600 450.0

Figure 4.6: Fourier transform infrared spectra of lyophilized extract of B. Isaria tenuipes
IDAR-04 prepared as KBr pellet and scanned in the range 4000 to 450 cm .
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Figure 4.7: Fourier transform infrared spectra of lyophilized extract of C. Isaria
farinosa IDAR-02 prepared as KBr pellet and scanned in the range 4000 to 450 cm .
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Figure 4.8: Fourier transform infrared spectra of lyophilized extract of D. Isaria
fumosorosea IDAR-09 prepared as KBr pellet and scanned in the range 4000 to 450 cm .

4.22 Total phenolic content (TPC)

Figure 4.9., shows the TPC of the extracts measured using the Folin-Ciocalteu method.
TPC values were obtained from the calibration curve y =0.0023x+0.0657 with R? =
0.9936, where x is the absorbance and y is the concentration of gallic acid solution
(ng/mL) expressed as pg GAEs/g. The TPC values of all nine extracts under study was
found in ranging from 115.58 pg GAE/g for methanol extract of IDAR-01 to 304.47ug
GAE/g for IDAR-02 methanol extract (Figure 4.9) and they decrease in the following
relative order: IDAR-02 > IDAR-08 > IDAR-06> IDAR-05 > IDAR-07 > IDAR-03 >

IDAR-09> IDAR-04 > IDAR-04 > methanol.

4.23 Total flavonoid content

As presented in figure 4.10., the TPC of the extracts were measured using the AICI;
method. TFC values were obtained from the calibration curve y =0.0345x+with R* =
0.9629, where x is the absorbance and y is the concentration of quercetin solution (ug/mL)

expressed as pg QEs/g. The TFC values of the extracts range from 7.39 ug QEs/g for
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methanol extract of IDAR-06 to 16.22 pg GAE/g for IDAR-03 methanol extract (Figure
4.10) and they increase in the following relative order: IDAR-06 >IDAR-07 > IDAR-05
>IDAR-04 >IDAR-02 < IDAR-08 >IDAR-09 >IDAR-01 >IDAR-03.

4.24 Total tannin content (TTC)

As presented in figure 4.11., the TTC of the extracts was measured using the AICl;
method. TTC concentration values were obtained from the calibration curve y =0.0047x-
0.0026 with R* = 0.992, where x is the absorbance and y is the concentration of tannic acid
solution (ug/mL) expressed as mg TAEs/g. The TTC values of the extracts range from
0.257 mg TAEs/g (Tannic Acid Equivalent) for methanol extract of IDAR-08 to 0.483 pg
TAEs/g for IDAR-05 methanol extract (Figure 4.11) and they increase in the following
relative order: IDAR-08 >IDAR-09 >IDAR-01 >IDAR-03 >IDAR-04 >IDAR-02 >IDAR-

06 >IDAR-07 >IDAR-05.
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Figure 4.9: Total phenolic content of nine isolates of Isaria collected from Darjeeling hills.
Aqueous methanol (70%) was used as a solvent for total phenolics extraction from dried

mycelium. (n=3, + SD).
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Figure 4.10: Total flavonoid content of nine isolates of Isaria collected from Darjeeling
hills. Aqueous methanol (70%) was used as a solvent for total flavonoid extraction from

dried mycelium. (n=3, = SD).
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Figure 4.11: Total tannin content of nine isolates of Isaria collected from Darjeeling hills.
Aqueous methanol (70%) was used as a solvent for total tannin extraction from dried

mycelium. (n=3, + SD).

157



4.25 Total B-carotene content

The B-carotene content values of all nine extracts under study was found ranging from
0.055mg/100g extract for methanol extract of IDAR-01 to 0.255mg/100g for IDAR-02
methanol extract (Figure 4.12) and they increase in the following relative order: IDAR-01
> IDAR-06 > IDAR-04> IDAR-07 > IDAR-03 > IDAR-05 > IDAR-08> IDAR-09 >

IDAR-02.
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Figure 4.12: Quantitative estimation of B-carotene of nine isolates of Isaria collected
from Darjeeling hills. Aqueous methanol (70%) was used as a solvent for B-carotene

extraction from dried mycelium. (n=3, £ SD).

4.26 Total lycopene content

The lycopene content of all nine extracts under study was found in ranging from
0.00207mg/100g of extract for methanol extract of IDAR-01 to 0.041mg/100g for IDAR-
04 methanol extract (Figure 4.13) and they gradually increase in the following relative
order: IDAR-01 > IDAR-08 > IDAR-02> IDAR-05 > IDAR-03 > IDAR-06 > IDAR-09>

IDAR-07 > IDAR-04. Amongst the nine isolates maximum amount of lycopene was
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evaluated in /. tenuipes (IDAR-04), while minimum amount of was there in /. javanica

(IDAR-01).
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Figure 4.13 Quantitative estimation of lycopene in various extracts of Isaria collected
from Darjeeling hills. Aqueous methanol (70%) was used as a solvent for lycopene

extraction from dried mycelium. (n=3, & SD).

The overall extraction yield of various bioactive potential fractions of aqueous methanol

mycelial extract is depicted in Table 4.17.
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Table 4.17: Estimation of phenolic compounds, carotenoid, and lycopene content of nine isolates of Isaria spp collected from different

ecological regions of Darjeeling hills. (n=3, + SD).

Isolates TPC (ug GAEs/g) TFC (ug QEs/g) TTC (mg p-Carotene Lycopene
TAEs/g) (mg/100g (mg/100g
Extract) Extract)
IDAR-01 115.58+0.12 15.98+1.13 0.332+0.009 0.055+0.007 0.002+0.009
IDAR-02 304.47+6.96 9.1£2.11 0.360+0.002 0.255+0.009 0.011+0.007
IDAR-03 209.11+2.28 16.22+3.16 0.342+0.02 0.123+0.004 0.035+0.006
IDAR-04 148.09+3.51 9.1+£2.11 0.343+0.03 0.119+0.006 0.041+0.009
IDAR-05 211.43+£2.48 8.71+0.5 0.483+0.007 0.162+0.02 0.0115+0.006
IDAR-06 243.45+9.77 7.39+0.64 0.369+0.01 0.114+0.003 0.035+0.003
IDAR-07 210.85+14.56 8.67x1.14 0.375+0.02 0.116+0.008 0.040=+0.002
IDAR-08 283.31+£9.81 9.74+0.69 0.257+0.01 0.178+0.02 0.0108+0.006
IDAR-09 206.21+7.69 15.39+1.02 0.331+0.01 0.208+0.01 0.0355+0.02

TPC= Total Phenol Content; GAE= Gallic Acid Equivalent; TFC= Total Flavonoid Content; QE= Quercetin Equivalent; TTC=Total

Tannin Content; TAE= Tannic Acid Equivalent




4.27 DPPH Assay

All the nine isolates were screened for their antiradical activities. The extracts from all
isolates were evaluated for their DPPH radical scavenging abilities at various increasing
concentrations ranging from 2-10 mg/ml. The aqueous methanolic extract (70%v/v) from
nine isolates of Isaria spp showed moderate to high degree of DPPH radical scavenging
activity. The variation in the percent inhibition of DPPH radical became more prominent at
4-10 mg/ml concentrations. The extract concentration at 4mg/ml and in the increasing ones
beyond that, all the extracts maintained a good percentage of inhibition with exception in
isolates IDAR-02 and IDAR-05. However, in comparison, the aqueous methanolic extract
showed less DPPH activity than that of synthetic antioxidant standard BHT (Butylated
Hydroxytoluene). As can be seen in the Figure 4.14., the various isolates of the genus Isaria
spp. were shown to scavenge the stable DPPH radical to different degrees. The methanolic
extracts of IDAR-09 scavenged the highest percentage of DPPH radicals (77.63+0.64%)
compared to other isolates where the ability to scavenge was found to be rather moderate.
The lowest scavenging ability was recorded with IDAR-01 (3.33+0.25%). Analysis of the
ICs values for the extracts from nine isolates revealed the values as 2.54 + 0.39/mg/ml, for
the IDAR-09, it was 2.91 = 0.17 mg/ml for IDAR-04 and that for the IDAR-03 the ICsy was
3.11+ 0.20 mg/ml (Table 4.18). This assay shows second line of defence to scavenge free
radicals by suppressing chain initiation and/or by breaking the chain propagation reaction.
Thus, the percent inhibition of DPPH radical differed among the different concentrations of

mycelial extracts. The ICs, value for BHT was found to be 7.2 £ 0.90 pg/ml.

4.28 ABTS radical scavenging activity

The aqueous methanol extract from different isolates of Isaria spp was found to efficiently
scavenge ABTS radicals generated by the reaction between 2, 2’- azinobis (3-

ethylbenzothiazolin-6-sulphonic acid) (ABTS) and ammonium persulphate. Result as
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presented in Figure 4.12 revealed that the activity was found to be in a dose dependent
manner. Amongst the nine isolates tested, IDAR-01 was the most effective with high
scavenging activity (83.65+0.37), recorded at 10mg/ml and the lowest was recorded with
IDAR-07 (35.92+0.96) at the same concentration tested. The scavenging activity of the 70%
methanol extract was comparable among the IDAR-02 and IDAR-03 where the activities
ranged from 23.0340.45% to 60.47+2.47% and 17.83%+1.12% to 65.23+0.80% respectively.
Thus, IDAR-01 had the greatest activity to quench ABTS radical followed by IDAR-03,
IDAR-02, IDAR-09, IDAR-05, IADR-08, IDAR-04, IDAR-06 and the lowest scavenging
ability was recorded for IDAR-07 (Figure 4.12). However, as can be seen from the figure
4.15., it was noticeable that percent inhibition of ABTS radical differed among the different
isolates of the genus Isaria. Considering the higher concentrations, in 10mg/mL tested, the
percent inhibition of IDAR-05, IDAR-08 and IDAR-09 appear to be similar to each other. It
i1s worth mentioning that even higher concentration of extracts of IDAR-06 and IDAR-07
could not scavenge 50% of ABTS radical exhibiting ICsy >10mg/ml. In the results on the
ICso it was recorded that the variance of its values with different isolates was relatively
larger amongst one another. The lowest 1Csy values were recorded for IDAR-01 with
2.940.27mg/ml followed by IDAR-02 with 3.36mg/ml. The ICsy value for BHT was found

to be 2.77 £ 0.55 pg/ml.

4.29 Hydroxyl radical scavenging activity

The *OH scavenging activity of mycelial methanolic extracts of nine isolates was assessed
by its ability to compete with salicylic acid for *OH radicals in the *OH generating/detecting
system. As shown in Figure 4.16., as concentrations of the mycelial methanolic extracts
increased, their *OH scavenging activity also increased and the enhanced activity was
maximally discernable at highest concentration tested (10mg/mL) in all the isolates. Further,

the scavenging effects of methanolic extracts from IDAR-07, IDAR-08 and IDAR-09 on
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hydroxyl free radicals were observed to be the highest (>50%) at 10 mg/ml. At 10 mg/ml,
scavenging effects for the methanolic extracts from IDAR-07, IDAR-08 and IDAR-09 were
55.0%, 50.47% and 55.78%, respectively. In addition, at 2-10mg/ml, the scavenging effect
of methanolic extracts from the isolates of IDAR-01, IDAR-02, IDAR-03, IDAR-04, IDAR-
05 and IDAR-06 on hydroxyl radicals was below 50.0%. In general, all the mycelial extracts
showed relatively weak ability to scavenge OH radical and this apparent inhibition of
hydroxy radical was noted over the control. However, the scavenging effect of mannitol at
200ug/ml was 25.17%. The 1Csy values of extracts from IDAR-07, IDAR-08 and IDAR-09
were 3.95+0.32, 5.60+0.45 and 3.44+0.06 mg/ml respectively. The ICsy values of other

extracts were found to be more than 10mg/ml.

4.30 Hydrogen peroxide Scavenging Activity

To ascertain whether the mycelial extract will exhibit the scavenging effect on hydrogen
peroxide in a concentration dependent manner, the hydrogen peroxide scavenging assay was
performed. In the present study, different concentrations of mycelial extract ranging from
2mg/ml to 10mg/ml were used in hydrogen peroxide scavenging assay. As revealed in the
Figure 4.17., it was observed that there was a prominent difference in the scavenging ability
between the standard and the test extracts. In addition, moderate level of hydrogen peroxide
scavenging activity was observed for all the extracts with >50% scavenging activity
recorded for IDAR-04 and IDAR-06 in presence of methanolic extracts at a concentration of
10 mg/ml. According to the present results, <50% scavenging activity were recorded for the
rest of the isolates IDAR-01, IDAR-02, IDAR-03, IDAR-05, IDAR-07, IDAR-08 and
IDAR-09 even at a highest tested concentration. In general, the scavenging activity of all the
isolates under investigation was close to each other and the pattern of inhibition was more or
less similar. However, a positive standard sodium pyruvate at a concentration 2mg/ml was

found to be far more effective in exhibiting hydrogen peroxide scavenging activity

163



(56.29%). ICs values could not be obtained for hydrogen peroxide scavenging activity for
seven isolates with exception to /. tenuipes (IDAR-04) with 3.85+0.08mg/ml, and /. tenuipes
(IDAR-06) with 3.60+0.50mg/ml. However, ICsy value of the remaining methanol extract
from cultured mycelium was higher than 10 mg/ml, which was the highest concentration

tested.

4.31 Determination of reducing power

The respective reducing power values (Figure 4.18) of the aqueous methanolic extracts
revealed that IDAR-01 had the highest value followed by IDAR-09, IDAR-05, IDAR-07,
IDAR-02, IDAR-08, IDAR-04, IDAR-03 and IDAR-06 that also showed good reducing
power activity. The ferrous reducing antioxidant power varied from 1.329 for IDAR-01 to

0.32 for IDARO3.

4.32 Chelating effect on ferrous ions

The chelating activity at various concentrations of aqueous methanolic extracts was
examined and compared to a chelating standard, EDTA. Figure 4.19., displays the effective
concentrations (mg ml") at which ferrous ions were chelated. The figure 4.16 shows that the
chelating ability of all aqueous methanolic extracts was excellent showing >80 chelating
power at highest tested concentration. According to their ICsq value (mg ml™), the extract of

IDAR-02 had the most chelating power of the isolates analysed (Table 4.18).
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Figure 4.14: DPPH radical scavenging activities (%) of extracts (2-10 mg ml™) of nine isolates of Isaria spp., collected from Darjeeling

hills. Aqueous methanol (70%) was used as a solvent for extraction of antioxidant components from dried mycelium. (n=3, + SD).
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Figure 4.15: ABTS radical scavenging activities (%) of extracts (2-10 mg ml") of nine isolates of Isaria spp., collected from Darjeeling hills.

Aqueous methanol (70%) was used as a solvent for extraction of antioxidant components from dried mycelium. (n=3, + SD).
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Figure 4.16: Hydroxyl radical scavenging activities (%) of extracts (2-10 mg ml") of nine isolates of Isaria spp., collected from Darjeeling

hills. Aqueous methanol (70%) was used as a solvent for extraction of antioxidant components from dried mycelium. (n=3, + SD).
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Figure 4.17: Hydrogen peroxide scavenging activities (%) of extracts (2-10 mg ml") of nine isolates of Isaria spp., collected from Darjeeling

hills. Aqueous methanol (70%) was used as a solvent for extraction of antioxidant components from dried mycelium. (n=3, + SD).
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Figure 4.18: Evaluation of ferric reducing power of extracts (2-10 mg ml™") of nine isolates of Isaria spp., collected from Darjeeling hills.

Aqueous methanol (70%) was used as a solvent for extraction of antioxidant components from dried mycelium. (n=3, + SD).
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Figure 4.19: Chelating effect on ferrous ions (%) of extracts (2-10 mg ml") of nine isolates of Isaria spp., collected from Darjeeling

hills. Aqueous methanol (70%) was used as a solvent for extraction of antioxidant components from dried mycelium. (n=3, £ SD).
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4.33 ICs9 in Antioxidant Properties

The ICsy of aqueous methanolic extracts is inversely related to its antioxidant capacity, as
it expresses the amount of antioxidant required to decrease the test reagent concentration
by 50%. It is mostly obtained by interpolation from a linear regression analysis. A lower
ICsp indicates a higher antioxidant potential of a test extracts. Table 4.18 shows the ICsg

values in the antioxidant activity assay of the extracts.
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Table 4.18: Overview of the antioxidant activities of extracts (ICso)=mg/mL, n=03+SD) of nine isolates of Isaria spp., collected from Darjeeling
hills. Aqueous methanol (70%) was used as a solvent for extraction of antioxidant components from dried mycelium. (n=3, + SD).

Isolates DPPH activity ABTS activity Hydroxyl activity H,0; activity Chelating effect
IDAR-01 >10 2.9+0.27 >10 >10 2.64+0.48
IDAR-02 >10 3.36+0.83 >10 >10 2.05+0.17
IDAR-03 3.11+0.20 4.04+0.09 >10 >10 2.42+0.15
IDAR-04 2.91+0.03 6.14+0.07 >10 3.85+0.08 2.21+0.02
IDAR-05 >10 4.65+0.17 >10 >10 2.29+0.01
IDAR-06 3.42+0.22 >10 >10 3.60+0.50 2.25+0.03
IDAR-07 4.12+0.21 >10 3.95+0.32 >10 2.24+0.08
IDAR-08 3.74+0.13 4.91+0.21 5.60+0.45 >10 2.33+0.03
IDAR-09 2.54+0.39 4.17+0.06 3.44+0.06 >10 2.44+0.1
BHT <2.0 — — — —

AA — <2.0 — — —
Mannitol — — <2.0 — —
EDTA — — — — <2.0
Na-Pyruvate — — — <2.0 —
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4.34 Principal Component Analysis (PCA) of antioxidant parameters of nine Isaria
Spp., isolates

The results of the phytochemical content and antioxidant activity of methanol mycelial
extracts from nine isolates of Isaria spp., are considered variables. However, it cannot be
stated that the 70% methanol mycelial extracts as an independent variable but it does
influence grouping of the data and clustering. On these variables, PCA was performed to
understand the interrelationships based on the content of total phenol, total flavonoid, total
tannin, total carotene, total lycopene, and antioxidant assay components viz, DPPH (1,1-
diphenyl-2- picrylhydrazyl radicals), 2, 2"-azinobis-(3—ethylbenzothiazoline-6-sulphonate
radical cation scavenging assay (ABTS), hydroxyl radical scavenging assay (OH),
hydrogen peroxide scavenging assay (HPSA) and chelating activity (CE) of methanol
extracts from nine isolates of Isaria. In the present study, Figure 4.20., depicting the
rotated score PCA plot provides a clear picture of the correlation of the principal
component with the phytochemicals and between antioxidant activity parameters. Two
factor loadings were obtained that accounted for the PC1 of 59.26 % and PC2 of 25.53% of
the total variability (Variance-covariance = 84.79%) of the methanol extracts, chosen on
the basis of their matrix eigen values (>1) using Varimax factor rotation. DPPH:-
scavenging ability and OH scavenging activity were shown to be highly loaded on PCl1
with loadings 0.669, and 0.466, respectively. Thus, OH and DPPH--scavenging activity
were loaded closely, which indicated the two properties are in close relationship with
respect to their antioxidant activity. However, the high loading (-5.4) of lycopene on PC3
that accounts for 7.98% variance where other parameters were recorded to have low
loading implies its independence from the other variables. On the other hand, the ABTS
cation scavenging ability of the methanol extract shows a loading of -0.573 on PC1, Fe

(IT)-chelating ability shows a loading of 0.010 on PC2, while total flavonoid content has a
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loading of 0.201 on PC2, which showed low loading of the other phytochemical

parameters.

*DAR-01
DPPH

*DAR-09
*DAR-04

60

Component 2 (25.53%)

*DAR-05

*DAR-02

Component 1 (59.26%)

Figure 4.20: Principal component analysis biplot of nine Isaria isolates collected from
Darjeeling hills based on the content of total phenol, total flavonoid, total tannin total
carotene, total lycopene, and antioxidant assay components DPPH (1,1-diphenyl-2-
picrylhydrazyl radicals), ABTS (2, 2’-azinobis-(3—ethylbenzothiazoline-6-sulphonate)
radical cation), OH (Hydroxyl radical scavenging assay) HPSA (hydrogen peroxide
scavenging assay) and CE (chelating activity).

Eigen values provide a comprehensive summary of the influence of the original variables
on the principal components. Thus, it is widely used as a statistical platform for data
interpretation. Figure 4.21., shows the percentage of Eigen values and variance explained
by the principal components. From the figure it is found that two principal components
carry over 84.97 % of the information contained in primary variables. The scree plot also
shows that there are three values on its slope, while the other five are off the slope. In the
present study, two principal components were selected for representation of statistical
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behaviour which accounts to 84.97% of their variance for a set of analysed variables in the

methanol extracts of nine isolates of Isaria.
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Figure 4.21: The scree plot of methanol extracts of nine Isaria isolates collected from
Darjeeling hills based on the content of total phenol, total flavonoid, total tannin total
carotene, total lycopene, and antioxidant assay components DPPH (1,1-diphenyl-2-
picrylhydrazyl radicals), ABTS (2, 2’-azinobis-(3—ethylbenzothiazoline-6-sulphonate)
radical cation), OH (Hydroxyl radical scavenging assay) HPSA (hydrogen peroxide
scavenging assay) and CE (Chelating activity).

4.35 Classification of the nine isolates based on agglomerative hierarchical clustering
(AHO)

To simplify the chemical pattern recognition and to visualize the relationships between nine
isolates of Isaria collected from different ecological region of Darjeeling hills, agglomerative
hierarchical clustering (AHC) using paired group UPGMA (unweighted pair group method
with arithmetic mean) was used. The dataset viz., the phytochemicals and antioxidant
parameters related to the 70% methanol extracts was joined into clusters, thus increasing their
in-group homogeneity (Figure 4.22). The nine isolates of the Isaria spp., have been classified
into five significant clusters. The first and second cluster comprises of IDAR-01, IDAR-02,
IDAR-03 and IDAR-05, which had high content of total phenolics, total tannins, and

carotene. The third and fourth cluster was composed of the isolates IDAR-04, IDAR-06,
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IDAR-08 and IDAR-09 with the characteristics of high content of total phenolics, and low
content of lycopene and B-carotene while the IDAR-07 was clustered separately with high
content of lycopene and tannin. The result obtained in the present study is in conformity with
those of the PCA in which the distribution of phytochemical and antioxidant activity of
methanol extracts from nine isolates of the Isaria spp., on the score plot shows a similar
tendency. Furthermore, the comparison between the agglomerative hierarchical clustering
using paired group UPGMA and PCA is significant, which showed that the PCA score plot

data were in line with single linkage Euclidean distance scores.
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Figure 4.22: Dendrogram of cluster analysis with single linkage Euclidean distance of
methanol extracts of nine Isaria isolates collected from Darjeeling hills based on the
content of total phenol, total flavonoid, total tannin total carotene, total lycopene, and
antioxidant assay components DPPH (1,1-diphenyl-2- picrylhydrazyl radicals), ABTS (2,
2’-azinobis-(3—ethylbenzothiazoline-6-sulphonate) radical cation), OH (Hydroxyl radical
scavenging assay) HPSA (hydrogen peroxide scavenging assay) and CE (Chelating

activity).
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4.36 Antibacterial activity

Results obtained by agar diffusion assay on bacterial strains that had zones of inhibition of
more than 11 mm in diameter were considered active for the assay of antibacterial activity.
The data were defined as the diameters of zone of inhibition (ZOI) in nearest millimetre
scale. Antibacterial effect was examined for different cultured mycelial methanol extracts
against all cited bacteria. The variable results of two groups of bacteria are presented in
Table 4.19 and 4.20. The bactericidal properties of methanol extract were observed and
recorded after 24 hours of incubation. At a tested concentration (10.00 mg/ml) extract
particularly 1. tenuipes IDAR-04 and I tenuipes IDAR-03 showed strong antibacterial
activity against E. coli with an inhibition zone of 15.08+0.87 and 14.33+1.20mm
respectively. In case P. aeruginosa the highest zone of inhibition was recorded with 1.
fumosorosea IDAR-09  (14.83+0.76mm) followed by I  tenuipes IDAR-04
(14.66+0.57mm) and with K. pneumoniae, the highest zone of inhibition was found with /.
tenuipes 1IDAR-04 (15.33%£1.15), followed by I tenuipes IDAR-03 (15£1.00mm).
Methanol extracts from all isolates showed similar results as observed in case of Gram-
negative bacteria with some variations. The cultured mycelial methanolic extracts
displayed relatively better inhibitions zones with three Gram positive bacteria ranging from
11.0-16.0mm (Table 4.20). It was found in the present study that the methanolic extract at
a concentration of 10mg/mL from I fenuipes IDAR-06 demonstrated highest activity
against B. subtilis with zone of inhibition of 16.33+0.57mm followed by /. farinosa IDAR-
06 with ZOI of 15.66+0.57mmm. While the isolates /. fumosorosea IDAR-09 exhibited
highest activity towards S. aureus with ZOI of 16+1.00 followed by /. tenuipes IDAR-07
where ZOI was recorded to be 15.66+1.15 mm. Isolates of I farinosa 1IDAR-02
demonstrated highest activity against S. pneumoniae with ZOI of 14+1.00mm followed by

L tenuipes IDAR-04, which demonstrated the ZOI value of 13.75+£0.86mm respectively.
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The methanol extracts exhibited antibacterial activity of differing magnitudes in which the
zone of inhibition of different bacteria in 24 h was recorded in the following ascending
order of ZOI: S. pneumoniae (14+1.00mm) > P. aeruginosa (14.83+0.76mm) > E. coli
(15.08£0.87 mm) > K. pneumoniae (15.33x1.15mm) > Staphylococcus aureus
(16£1.00mm) >Bacillus subtilis (16.33+0.57mm). The result also indicated that the
methanol extracts exhibited excellent antibacterial properties in two test bacteria
Staphylococcus aureus (50%) and Bacillus subtilis (65.32%) in comparison to
streptomycin used as a positive control at a concentration of 100.00pg/ml. However, no
antibacterial activity as expected was recorded in a negative control sample containing
EDTA at a concentration of 100.00pg/ml. Thus, in general it seems that all methanolic
extracts demonstrated significantly better antibacterial activity against Gram positive
bacteria when compared with Gram negative bacteria. Overall, a broad spectrum of

antibacterial activity was exhibited.
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Table 4.19: Antibacterial activity of dried mycelial extracts of nine isolates of Isaria spp collected from Darjeeling hills against Gram-
negative bacteria in terms of zone of inhibition (mm). Aqueous methanol (70%) was used as a solvent for extraction of antibacterial
components from dried mycelium. (n=3, + SD).

Growth inhibition Zone Diameter (mm)"

Isolates Conc. (mg mL™) Antibacterial activities
E. coli %> P. aeruginosa Yo’ K. pneumoniae Yo’
IDAR-01 5 N.D. — N.D. — N.D. —
10 12£1.0 42.35 11.334£0.57 — 11.66+0.57 53
IDAR -02 5 11.07+0.68 39.07 12.16+0.28 — 11£1.0 50
10 13.61£0.97 48.04 12.5+0.5 — 14+1.0 63.63
IDAR -03 5 12.5+0.5 44.12 N.D. — 11£1.0 50
10 14.33£1.20 50.58 13+1.0 — 15+1.0 68.18
IDAR -04 5 12.5+0.5 44.12 13.3340.57 — 12.66+0.57 57.54
10 15.08+0.87 53.22 14.66+0.57 — 15.33£1.15 69.68
IDAR -05 5 11.66+1.15 41.15 11.66+0.57 — N.D. —
10 12.66£1.15 44.68 12.66+0.33 — 12.66+0.57 57.54
IDAR -06 5 N.D. — N.D. — 11.334£0.57 51.5
10 12.66£1.15 44.68 13+1.0 — 13.3340.57 60.59
IDAR -07 5 N.D. — 11£1.0 — 11.3340.57 51.5
10 12.66+0.57 44.68 14+1.0 — 12.33£1.52 56.04
IDAR -08 5 11.83+0.76 41.75 12.5+0.5 — 12.3340.57 56.04
10 13.5+0.5 47.65 14.334£0.57 — 14.66+0.57 66.63
IDAR -09 5 12.66+0.57 44.68 12.5+0.5 — 11.5+0.50 52.27
10 14£1.0 49.41 14.83+0.76 — 13.66+1.15 62.09
STANDARDS
Negative control® 0.1 mg mL" N.D. — N.D. — N.D.
Positive control* 0.1 mg mL" 28.33+0.57 — — 22+1.00

N.D./— means that no antibacterial activity was detected. A zone of inhibition (mm) > 11 mm was considered active. ' Values are means = SD of triplicate experiments. %, Percentage
inhibition based on corresponding positive control; Control’; EDTA (0.1 mg mL"), Control’; Streptomycin (0.1 mg mL™),+ no growth recorded.
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Table 4.20: Antibacterial activity of dried mycelial extracts of nine isolates of Isaria spp collected from Darjeeling hills against Gram-positive
bacteria in terms of zone of inhibition (mm). Aqueous methanol (70%) was used as a solvent for extraction of antibacterial components from dried
mycelium. (n=3, = SD).

Growth inhibition Zone Diameter (mm)'

Isolates Conc. (mg/mL) Antibacterial activities
B. subtilis %> S. aureus %> S. pneumoniae %>
IDAR -01 5 12.66+0.57 50.64 12.66+0.28 39.56 11+0.57 40.74
10 14£1.00 56 13.66+0.57 42.68 13.75+0.50 50.92
IDAR -02 5 12.66+0.57 50.64 11£1.0 34.37 12+0.57 44.44
10 15+1.0 60 13.33£1.15 41.65 14+1.00 51.85
IDAR -03 5 11.66+0.57 46.64 12.33£1.15 38.53 11.25+0.86 41.66
10 13£1.00 52 15£1.00 46.87 14.5+1.00 53.70
IDAR -04 5 12.33£0.57 49.32 13+1.00 40.62 N.D. —
10 13.66+0.57 54.64 16+1.00 50 13.75+0.86 50.92
IDAR -05 5 13.33+0.57 54.64 12.33+0.57 38.53 12£1.52 44.44
10 15.66+0.57 62.64 15.33+£0.57 47.90 15£1.00 55.55
IDAR -06 5 12.66+0.57 50.64 12.83+0.28 40.09 N.D. —
10 16.33+0.57 65.32 15.66+1.52 48.93 14.25+1.04 52.77
IDAR -07 5 12.66+1.15 50.64 12.33+0.57 38.53 N.D. —
10 15+1.00 60 15.66£1.15 48.93 13.5+0.57 50
IDAR -08 5 12+0.50 48 12.66+0.57 39.56 12.5+0.57 46.29
10 14£1.00 56 14.33+1.52 44.78 13.75+0.28 50.92
IDAR -09 5 12.66+0.57 50.64 13.16+0.76 41.12 12.5+0.57 46.29
10 15.33£0.57 61.32 16+1.0 50 13.5£1.0 50
STANDARDS
Negative control® 0.1 mg mL™* N.D. N.D. N.D.
Positive control* 0.1 mg mL" 25+1.00 32+1.00 27+1.00

N.D. means that no antibacterial activity was detected. A zone of inhibition (mm) > 11 mm was considered active. ' Values are means + SD of triplicate experiments. %, Percentage inhibition based on corresponding
positive control; Control’; EDTA (0.1 mg mL™), Control’; Streptomycin (0.1 mg mL™), — ; no growth recorded.
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4.37 Evaluation of dried mycelial extracts of nine isolates of Isaria spp collected from

Darjeeling hills for cytotoxicity

To evaluate the antiproliferative activity of methanol extracts on HeLa, HepG2, and PC3
cells MTT assay was performed. It was observed that methanol extracts decreased the
number of cells in the monolayer in the concentration dependent manner. The exposure of
methanolic extracts of all nine isolates in an increasing concentration resulted in significant
dose-dependent inhibition of the growth of HeLa, HepG2, and PC3, and greater inhibition
for all isolates was more pronounced in case of HeLa cells particularly. As in figure 4.23
and 4.25, it was observed that percent survival was distinct only at relatively high extract
concentration in the case of HepG2 and PC3 cells (>100ug/ml). Concentrations of dried
myecelial extracts which decreased the absorbance by > 10% when compared with the
control were considered to be cytotoxic. According to the cytotoxicity assay, the dosages
of each mushroom extract for cellular antioxidant assay were: 1.0, 3.0, 10.0, 30.0 and
100.0png/ml respectively. After HeLa cells had been incubated with methanol extracts for
72 hours, among the methanol extracts from nine isolates studied in the present research,
IDAR-03, IDAR-04, IDAR-07, IDAR-08 and IDAR-09 exhibited significant cytotoxicity
against HeLa cells in a dose dependent manner (Figure 4.23). After prolonging exposure
to methanol extracts for 72 hours, all the isolates extracts decreased the Hela cell
proliferation at all tested concentration compared to control cells. Cytotoxicity of IDAR-04
and IDAR-09 was found to be more, because it inhibited the HeLa cells by 94.48 and
93.09% respectively. Similarly, methanol extracts showed dose dependent antiproliferation
effects on HepG2 cells with a similar trend of percent survival of HeLa cells, but, the rate
of cell death with increasing concentrations (1-100ug/ml) of the extracts was significantly
less than that observed for HeLa cells (Figure 4.24). The cytotoxic potential of seven

isolates was found to exhibit less than 50 % inhibition even at 100pg/mL concentration. It
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was found that only IDAR-06 and IDAR-07 could bring about percent inhibition of 64.35
and 64.53% respectively at 100pg/ml. Whereas the cytotoxicity profile of PC3 cells,
treated with the methanol extracts showed a comparable profile with HepG2 cells. More
than 50% cytotoxicity was observed with IDAR-03 (55.93%), IDAR-04(55.93%) and
IDAR-09 (59.35%) respectively at highest tested concentration (100pg/ml). Except these
isolates, other isolates could not result in 50% cytotoxicity. The effect of extracts was
greater at higher concentration between 30 and 100pug/ml showing a significant decrease in
cell proliferation in the monolayer and decreasing the number of cells in these
concentrations (p<0.05). However, this effect was more evident with HeLa cells where
methanol extracts from all isolates decreased the percentage of viable cells by more than
50% with 1-100pg/ml (p<0.05). In general, greater antiproliferative activity was
demonstrated greater in HeLa cells followed by HepG2 and PC3 cell lines. The standard
deviation of cell viability assay was calculated for all three cell lines as shown in Table
4.21,4.22 and 4.23.

In order to simplify the analysis on the results of effects of methanol extracts on three
cancer cell lines and to determine the relative positions of test isolates in the standard
toxicity activity scale, half maximal inhibitory concentration (ICsy) values were derived
from the dose response curve of nine isolates. The half maximal inhibitory concentration is
a measure of the effectiveness of the compound in inhibiting biological or biochemical
function. This quantitative measure indicate how much of a particular drug or other
substance (inhibitor) is needed to inhibit a given biological process by half maximal. It is
commonly used to measure of antagonist drug potency in pharmacological research.
Cytotoxicity was also analysed by calculating ICsy values. Dose dependent cytotoxic
activity of nine isolates over HeLa, HepG2 and PC3 cells were analysed and the ICs

values of test samples derived from dose response cytotoxic activity graph were calculated
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and presented in Table 4.24. Among the nine isolates the highest cytotoxicity was exerted
by IDAR-01 followed by IDAR-07 for HeLa cells, IDAR-07 and IDAR-06 for HepG2
cells and IDAR-03 and IDAR-05 for PC3 cells. In HeLa cells the cytotoxic activity of
methanol extract was manifold compare to HepG2 and PC3 cells. Thus, HeLa cells were
found to be most sensitive to the methanol extract from dried mycelium of Isaria spp.
However, a complete cell death was not recorded in the present study. Even at highest
tested concentration, it was found to be around 94.48% with IDAR-04 at 100pg/ml.
However, it was also noted that ICsy value of extracts from mycelium was higher than

100pg/ml, which was the highest concentration tested.
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Figure 4.23: Cell survivals of HeLa cells treated with various concentrations of methanol extract of nine isolates of Isaria spp., collected

from different ecological region of Darjeeling hills. Each value is expressed as mean =+ standard deviation (n=4).
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Figure 4.24: Cell survivals of HepG2 cells treated with various concentrations of methanol extract of nine isolates of Isaria spp.,
collected from different ecological region of Darjeeling hills. Each value is expressed as mean + standard deviation (n=4).
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Figure 4.25: Cell survivals of PC3 cells treated with various concentrations of methanol extract of nine isolates of Isaria spp., collected
from different ecological region of Darjeeling hills. Each value is expressed as mean + standard deviation (n=4).
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Table 4.21: Cell survivals of HeLa cells treated with various concentrations of methanol extract of nine isolates of Isaria spp., collected from
different ecological region of Darjeeling hills. Data are representative as a mean +SD of four independent experiments indicates *p <0.05,

*#p<0.01, ***p<0.001 as compared to control using two paired t-test.

Isolate Cell viability on HeLa Cell Line
Control 1pg 3ng 10pg 30ng 100png

IDAR-01 100+13.23 94.67+6.61™ 88.255+8.75ns 57.76£3.42%** 58.28+£7.65%** 46.55+8.55%**
IDAR-02 100+11.05 94.424+4.03™ 70.12+£8.16%** 60.53+10.01*** 46.53+11.77*%* 26.12+2.61™
IDAR-03 100+£3.89 96.09+9.44™ 96.88+14.47™ 86.47+£17.41™ 48.28+7.95™ 6.74+1.27"
IDAR-04 100+8.51 102.37+13.13* 81.51+£14.66* 84.22+13.64™ 51.22+0.94* 6.91+0.39™
IDAR-05 100+11.43 100.64+10.27" 8.31+8.27* 24.96+17.37" 60.24+£8.14%%* 42.52+4.65™
IDAR-06 100+6.36 95.20+£16.91™ 91.42+13.01™ 92.84+24.81™ 63.6449.03%** 60.21+7.42™
IDAR-07 100+8.04 96.944+4.90™ 104.06+6.14™ 89.06+£17.25™ 50.40+7.46™ 6.53+1.67™
IDAR-08 100£13.28 94.17+11.51™ 83.24+15.55™ 61.24+13.27*** 33.914£9.16%** 7.64+1.40™
IDAR-09 100+22.06 59.8245.05%** 51.10+£6.87%** 46.99+15.23%** 8.21+0.23™ 5.524+0.58"™
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Table 4.22: Cell survivals of HepG2 cells treated with various concentrations of methanol extract of nine isolates of Isaria spp., collected
from different ecological region of Darjeeling hills. Data are representative as a mean +£SD of four independent experiments indicates *p

<0.05, **p<0.01, ***p<0.001 as compared to control using two paired t-test.

Isolate Cell viability on HepG2 Cell Line

Control Ing 3ng 10pg 30ng 100png
IDAR-01 100+5.52 85.13+7.38*#* 74.46+4.71%%* 75.20+4.06%** 67.75+1.72ns 63.50+3.57™
IDAR-02 100£17.97 89.65+12.10™ 88.56+6.47™ 73.97£17.13%* 67.90+5.61** 62.41+1.62%*
IDAR-03 100+£9.99 89.65+7.84™ 88.56+7.32™ 73.97+6.71%* 67.90+2.69™ 62.41+0.71™
IDAR-04 100+6.38 90.06+4.27* 83.41+4.16%** 85.70+10.71* 74.23+£8.37%** 65.65+12.29%%*
IDAR-05 100+6.38 90.06+4.27* 83.414+4.16%** 85.70+10.71** 74.23£8.37%** 65.65+£12.20%**
IDAR-06 100+6.38 91.27+7.64* 81.99+6.62** 83.60+8.75* 62.80+£13.28%** 35.65£1.71™
IDAR-07 100+5.49 88.08+3.15%** 89.07+3.20** 80.07+4.40*** 53.38+3.49™ 35.47+0.90™
IDAR-08 100+9.35 79.48+6.29** 71.95410.82%* 74.5+5.38*** 78.47+5.92%%* 71.72+17.79*
IDAR-09 100+8.21 76.7143.53%** 74.51£11.42%* 83.42+8.00* 98.68+6.76™ 26.40+1.93™
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Table 4.23: Cell survivals of PC3 cells treated with various concentrations of methanol extract of nine isolates of Isaria spp., collected from
different ecological region of Darjeeling hills. Data are representative as a mean £SD of four independent experiments indicates *p <0.05,
*#p<0.01, ***p<0.001 as compared to control using two paired t-test.

Isolate Cell viability on PC3 Cell Line

Control 1pg 3ng 10pg 30ng 100png
IDAR-01 100+1.35 84.3249.20* 77.08+16.94%** 84.23+18.89* 79.10£12.23%* 64.77+17.54%**
IDAR-02 100+14.98 96.19+4.05™ 91.01£16.08™ 94.00+9.87™ 96.57+3.18™ 87.25+16.88™
IDAR-03 100+4.31 97.34+7.83™ 87.46+6.91*** 84.75+8.39** 73.86+5.59%** 44.07+£5.33™
IDAR-04 100+6.38 89.84+11.92* 86.61+3.09%*** 89.59+6.89** 95.92+6.57™ 56.74+5.18™
IDAR-05 100+4.31 97.344+2.00™ 87.46+6.91*** 84.75+8.39#* 73.86+5.59%** 44.07+£5.33™
IDAR-06 100+6.33 98.74+2.97™ 96.71+7.28* 93.00+8.36™ 90.02+7.61* 60.95+£20.41%*
IDAR-07 100+7.84 93.10+8.59* 82.9344.28*** 95.544+4.63™ 91.87+5.84%* 72.024+20.49*
IDAR-08 100+3.94 99.17+6.66™ 97.19+£3.51™ 93.17+£3.15* 86.96+5.06%*** 67.28+5.18"™
IDAR-09 100+8.26 97.23+6.94™ 97.7243.44™ 76.01+11.43* 68.87+18.38* 40.65+£2.10™
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4.38 ICsg values in Cell Viability Assay

The cell viability potential of the methanol extracts assayed herein the present study were
summarised in Table 4.24., and the results were normalized and expressed as ICsy values
(ng/ml) for comparison. Effectiveness of the extracts in cell viability properties is inversely
correlated with 1Csy value. With regard to ICsy values in cell viability assay methanolic
extracts were much more effective towards HeLa cells than HepG2 and PC3 cells. It was
recorded in the present study lowest ICsy was recorded with the methanolic extracts of
IDAR-01 3.32+0.09 pg/ml in Hela cells followed by IDAR-07 and IDAR-05 with
3.35+0.03 pg/ml and 3.07+0.18 pg/ml in HepG2 and PC3 cells respectively. Nonetheless,
the methanol extract from the majority of isolates at 100pg/ml did not show maximum relative
activity in HepG2 and PC3 cells.

Table 4.24: ICsy of methanol extracts of nine isolates on HeLa, HepG2 and PC3 cell line.

S/No Isolates IC50 (ng/ml)
HeLa HepG2 PC3
1 IDAR-01 3.32+0.09 >100 >100
2 IDAR-02 3.99+0.45 >100 >100
3 IDAR-03 3.72+0.11 >100 3.07+0.21
4 IDAR-04 3.90+0.55 >100 >100
5 IDAR-05 3.77+0.74 >100 3.07+0.18
6 IDAR-06 >100 3.37+£0.25 >100
7 IDAR-07 3.50+0.27 3.35+0.03 >100
8 IDAR-08 3.81+0.68 >100 >100
9 IDAR-09 7.33+1.42 >100 3.10+0.16

4.39 Principal Component Analysis (PCA) of antiproliferative parameters of nine
Isaria isolates

In the present study, the results of the phytochemical content and antiproliferative activity
of methanol extracts from nine isolates of Isaria spp are considered variables. PCA was

performed to understand the interrelationships based on the content of total phenol, total
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flavonoid, total tannin, total carotene, total lycopene, beauvercin and antiproliferative MTT
assay of methanol extracts from nine isolates of Isaria. Two factor loadings were obtained
that accounted for the PC1 of 45.13 % and PC2 of 30.02 % of the total variability of the
methanol extracts, chosen on the basis of their matrix eigen values (>1) using Varimax
factor rotation.

The cumulative percentage of variance-covariance of the first two principal
components is 75.15% and its linear combination is characteristic of all the variables
because it represents more than 50%. Therefore, the first two principal components are
suitable for representing the information of all variables in general. HeLa cell inhibition
was highly loaded on PC1 with loadings 0.987, whereas HepG2 cell inhibition was loaded
on PC 2 with loadings 0.853 and PC3 cell inhibition on PC 3 with loadings of 0.821 which
indicated the three cancer cell properties are not in close relationship with respect to their

antiproliferative activity (Figure 4.26).
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Figure 4.26: Principal component analysis of nine /saria isolates collected from Darjeeling hills based

on the content of total phenol, total flavonoid, total tannin, total carotene, total lycopene, beauvercin
and antiproliferative MTT assay on three cancer cell lines (HeLa, HepG2 and PC3).
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Figure 4.27., shows the percentage of Eigen values and variance explained by the principal
components. From the figure it is found that three principal components carry over 95.85
% of the information contained in primary variables. The scree plot also shows that there
are four values on its slope, while the other four are off the slope. In the present study,
three principal components were selected for representation of statistical behaviour which
accounts to 95.85 % of their variance for a set of analysed variables in the methanol

extracts of nine isolates of Isaria.
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Figure 4.27: The scree plot of nine Isaria isolates collected from Darjeeling hills based on
the content of total phenol, total flavonoid, total tannin, total carotene, total lycopene,
beauvercin and antiproliferative MTT assay on three cancer cell lines (HeLa, HepG2 and
PC3).

4.40 Evaluation of apoptotic induction potential of Beauvercin

A compound capable of inducing apoptosis is generally considered as a potent candidate in
development of novel therapeutics for treating cancer. A few natural compounds used in
the treatment of diseases have been identified from Isaria and we tried to identify one such
anti-proliferative component in methanol extracts. We conducted HPLC with standard
marker compound beauvercin and the resulting HPLC profile revealed that among the nine
isolates /. farinosa (IDAR-02) and /. tenuipes (IDAR-04) was found to contain beauvercin

at 6.02 +£0.36 and 6.71+0.31 pg/ml respectively. The identification was achieved by
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comparing their retention time with retention time on chromatogram of marker compound

beauvercin (Figure 4.28).
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Figure 4.28: (a) HPLC profile representing signal generated at 210nm by injecting 20 ul
of 20ug/ml beauvericin (BEA) standard; (b) methanol extract from mycelia of (Isaria

tenuipes IDAR04).

4.41 Cell death assessment by flow cytometry assay using PI staining

To elucidate the effect of beavurecin positive methanol extracts particularly of 1. farinosa

IDAR-02 and . tenuipes IDAR-02 on cell apoptosis we examined cell death of HeLa cell

lines using propidium iodide (PI) single staining. Flow cytometric method was used to

determine the cause of cell death. Since the methanolic extract exhibited promising results

with HeLa cell line in the MTT assay, we conducted the propidium iodide (PI) staining to

193



evaluate apoptosis in the HeLa cells. In the present study, the result of PI staining
demonstrated that the percentage of apoptosis in HeLa cells treated with 1, 3, 10, 30 and
100 pg/ml concentrations of methanolic extract from /I tenuipes IDAR-04 was 5.90%
6.85%, 10.67% 24.59% and 23.83% respectively (Figure 4.29).

After treatment with various increasing concentration of methanolic extracts (1-100pg/ml)
for 72 hours the percentage of apoptosis demonstrated by /1. farinosa IDAR-2 was found to
be 2.56, 7.08, 5.70, 5.83, and 10.67% respectively (Figure 4.30). Comparatively the
potential of I fenuipes in bringing about cell death through apoptotic means was far
superior to that of the ability exhibited by /. farinosa IDAR-02. Besides, the control sample
without treatment exhibited that 0.54% of cells were undergoing apoptosis in contrast to
the cells treated with DMSO used as a vehicle control, it was 3.43%. These results implied
that beauvercin positive isolates are likely to be linked to anti-cell proliferation of HelLa
cells via activation of apoptosis, indicating its presence in the methanolic extracts. It may
be a good choice for enhancing cytotoxic cell death potency of beauvercin to seek more

potent pro-apoptotic natural products.
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Figure 4.29: Cell death was assessed by flow cytometry of PI staining. HeLa cells were incubated with untreated and 1-100 pg/ml methanolic
extracts for 72 h. Exposure to 30 and 100pg/ml methanol extract from Isaria tenuipes (IDAR-04), results in an increased level of cell death.
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Figure 4.30: Cell death assessment by flow cytometry of PI staining. Cells were incubated with untreated and 1-100 pg/ml methanol extracts
for 72 h. Exposure to 30 and 100pg/ml methanol extract of Isaria farinosa (IDAR-02) results in an increase level of cell death.
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4.42 Morphological Evaluation

The significant inhibition of HeLa cells proliferation by IDAR-04 in comparison to IDAR-
02 further led us to check the effect of IDAR-04 methanol extract on cell apoptosis. For
morphological evaluation of apoptosis, HelLa cells were cultured in 24 well plates and
treated with highest concentrations of IDAR-04 methanol extract (100pg/ml). We found
that the dose-dependent treatment of methanol extract caused the change in cellular
morphology of HeLa cells which were observed to be rounding up, shrunken, with
irregular boundaries. In addition, presence of apoptotic bodies, decrease in cell
concentration along with presence of few detached cells from the substrate compared to

control well was clearly noticeable in HeLa cells (Figure 4.31).
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Figure 4.31: Light micrograph image of untreated HeLa cells (left) 70 % Methanol extract
of Isaria tenuipes (IDAR-04) (100png/ml) (right) treated HeLa cells after 72 hours, arrow

showing apoptotic bodies.
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4.43 Quantitative estimation of apoptotic cells

To confirm the apoptotic effect of HeLa cells after treatment with methanolic extracts of /.
tenuipes IDAR-04, the in vitro FACS method was used to detect live, early apoptotic, late
apoptotic and necrotic cells as well as to evaluate quantitatively estimate the number of
apoptotic cells. As shown in the representative pictograms figure 4.32 of Hela cells, it was
found that the number of intact cells in the lower left quadrant was 47.49+6.27% at higher
concentration tested (100pg/ml). The lower right quadrant consisted of early apoptotic
cells and the upper right quadrant contained late-apoptotic cells. After treatment with
methanol extracts from 1. fenuipes IDAR-04 (Table 4.25), the percentages of both early
and late apoptotic cells gradually increased in a dose-dependent fashion reaching
42.205+19.03% at 100png/mL with the concomitant decrease in the percentage of viable
cells (43.85%). The percentages of Hela cells undergoing apoptosis following treatment
with 0, 1, 3, 10, 30 and 100 pg/mL methanol extracts (including the early and late
apoptotic cells) were 3.54+1.22, 7.09+£3.73, 6.52+£3.47, 8.86+4.36, 17.365+£7.99 and
42.205+19.03% respectively as compared to 3.5% (early apoptotict+ late apoptotic
population) in vehicle negative cells control (Table 4.25). From this result, it is clear that
higher concentration at 30 and 100ug/mL resulted in an increasing number of double (+)
cells indicating late apoptotic cells. Whereas the upper right quadrant in the pictogram also
quantifies the number of cells that have entered the necrotic phase which in the present
study was found to be 5.12 to 10.30+0.19% at the range of increasing concentrations 0 to
100pg/ml of methanol extracts tested. In this study we have observed dose-dependent
effects of 1. tenuipes IDAR-04 methanol extract on apoptosis (early and late) and the data
has been statistically analysed with one way ANOVA to compare between means with
standard deviation for three parallel experiments (Figure 4.33). Thus, FACS scan analysis
of the treated cells revealed that the Hela cells were positive for Annexin V-FITC and PI at

a very low concentration of test sample.
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Figure 4.32: Evaluation of apoptosis induction in Hela cells after 48h of treatment with methanolic extract. The histograms show the
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Figure 4.33: The percentage of total live, early and late apoptoctic population of Hela cells after 48h of treatment with 70% methanolic
extract of Isaria tenuipes IDAR-04. The data are presented as the mean + the SD (n=3), *° and T values with different letters were

significantly different at p < 0.05, as analysed by one-way Anova followed by Tukeys post hoc test of significance.
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Table 4.25: The table shows the mean standard deviation (SD) percentage of live, early and late apoptotic cells from three independent

experiments on the dried mycelial methanol extract of Isaria tenuipes (IDAR-04).

Features Control 1pg 3 ug 10 pg 30 ng 100 pg

Live 91.34+0.39 87.675+0.54 89.815+0.39 85.33+0.08 78.03+1.74 47.49+6.27
Total Apoptotic 3.54+1.22 7.09+3.73 6.52+3.47 8.86+4.36 17.365+7.99 42.205+19.03
Dead 5.12+0.95 5.23+1.52 3.67+0.17 5.81£1.13 4.60+0.99 10.30+0.19
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4.44 Colony formation assay

Determination of cell colony formation is one of the important methods of cancer cell
studies. To evaluate anti-proliferation activity in long-term cell culture and the ability of
the HeLa cells to form colonies in the presence of aqueous methanolic mycelial extracts,
colony formation assay was performed in varied dose in different time interval for up to 10
days. The outcome of the experiment was under the results obtained in the MTT assay and
thus, a reduced clonogenic growth was observed in a dose-dependent manner with extracts
of Isaria tenuipes IDAR-04, as shown in Figure 4.31. Densitometry analysis of no of
colonies in each well with different doses of extracts of Isaria tenuipes IDAR-04 was
calculated by using Image J software as shown in Figure 4.31. The results showed
maximum colony formation of HeLa cells in negative control. The colony numbers were
found to be significantly reduced after treatment with methanol extracts with increasing
concentrations. Compared with those in the control group, the colony numbers in the
methanolic extract treated cells were reduced by over >99% at 100pg/ml in a dose
dependent manner. Thus, the cultured methanol extracts of Isaria tenuipes IDAR-04

decreases the proliferation capacity of HeLa cells.
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Figure 4.31: Evaluation of colony formations by clonogenic assay where cells were treated with indicated concentrations of the Isaria

tenuipes (IDAR-04) extract and the colonies were quantified using Imagel.
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S. DISCUSSION

This study contributes to the goal of understanding the response of entomopathogenic
fungi of the genus Isaria spp., to laboratory variables which is essential to improve
their use as therapeutic and biocontrol agents. The work presented in this study used
molecular taxonomy, cultural characterisation, biomass yield studies, antimicrobial,
antioxidant activity and in vitro antiproliferative assays against three cancer cell lines
to establish a base of knowledge useful for the future development of therapeutic

agents.

This is the first study to report the presence of naturally occurring
entomopathogenic fungi of the genus Isaria spp., from the temperate region of
Darjeeling hills. In the present study, four species viz., Isaria javanica, Isaria
farinosa, Isaria tenuipes and Isaria fumosorosea are reported from genus Isaria.
Macroscopic and microscopic characteristics used for delineation of the genus of nine

naturally occurring fungal isolates are shown in Table 4.2.

Species delineation was conducted with the internal transcribed spacer of
rDNA (ITS-4 and ITS-5 sequences). In the present work, Isaria isolates from different
locations and samples from around Darjeeling hills were identified to species level
using the complete sequences of the ITS-4 and ITS-5. The sequences obtained were
compared to GenBank database using the nucleotide BLAST and phylogenetic
analysis was inferred by using the Maximum Likelihood method and Kimura 2-
parameter model (Kimura, 1980). Sequences from the ITS-4—ITS-5 region using
primers ITS4 and ITSS generated an amplicon of 543 to 556 nucleotides in length
specific to entomopathogenic fungus Isaria (Table 4.3). When the sequences of all the

nine isolates were BLASTN searched against the sequences of Isaria species already
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submitted in the NCBI GenBank it was found that the ITS sequences of the present
samples had a maximal identity of 98-100 % homology with Isaria spp. The ITS
phylogeny in the present study also supported the species identifications based on
morphology (Figure 4.1). From this work, it was concluded, that the ITS sequences
were clearly efficient to resolve lineages of Isaria isolates collected from different

localities and various insect hosts.

The temperature is one of the most important physical factors that directly
influence the mycelial growth. In the present study the suitable temperature for
mycelial growth of all the nine isolates was found to be between 12°C and 28°C. This
could partly be attributed to the adaptability of fungi in the wild to survive in a range
of temperatures and a demonstration of their versatility to survive and flourish. The
optimum temperature for the mycelial growth of the members of genus Isaria spp.,
was found to be approximately 20°C (Table 4.5). All the isolates clearly revealed its
mesophilic nature and supported the earlier observations (Ban et al., 1998; Liu et al.,
2018; Yamanaka et al., 1998; Liu et al.,, 2019). Therefore, present results also
substantiate the findings of previous workers. However, some of the reported
entomopathogenic fungi have a wider range of temperature tolerance of i.e., 0-40°C
(Cabanillas, & Jones, 2009). In addition, strains of Isaria farinosa and Isaria
fumosorosea were capable of exhibiting growth up to 35°C (Borisade, & Magan,
2014). While for the best mycelial growth of Isaria japonica the desired temperature
range was between 22 and 27 C with the optimum temperature being 25°C
(Yamanaka, & Inatomi, 1997). Shimazu and Takatsuki (2010), reported that in case of
Isaria javanica the growth occurs in between 10-30°C with the optimum at 25°C.
Furthermore, the optimal temperature for the growth of Isaria cicadae was reported to

be 25°C (Liu et al., 2019). The present result shows relatively narrower temperature
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range than that of other entomopathogenic fungi such as Beauveria bassiana,
Cordyceps militaris, Metarhizium anisopliae and Paecilomyces farinosus, each
having a broad temperature range from 1 to 25°C (Harada et al., 1995), 5 to 35°C, 5 to
35°C, and 5 to 40°C (Hallsworth, & Magan, 1999), respectively. More importantly,
the in-vitro mycelial growths of all the isolates were most sensitive to increase in
temperature. Normally in Darjeeling hills, the temperature does not exceed above
30°C even in the summer months. In the present experiment increase in temperature
above 30°C was found to be suppressive for the mycelial growth. However, it was
observed in different isolates of Isaria spp., exhibited different temperature optima for
its growth. Therefore, it may be emphasized that higher mycelial production could be
achieved by growing these isolates under controlled temperature as per specific

requirements.

The study on fungal physiology has revealed that the optimum pH range for
the growth of filamentous fungi is between pH 3.8 — 6, however; reasonable growth
may be observed between pH 2 — 9 (Smith & Onions 1983; Bellettini et al., 2019).
Since utilization of nutrients provided in the culture media depends chiefly on the pH
of the media, it is imperative to determine the pH optima of genus Isaria members, if
it has to be cultivated in artificial conditions. It is clear from the results that the pH
range between 6.0 and 8.0 is optimal for the favourable mycelial growth with
abundant density of all nine Indian isolates of genus Isaria. The present results with
respect to pH optima seem to differ widely with the works of Ban et al., 1998 and
Yamanaka et al., 1998, constituting one sharp pH optimal level of 7.0 in the different
strains of Isaria. This difference in pH levels may be due to ecological variations.
However, the present result is compatible with Paecilomyces fumosoroseus, as it

grows well in the broad range of pH 6.0—9.0 (Shim et al., 2003). Shim et al., (2003)

206



also reported that pH optimum for maximum mycelial growth was 8.0, in
Paecilomyces sinclairii, while in case of Cordyceps militaris the initial pH of 9.0 was
recorded to be an optimum for maximal mycelial biomass yield (Kim et al., 2003) and
pH values of 5-8 for fruiting body production (Wen et al., 2014). Furthermore, the
optimal initial pH for the growth of Isaria japonica was reported to be in the range of
6.5 to 8.0 (Yamanaka, & Inatomi, 1997) which is in accordance with the present
study. In general fungi have the ability to tolerate acidic pH (Booth, 1971). Therefore,
the result obtained for members of this fungi exhibited growth at slightly acidic, at
neutral and at strong alkaline levels although the pH level of substratum soil in the
temperate region of Darjeeling hills was recorded to be 5.6 to 6.5. In the present
studies, the growth of mycelia in higher pH range could be due to not using any buffer
system to maintain a constant pH of the potato dextrose agar medium during the
growth. The pH was kept uncontrolled since addition of any buffering ions could have
drifted the overall composition of the media. Moreover, it is established in case of
fungi that if the nutrient requirement is satisfied then most of the fungi are capable of
exhibiting growth over a broad range of pH (Carlile, et al., 2001). It may be safely
inferred that a range of pH optima between slightly acidic to slightly alkaline was

eminently suitable in the nine isolates of Isaria spp., from Darjeeling hills.

Light plays a major role in the growth of fungi. Light has been reported to
influence colony growth and airborne structures in certain members of fungi, but it is
not involved in the morphogenesis of synnemata in the members of genus Isaria
(Taber, & Vining, 1959). Colony diameter, mycelial density, texture and pigmentation
of fungus in in-vitro conditions are sometimes influenced by light (Shrestha et al.,
2006; Liu et al., 2019). Moreover, the common metabolic effect of light on fungal

growth is the induction of carotenoid biosynthesis (Carlile, et al., 2001). However, in
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the present investigation it has been observed that light had no significant effect on
the colony diameter and mycelial density of Isaria isolates. Therefore, the growth of
test isolates appeared to be independent of light. Contrarily, comparable growth was
observed when the fungus was incubated in complete darkness. Furthermore, no
pigmentation of the mycelium was observed under light conditions. Similar results
have been reported earlier for Isaria (Yamanaka et al., 1998; Liu et al., 2018). It is
interesting to note that the alternate light and dark conditions of twelve hours
supported the abundant mycelial density of all the nine isolates of genus Isaria
(Figure 4.2). The present experimental results are in consonance with the results on
Cordyceps militaris isolates (Shrestha et al., 2006), on Ophiocordyceps longissima

(Sung et al., 2011), as well as with Isaria cicadae (Liu et al., 2019).

Of the different culture media, the MCM medium was found to be most
promising in terms of colony diameter and mycelial density for the growth of five
isolates of Isaria spp., (Table 4.7). As glucose is the main carbon source of MCM (2
%, w/v glucose), it is believed that the presence of this carbon source could have
helped in expediting mycelial growth at an early stage compared to other tested
media. The sources of nitrogen in MCM are yeast extract and peptone which are
considered to be the best nitrogen sources for the members of most fungi. The MCM
contains possibly all low molecular weight soluble organic substances plus mineral
nutrients needed for fungal growth. Potentially, this is the primary reason for such
excellent growth irrespective of test isolates. Present work corroborated the findings
with other entomopathogenic fungi and justified the nutritional requirements for
abundant mycelial growth of the nine isolates (Kang et al., 2014; Shim et al., 2003;
Wen et al., 2014). This result is also in consonance with that of Shimizuomyces

paradoxus which had been reported by Sung et al., (2010). Even though the mycelial
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growth in fifteen different media showed wide range of variations (17.0~60.0 mm in
colony diameter), the mycelial density was compact in 9 of 10 culture media tested
(Table 4.7). However, the observation of growth variation is probably due to the fact
that the growth requirements for each fungus may vary from strain to strain. Cultures
of the same species and genera usually grow well on similar media (Smith, &
Kolkowski, 1996), the very interesting observation that sodium chloride (7.5%, w/v)
was found to exhibit growth inhibitory effect in four strains of Isaria tenuipes, while
few other strains could survive the effect of sodium chloride, although salinity
affected erratically in their growth with very thin mycelial density. However, the
result was anticipated and the source of an isolate can give us an indication of suitable
growth conditions (Smith, & Kolkowski, 1996). These results indicated that Isaria
isolates showed large variation in mycelial growth and texture in response to the
media tested. This may be because each Isaria species has its own physiology and

therefore its own specificity with respect to the components of the nutrient media.

Screening of fungal isolates from temperate region of Darjeeling Hills for
twelve carbon sources has led to the selection of a favourable one. There were
significant effects of carbon source supplementation to the basal media on the
mycelial growth of all nine isolates (Table 4.8). Among the carbon sources tested, the
highest or the longest radial colony mycelial growth was obtained with maltose,
followed by sucrose and dulcitol. The greater and efficient utilization of maltose may
be related to the hydrolysis of maltose during the autoclaving process generating
glucose residues causing the initial mycelial growth rate. Favourability of most fungi
toward glucose is perhaps due to its common availability in nature (Griffin, 1994).
The present results are in agreement with the work on Ophiocordyceps sinensis (Dong

and Yao, 2005) and with the work on Ophiocordyceps longissima (Sung et al., 2011).
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Moreover, the results are also consistent with the work carried out by Liu et al.,
(2018) on Isaria farinosa. It also appeared that disaccharides had comparatively
stronger effects on mycelial radial growth than the monosaccharides and
polysaccharides tested. This result is in accordance with the findings of Kim et al.,
(2003) on Cordyceps militaris NG3, Shin et al., (2004), on Cordyceps pruinosa and
Sung et al., (2010), on Metacordyceps yongmunensis. All the aforesaid workers have
observed a high level of mycelial growth in media supplemented with disaccharides.
The present experiment also revealed that between the two monosaccharides used, the
ketohexose was more preferred than aldohexose for growth of mycelium which may
be related to efficient incorporation of fructose directly in the respiratory pathway
after phosphorylation (Cochrane, 1958; Chandra, & Purkayastha, 1977). Conversely,
xylose and Na-acetate proved to be a very poor source of carbon for the growth of all
nine isolates. The incapability of xylose to produce larger colony diameter may be due
to its conversion to furfural form during autoclaving process which was sufficient to
restrict the mycelial growth (Cochrane, 1958). Assimilation of disaccharides or
polysaccharides by the fungi generally depends upon the ability to produce necessary
hydrolytic enzymes. The present isolates were able to use polysaccharides in the form
of soluble starch and mannose and it could be due to all nine isolates have the ability
to produce starch hydrolysing enzymes under in vitro conditions. Amylase is one such
enzyme which can hydrolyze starch into maltose and glucose and as a result may
utilize complex carbon sources quite efficiently. The results indicate that sucrose
could also produce comparable colony diameter and texture with respect to maltose

which was the best carbon source determined.

Fungi are non-diazotrophic and do not fix atmospheric nitrogen into

bioavailable forms. But they can utilize combined form of nitrogen. In the present
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experiment, it was found that the test isolates had equal affinity to almost all types of
nitrogen sources. When the organic nitrogen in the form of amino acids is tested,
glutamic acid was found to be the most suitable for the mycelial growth of Isaria
javanica (IDAR-01), Isaria tenuipes (IDAR-03) and Isaria tenuipes (IDAR-04). This
is in accordance with the findings of Liu et al. (2016). This result points to the fact
that single amino acid in the form of glutamic acid can produce all the other essential
amino acids by transamination reactions (Deacon, 2006). Similarly, complex organic
nitrogenous compound, yeast extract was found to be an excellent source of nitrogen
for Isaria farinosa (IDAR-02), Isaria tenuipes (IDAR-00), Isaria tenuipes (IDAR-07)
and Isaria farinosa (IDAR-08) respectively (Table 4.9). The superiority of yeast
extract over other nitrogenous substance is that it contains a mixture of amino acids,
peptides and water-soluble vitamins, especially B vitamins (Difco Manual 11th
Edition) and it could be the reason for better growth of test isolates. Moreover, it has
also been reported that organic nitrogen sources are absorbed easily by the cells in
comparison to inorganic ones (Jung et al., 1997; Kang et al., 1997; Kim et al., 2003;
Wang et al., 2008). This result substantiated the previous findings of Ali et al., (2009)
on Isaria fumosoroseus and Liu et al., (2018) on Isaria farinosa. It is clear from the
Table 4.9., that nitrate nitrogen yielded excellent mycelial growth of Isaria farinosa
(IDAR-05) and Isaria fumosorosea (IDAR-09) with NaNOs and KNOj respectively.
Such growth with nitrate nitrogen is presumably due to its ability to convert nitrate
into ammonium by the expression of enzymes nitrate and nitrite reductase (Deacon,
2006). The ability to utilize nitrate as a nitrogen source in absence of other assimilable
ammonium source is in concordance with other findings (Wang et al., 2008; Sung et
al., 2010; Liu et al., 2018), Although Liu et al., (2018), concluded that urea could be a

better source of nitrogen than nitrate for the growth of Isaria farinosa. The result of
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present study was not in agreement with the view and urea as nitrogen source was
found a poor supporter of growth in al isolates, except Isaria javanica (IDAR-01),
Isaria tenuipes (IDAR-03) and Isaria farinosa (IDAR-05) exhibiting a moderate
growth with somewhat compact mycelial density. Such exceptional use of urea by
three isolates could be explained due to the ability of these isolates to produce
adequate amounts of urea hydrolysing enzyme urease under cultural conditions. It
also seems probable that urea requirements are specific for specific isolates. Similar
observations were put forward by earlier workers such as Dong and Yao (2005) on
Ophiocordyceps sinensis and Sung et al., (2010), on Cordyceps cardinalis. The
different nitrogen sources except urea supported relatively appreciable growth as well
as mycelial texture in different isolates of Isaria. It is striking to note that the
metabolic potential of using organic and inorganic nitrogen sources may be accounted

due to the peculiar life cycle pattern they carry out in the natural environment.

Studies show that a balanced nutrient medium will contain about ten times as
much carbon as nitrogen. Therefore, C: N ratios of 10:1 or less will ensure a high
protein content and a C: N ratio greater than this will favour accumulation of alcohol,
acetate derived secondary metabolites, lipids or extracellular polysaccharides (Carlile
et al., 2001). In the present study it was revealed that the effect of C/N ratio was strain
dependent in which an optimum C/N ratio of 50: 1 was observed for Isaria javanica
(IDAR-01), Isaria tenuipes (IDAR-03) and Isaria fumosorosea (IDAR-09) while 60:1
for Isaria tenuipes (IDAR-04), Isaria tenuipes (IDAR-06) and Isaria farinosa (IDAR-
08), respectively and a very low C/N ratio of 5:1 for Isaria farinosa (IDAR-05). It is
noteworthy to mention that if the percentage of nitrogen used is higher than carbon, a
super mycelial growth inhibition occurs in most fungi (Bellettini et al., 2019). The

results shown in Table 4.10 suggest that all the test isolates could utilize a maximum
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amount of carbon when the percentage of carbon and nitrogen is 6% and 1%

respectively.

In addition to various elements, fungi require very minute-amounts of
vitamins not as an energy source (Kavanagh, 2011), mostly as organic coenzymes for
various groups of enzymes (Campbell, & Farrell, 2009). It is clear from the results
depicted in Table 4.11 that among the tested vitamins, biotin proved to be the best for
Isaria tenuipes (IDAR-04), Isaria tenuipes (IDAR-06) and Isaria farinosa (IDAR-02)
whereas Isaria fumosorosea (IDAR-09) preferred thiamine-HCI. It is also reported
that the species Isaria farinosa grew well on B vitamins supplemented media (Liu et
al., 2018; Liu et al., 2016; Yang et al., 2005). It appears from the present investigation
that the B vitamins mainly the biotin and thiamine exhibited relatively better growth
(maximum 34.66+0.57 mm on Isaria farinosa (IDAR-08) and 41+1 mm on Isaria
fumosorosea (IDAR-09) colony diameter respectively).

Metals are directly or indirectly involved in all aspects of fungal growth,
metabolism and differentiation (Gadd, 1986). Thus, indispensability of some mineral-
salts that constitutes essential elements for the growth of nine isolates was
investigated. It is interesting to note that from the experimental results that the
macroelements such as potassium (KH,PO,4), magnesium (MgSQO4.7H,0), calcium
(CaCl,.2H,0), iron (FeS04.7H,0), =zinc (ZnSO4.7H,0) and manganese
(MnSO,4.7H,0), promoted a luxuriant mycelial growth. It is reasonable to speculate
the importance of potassium and magnesium in the central metabolic pathways and its
role in fungal growth physiology. In most fungi, these mineral salts are necessary for
the production of proteins even in the presence of organic carbon compounds (Masse,
1906). It was also reported that the potassium has a stimulative effect in the

glycolytic cycles and its deficiency may inhibit sugar metabolism (Wang et al., 2008).
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While the scarcity of magnesium can interfere with normal oxidation process of
carbon source as it makes up an integral component of number of co-enzymes (Feng
et al.,, 1995). There have been a few studies regarding the inhibition of mycelial
growth by these elements and the present results are in consonance with these works
(Feng et al., 1995; Sung et al., 2002; Park et al., 2004; Wang et al., 2008; Liu et al.,
2018). However, the calcium ions are generally regarded as non-essential element but
it has shown some effects on the mycelial growth of nine isolates on agar plate
medium. As shown in the result the highest mycelial growth was recorded with Isaria
farinosa (IDAR-08) and Isaria fumosorosea (IDAR-09) in the medium containing
FeS0O4.7H,0, while with ZnSO4.7H,O supplementation the highest growth was
observed for Isaria farinosa (IDAR-08) which was the highest growth recorded in the
present experiment. On the contrary, it was observed that addition of CuSO4.5H;0 in
the MPDA medium was a suppressor of growth in Isaria javanica (IDAR-01)
(12.33£1.52mm) and IDAR-09 (15+1mm) (Table 4.13). Though copper is an
essential element for fungal growth, however, even slight increase in Cu
concentration has a toxic effect on fungi (Gruhn, & Miller, 1991). Excessive amounts
of Cu can cause a drastic decrease in mycelial dry weight and diameter of mycelial
growth in ectomycorrhizal species on agar media (Gruhn, & Miller, 1991; Tam,
1995). Our findings were also in line with these findings. The essentiality of iron and
zinc in fungal growth was reported by Kim et al., (2010) for Tricholoma matsutake.
Indispensability of iron in the mycelial growth is in agreement with the report of Liu
et al., (2018) for Isaria farinosa and by Dong and Yao (2005) for Ophiocordyceps
sinensis. In addition, zinc is also required in small amounts by the majority of fungi
for being co-factors of a variety of enzymes (Garraway, & Evans, 1984).

Furthermore, it was reported that the manganese ions are coenzyme of superoxide
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dismutase, and are essential ions for enzyme that utilize ATP, and synthesize DNA

and RNA (Reeslev, & Jensen, 1995; Park et al., 1995; Kim et al., 2010).

The nutritional and physiological analysis of Isaria reliably adds to the
understanding of its adaptation in the climatic conditions prevailing in Darjeeling
Hills. Thus, the present findings could also be used in selecting strains for future
studies.

Phenolic compounds are mostly aromatic hydroxylated compounds, found in
vegetables, fruits and many food sources. As a kind of secondary metabolites,
phenolic compounds are generally categorized as phenolic acids and flavonoids,
(Ferreira et al., 2017; Liu et al., 2022). Total phenolics content determined
colorimetrically in the nine isolates were found in ranging from 115.58 ug GAE/g for
methanol extract of Isaria javanica (IDAR-01) to 304.47ug GAE/g for Isaria
farinosa (IDAR-02) methanol extract (Figure 4.9). The present results are in
conformity with the trend documented by Chunyu et al., 2019 and Sharma et al., 2021
in Isaria cicadae. The total flavonoid content values of the extracts ranged from 7.39
ug QEs/g for methanol extract of Isaria tenuipes (IDAR-06) to 16.22 ng GAE/g for
Isaria tenuipes (IDAR-03) methanol extract (Figure 4.10) and they decrease in the
following relative order: IDAR-03 > IDAR-01 > IDAR-09> IDAR-08 > IDAR-02 >
IDAR-04 > IDAR-05 > IDAR-07> IDAR-06 > methanol. Boonsong et al., (2016)
have reported a flavonoid content in the water extract of an edible macro fungi such
as Lentinus edodes (3.75+£0.28 mg QE/g dw) and Volvariella volvacea (7.29+0.21 mg
QE/g dw), but in the present study such high level of flavonoid was not recorded
(Figure 4.10). The total tannin content values of the extracts range from 0.257 mg
TAEs/g for methanol extract of Isaria farinosa (IDAR-08) to 0.483 ug TAEs/g for

Isaria farinosa (IDAR-05) methanol extract (Figure 4.11) and they increase in the
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following relative order: IDAR-05 < IDAR-07 <IDAR-06< IDAR-02 < IDAR-04 <
IDAR-03< IDAR-01< IDAR-09< IDAR-08 < methanol. The amount of B carotene
ranged from 0.055 in Isaria javanica (IDAR-01) to 0.208 mg/100g extracts in Isaria
fumosorosea (IDAR-09) (Figure 4.12) whereas lycopene ranged from 0.002 in IDAR-
01 to 0.041 mg/100g extracts in IDAR-09 (Figure 4.13). These results are also in line
with those reported by Sharma et al., (2021) on the content of B carotene and lycopene

content in Isaria cicadae to be 0.39+0.05ug/g and 0.29+0.05ug/g respectively.

The screening of antioxidant activity of the mycelial extracts was carried out
in the current study. In the present work, seven widely accepted laboratory assessment
parameters, viz. DPPH  scavenging, ABTS  scavenging, hydroxyl radical
scavenging, hydrogen peroxide scavenging reducing power (RP), FRAP, and metal-
ion chelation (MC) capacities of the cultured mycelium from nine isolates of Isaria
spp., in addition to their total phenolics, flavonoids, tannins along with carotenoid

contents were chosen for in vitro screening.

Figure 4.14., illustrates that in a concentration-dependent, radical-scavenging
ability at a series of concentration of BHT and methanol extract from nine isolates,
the lowest recorded scavenging effects was 3.3% in case of /. javanica (IDAR-01) at
2 mg ml™" against the highest recorded 77.63% at the dose of 2 mg mL™" for Isaria
fumosorosea (IDAR-09). This activity of DPPH ' scavenging was closely matched by
results of Isaria cicadae (Ren et al., 2014; Sharma et al., 2021), where the pattern of
result exhibited higher DPPH activity with increasing concentration. Although, in the
present study the isolates showed a weaker antiradical scavenging in comparison to
that of Isaria japonica which scavenged the DPPH'' radicals by 49% at 0.1mg/ml
(Yahagi et al., 1999). However, the present result was comparable to the one reported

by Xiao et al., (2016), for alkali soluble and alkali refined polysaccharide from
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Cordyceps taii where they scavenged DPPH radicals with ECs values of 9.80+0.66
and 13.60+1.95 mg/mL respectively. From other medicinal fungi such as
Ophiocordyceps sinensis showed >80% scavenging potential from hot water extracts
of natural mycelia and cultured mycelia (Dong, & Yao, 2008), whereas for
Tolypocladium sp. the maximum scavenged value was 80.1% at 4.5mg/ml (Zheng et
al., 2008). While in case of non-entomopathogenic fungi it was found that at 10
mg/ml, the methanolic extracts of Agrocybe cylindracea and Ganoderma tsugae

mycelia scavenged 91.4% and 95.6% of DPPH radicals, respectively (Tsai, 2002).

The degree of antiradical activity in among the nine isolates has been shown
on the basis of determined ICsy value (Table 4.18). No remarkable scavenging
activity were noted at lower concentrations while all the isolates exhibited radical
scavenging activity in higher concentrations of methanolic extract which may be due
to accumulation of various phytochemicals. However, this needs to be further

explored in the future work.

The findings from this study suggest that at a 10 mg/ml concentration, the
methanol extract of Isaria javanica (IDAR-01) exhibited the highest radical
scavenging activity (83.65+0.37%) when reacted with ABTS* radicals. This isolate
showing >80% scavenging capacity was considered as an excellent isolate. This
activity was followed by methanol extracts of Isaria tenuipes (IDAR-03) and Isaria
farinosa (IDAR-02) at 62.53+0.80% and 60.47+2.47%, respectively. These two
isolates exhibiting > 60% activity was categorised as good isolates. The lowest
scavenging activity was exhibited by Isaria tenuipes (IDAR-07) at 35.92+0.96%
which was classified as moderate isolate in terms of its ability to scavenge free
radicals. In the present study, it was also observed that the mycelium extracts

efficiently scavenged the ABTS radical in a dose dependent manner indicating its

217



possible usage as a scavenger of peroxyl radicals. This, results have correlated with an
earlier study of antioxidant effects generated by exopolysaccharides of two
entomopathogenic fungi Isaria tenuipes and Isaria sinclairii showing ABTS
scavenging activity with ICsy values of 5.43 +0.13 mg/ml and 6.29 + 0.13 respectively
(Sharma, 2015). In the same study the ABTS scavenging ability of the intracellular
polysaccharides was reported with ICsy values of 3.11+£0.19 and 4.25+0.19
respectively (Sharma, 2015). Chhetri et al., (2020) found that methanolic extracts of
mycelia of Isaria tenuipes scavenged 44.42%of ABTS radicals at 10 mg/ml.
However, the present result is quite different from those reported by Sharma et al.,
(2021) in Isaria cicadae that showed a very high level of ABTS scavenging activity
of 934+0.17%. However, the ABTS radical scavenging activity was inferior to that of
methanolic extract from other medicinal mushrooms. Thus, Gursoy et al., (2009)
found that a methanolic extract of the fruiting bodies of Morchella conica scavenged
78.66% of ABTS radicals at a 40 pg/ml concentration, while, de Bruijn et al.,
(2009), found the scavenging effect of an ethanol extract of Grifolia gargal to be
94.5%. On the basis of these comparisons, it is suggested that cultured extracts of nine
isolates evaluated here could be of use as a natural source of antioxidants only at
higher doses (8-10mg/mL). Methanolic extracts of all nine isolates may possibly
react with free radicals, which are major initiators in the autoxidation of lipid, thereby

terminating the chain reaction.

The hydroxyl scavenging activity of the mycelial extract in the present study
showed moderate response that increased with concentration of the extract (Figure
4.16). In a study on Isaria farinosa reported elsewhere, the scavenging activity was
around 46.48% when 3.2mg of its water-soluble polysaccharide was used (Jiang et al.,

2008). In the present study, a similar magnitude of effect of about 50% inhibition of
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hydroxyl radical was obtained only at 10mg/ml test solution. However, these results
are in agreement with recent report on Isaria spp., (Chhetri et al., 2019, 2020).
Similarly, an investigation carried out by Zheng et al. (2008), reported that the
purified polysaccharides from Cordyceps taii demonstrated good activity at ECsg
value of 2.72+0.80. Furthermore, hot water extracts from Cordyceps militaris showed
60% of hydroxy radical scavenging activity at 2mg/mL (Zhan et al., 2006). A similar
finding was also reported from natural mycelia of Ophiocordyceps sinensis again
showing 60% antioxidant activity at 2mg/ml (Dong & Yao, 2008). However, at 16
mg/ml, methanolic extracts from other medicinal mushrooms, such as Coriolus
versicolor, Ganoderma lucidum, and Ganoderma tsugae, scavenged hydroxyl radicals
by 38.0-52.6% (Mau et al., 2002; a, b). Thus, nine isolates of Isaria spp., in the
present study may be considered a moderate scavenger of hydroxyl radicals

suggesting it could be helpful in preventing the damage to important macromolecules.

Hydrogen peroxide scavenging effects of methanolic extracts from nine
isolates of Isaria spp., increased with the increased concentrations from 15.23 to
56.82% at 2-10 mg/ml (Figure 4.17). The scavenging effect on hydroxyl free radicals
was the highest by Isaria tenuipes (IDAR-06) showing 57.48+0.58% followed by
Isaria tenuipes (IDAR-04) 56.82+1.41% activity at 10 mg/ml respectively. The rest of
the extracts did not scavenge free radicals in >50% level even at the highest tested
concentration (10mg/ml). Jiang et al., (2005), reported that a scavenging ability of
water soluble exo and intra polysaccharides from Isaria farinosa B05 at 10.24 mg on
hydrogen peroxide radical was 100 % respectively. In the present study, absolute
scavenging was not demonstrated by any of the nine isolates. While in other
mushroom such as Agaricus bisporus it was found that the hydroalcoholic extracts

had high inhibiting activity with low ECsg value of 2.75 + 0.2 mg/ml (Vamanu, 2012).
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Vishwakarma et al., (2017) found that hydroalcoholic extracts of the fruiting bodies of
Pleurotus cystidiosus, Pleurotus flabellatus and Pleurotus florida scavenged
hydrogen peroxide radicals with ECsy values of 2.4, 3.4, 1.5 and 0.4 mg/ml
respectively. The present results indicated that Isaria spp., showed dose dependent
manner in scavenging hydrogen peroxide radicals and are moderate scavengers of

such radicals.

In the present study, on the isolates at increasing concentration (2-10mg/mL),
Isaria javanica (IDAR-01) demonstrated strongest reducing power at 1.39+0.09
(10mg/mL), which was followed by Isaria fumosorosea (IDAR-09) at 1.002+0.33.
Sharma (2015), reported an excellent reducing property of exo and intra
polysaccharides of Isaria tenuipes (ICsy 6.36 £ 0.22 and 2.43 + 0.27). A relatively
high reducing power of Cordyceps taii have been previously reported with ECsg
values at 3.23+0.47 mg/ml for alkali soluble refined polysaccharides (Xiao et al.,
2016). With regard to the antioxidant activities, crude methanolic extracts from
present study were found to be much lower than those reported from polysaccharides
of aforementioned species. However, the present study demonstrated comparable
reducing activity to those of Ophiocordyceps sinensis and Cordyceps militaris (Zhan
et al., 2006; Lin et al., 2012). Moreover, the results found in mycelial methanolic
extracts in the present study are even higher than those reported by previous authors
for Cordyceps militaris, Ophiocordyceps sinensis and Tolypocladium sp. (Zhan et al.,
2006; Lin et al., 2012). The reducing power may be attributed to their hydrogen
donating ability, identifying the presence of antioxidants (Shimada et al., 1992).
Accordingly, the nine isolates of Isaria spp., might contain higher amounts of
reductone, which could react with free radicals to stabilise and terminate radical chain

reactions. Although no methanol extract could give similar reductive capability at the
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same concentration as BHT, but similar activities to that of BHT was observed in few

isolates (Figure 4.18).

Mycelial extracts in methanol of nine isolates used in this study exhibited
more or less similar iron chelating ability as functions of their concentration (Figure
4.19). Methanol extracts of Isaria tenuipes (IDAR-04) showed the highest ferrous
iron chelating effect (86.73+1.3%) at 10 mg/ml while Isaria javanica (IDAR-02)
showed the lowest chelating ability (71.72+1.6%). The metal chelating activity of
Isaria farinosa was determined at around 97.44% at 12.8mg/ml (Jiang et al., 2008).
Fe’"chelating effect to the tune of about 66% was shown by 8mg/ml extract of
Cordyceps militaris, another entomopathogenic fungus (Zhan et al., 2006). The
aqueous extract from C. taii was an excellent ferrous chelator, chelated 85.4% at
1.0mg/ml (Xiao et al., 2016). The present findings are also in agreement with the
results found by Sharma (2015), using exopolysaccharides and intrapolysaccharides
isolated from Isaria tenuipes. The present results have shown comparable inhibition
of Fe’" and therefore, the present work may be considered in sync. The chelating
activity in the present study from nine isolates of Isaria spp., sharply increased with
increased dose from 2.0 mg/mL to 10.0 mg/ml, and reached a plateau of 75.39% to
86.73% in between a concentration of 6.0 mg/ml and 10.0 mg/ml. This result meant
that methanolic extracts had a stronger chelating capacity but not as much as the
positive control EDTA. Chelating agents might function as secondary antioxidants
because they reduce the redox potential, thereby stabilizing the oxidized form of the
metal ions (Gordon, 1990). In general, methanol extracts from the cultured mycelium
in the current study demonstrated antioxidant efficiencies comparable to the other

species reported in the literature.
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Antimicrobial resistance (AMR) is a natural prevalence that is connected to a
rise in "mortality, morbidity and economic burden" of nations worldwide (Zhen et al.,
2019). Additionally, the strains exhibiting Multi Drug Resistance (MDR) are
increasingly spreading as a contagious pathogen throughout the globe. Owing to these
negative health trends and the need of new antimicrobial agents to reduce threat of
further resistance has emboldened us to evaluate the effect of methanol extracts of
nine isolates of Isaria spp. as antimicrobial agents. In the current study fungal crude
extract demonstrated promising in vitro anti-infective result by exhibiting maximum
antibacterial activity against human bacterial pathogens. It was observed that the all of
the crude extracts inhibited at least one of the microorganisms studied (Table 4.19 &
4.20). Among the tested extracts, Isaria farinosa (IDAR-02), Isaria tenuipes (IDAR-
03), Isaria tenuipes (IDAR-05) and Isaria fumosorosea (IDAR-09) extract inhibited
the growth of the all six human pathogens; Bacillus subtilis, Staphylococcus aureus,
Streptococcus pneumoniae, Escherichia coli, Pseudomonas aeruginosa and Klebsiella
pneumoniae and have shown broad spectrum activity. Antibacterial activity of each
extract was consistent to results obtained with mycelial extract from Isaria farinosa
(Brel et al., 2020). However, the other extracts displayed significantly smaller
inhibition zones when compared to a positive standard Streptomycin at 100pg/ml.
The mycelial crude extracts have shown largest zone of inhibition against Klebsiella
pneumoniae, 16.33+£0.57mm (Isaria tenuipes IDAR-06) and against Bacillus subtilis,
16+1.0mm (Isaria fumosorosea IDAR-09) respectively. Moreover, it was observed
that the cultured mycelia were capable in restoration of anti-infective activity in
particularly problematic Gram-negative bacteria mainly the streptomycin resistant
strain the Pseudomonas aeruginosa. Like Gram-negative bacteria the Gram-positive

bacteria was also found to remain highly susceptible towards all the tested
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concentration of methanol extract and the positive control. In addition, no growth was
noticeable in any of the wells containing EDTA which was used as a negative control.
Therefore, it is believed that cultured methanol extract constitutes a potential anti-
infective agent for the treatment of problematic bacteria residing as commensals
within the mammalian cells. This in particular constitutes Gram-negative bacteria
which has the maximum bioavailability problems in comparison to Gram-positive
bacteria (Graef et al.,, 2016). Components from crude fungal extracts have
demonstrated antimicrobial activity against wide spectrum of human pathogens and
its antimicrobial properties have been proven by many studies (Idris et al., 2013).
Although antimicrobial properties of higher medicinal fungi are available, however,
there has been a lacuna of research on the antibacterial action of Isaria species. The
genus Isaria has received considerable attention in recent years, because of its wide
range of chemically novel metabolites (Weng et al., 2019; Zhang et al., 2019). The
current study suggests that the antimicrobial action of isolates from Isaria spp., may

be mediated by bioactive metabolites.

The goal for a successful cancer therapy demands the screening and
identification of highly efficient therapeutic molecules (Venkatachalam, &
Nadumane, 2021). The high toxicity of the available drugs and their various other side
effects necessitates the search for novel drugs active against diverse kinds of tumours
(Demain and Sanchez 2009). It is estimated that out of the 175 small molecules
utilized clinically for cancer therapy from 1940s to 2014, 131 (approx. 75%) drugs are
either being natural products or those directly derived therefrom (Newman & Cragg,

2010; 2014).

Fungi-derived natural products are considered to be one of the most important

sources of pharmaceutical compounds. Surprisingly however, no fungi-derived agent

223



has been approved as an anticancer drug so far. The genus Isaria spp., has been
demonstrated to possess various biological and pharmacological properties, including
growth inhibitory effects on various cancer cells. Fungal extract from Isaria japonica
could significantly decrease tumour weights and volumes, in mice inoculated with
Sarcoma-180 tumour cells (Shin et al., 2003). The fungal extract at 50mg/kg caused
inhibition of the tumour volume by 28.1% (3749 + 279.3 mm’) and a decrease in the
tumour weights by 42.3% (5.1 = 0.4 g) (Shin et al., 2003). The methanolic extracts
from fruiting body of Isaria tenuipes DGUM 32001 has been reported to possess
significant cytotoxicity against human cancer cell lines: MCF-7 and HepG2 (Shim et
al., 2001). The ethyl acetate fraction of this fungus showed cytotoxicity against
HepG2 and MCF-7 with ICsg values of 40 and 9.6 ug/mL, respectively (Shim et al.,
2001). It was further demonstrated that MCF-7 breast carcinoma was inhibited by
44.83 + 6.88% with ethyl acetate extract of Isaria tenuipes VHI-2 fruiting bodies
(Pham et al., 2020). In Isaria tenuipes, phytochemical constituents were attributed for
antiproliferative ability and the presence of beavurecin was thought be responsible for
antiproliferative activity also exhibited apoptosis inducing ability on HeLa cells
(Chbhetri et al., 2020). In this study, methanol extracts from cultured mycelia showed
effective antiproliferation on 3 types of cancer cells as reported in the result section

(Table 4.21; 4.22; 4.23).

MTT assay of the methanol extracts on HeLa, HepG2 and PC-3 cell lines
indicated potent cytotoxicity of the test samples against the cancer cell lines (Figure
4.23, 4.24 & 4.25). In the antiproliferative test, within 72 hours of exposure, the
methanol extracts demonstrated reduction in cell viability by more than 95% (at
100pg/ml of extract) in a dose-dependent manner especially on HeLa cells (Figure

4.23). Of all the fungal extracts tested, the methanol extract from /. fenuipes IDAR-

224



03, I. tenuipes IDAR-04 and I. fumosorosea IDAR-09 exhibited the most promising
results after 72 hours of treatment where the viability of the HeLa cells decreased to
6.74, 6.91 and 5.52% respectively at the highest test concentration (100pug/mL). Thus,
the observed cytotoxicity reported in this study can be attributed to the presence of
various phytochemical compounds in the fungal extracts. Indeed, many researchers
have confirmed that the extracts from entomopathogenic fungi are excellent producers
of strong cytotoxic phytochemicals (Sun et al., 2017; Wang et al., 2016). According to
the United States National Cancer Institute Plant Screening Program, a crude extract
is generally considered to have in vitro cytotoxic activity if the ICsy values is<30-
40pg/ml (Talib, & Mahasheh, 2010). Taken together, methanol extract can, therefore,
be regarded as a good source of phytochemicals with cytotoxic potential. In this
context, the cytotoxic activity of the mycelial extracts established a fact that the
entomopathogenic fungi are a potential source of natural anticancer compounds.
Similar studies where the percentage of viability of the cells decreased with an
increase in concentration of the test extract have been reported from mycelium of
medicinal mushroom Ganoderma tsugae used in traditional folk medicine where the
viability of Hep 3B and HL-60 cells decreased to 25.5% and 21.00 % at 4.00mg/ml

after 72 hours of treatment respectively (Chien et al., 2015).

Further, the lead compounds possible in the fungus present could also play a
significant role in disease prevention and treatment. However, the antiproliferative
effects may differ markedly based on different cancer cell types (Ogawa et al., 2014).
In brief, it is worth noting that the HeLa cells exhibited noticeable inhibition even at a
lower concentration of extract tested. The inhibition of HeLa cells was found to be
higher in the present study as compared to that of Isaria amoenerosea which

exhibited about 53% inhibition (Chhetri et al., 2019). It should be stressed, however,
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that in the HepG2 and PC3 cells, methanol extracts were shown to only induce low
antiproliferative activity.

Defining mechanism responsible for antiproliferative potential of the methanol extract
is crucial to understand the features associated with cancer. Necrosis and apoptosis
are two different mechanisms of cell death with some specific features. Apoptosis is
believed to be highly regulated at the morphological level and is well characterised by
membrane blebbing, chromatin condensation, cell shrinkage, nuclear cytoplasmic
fragmentation and the formation of apoptotic bodies (Sadananda et al., 2016).
Apoptosis usually takes place during normal development and aging processes and as

a homeostatic mechanism to maintain cell populations in tissues (Elmore, 2007).

The alternative to apoptotic death is necrosis which is a passive form of cell
death that mainly is induced by toxic or physical damage and is considered to be a
toxic process (Edinger et al., 2004). The morphological changes that occur with
necrosis involve the process in which damaged cells are aggregated and clustered, the
shape and function of mitochondria are changed and nuclear chromatin becomes
plexiform (Wyllie et al., 1980). Owing to eventual disruption of membrane integrity
results in swelling and then rupture of the cells releasing the cytoplasmic contents into
the surrounding tissue, with eventual recruitment of inflammatory cells (Elmore,
2007). In the case of apoptotic cells, it does not release any of their cellular
constituents into the surrounding interstitial tissue and are quickly phagocytosed or
disposed of, which prevents the development of an inflammatory reaction (Savill and

Fadok, 2000; Kurosaka et al., 2003).

Apoptosis or necrosis may confer the growth inhibition of HelLa, HepG2 and
PC3 cells in response to methanol extract treatment. Morphological investigation of

the methanolic extract at 100 pg/ml concentration on HeLa cells revealed cell death
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through the mechanism of apoptosis (Figure 4.23). In the current study, the
microscopic observations revealed that as compared to the untreated cells, the treated
cells became compact, had shrunken irregular margins, a high degree of membrane
blebs, formation of apoptotic bodies with rounded shape, improved brightness and
reduced cellular volumes indicating apoptosis. From such evaluation, it is presumed
that the methanol extracts may be responsible for bringing about apoptosis under in-
vitro conditions. Recent studies suggest that Isaria tenuipes is rich in various
secondary metabolites making it an important fungal species with potential

pharmacological functions (Zhang et al., 2019).

Anticancer effects by inducing apoptosis may be a valuable mechanistic
approach for cancer chemotherapy while preventing unfavourable side effects and
drug resistance (Shafi et al., 2009). In this study, first we confirmed the cytotoxic
effects of methanol extracts using cell viability assay and tried to identify
physiologically active molecule beauvercin in the nine isolates. Cyclic peptides, such
as beauvericin isolated from fungal sources are capable of exerting anticancer effects
(Wang & Xu 2012). Studies have attributed the anticancer activities of beauvericin on
several cancer cell lines including human epidermoid carcinoma cell lines KB and
KBv200 with an ICsg values of 5.76+0.55 and 5.34+0.09 uM, respectively (Tao et al.,
2015). In the present study, the presence of beauvericin was identified using HPLC.
Studies have suggested that beauvericin had remarkable activity against diverse
cancer cell lines with the potential for use as medicine (Wang & Xu, 2012). The most
important species of the genus Isaria which are reported to be a beauvericin producer
includes Isaria fumosorosea, Isaria japonica, Isaria cicadae, and Isaria tenuipes
(Luangsa-ard et al., 2009). Furthermore, beauvericin isolated from Isaria has been

reported to inhibit the migration activity of PANC-1 cells by upregulating the
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expression of the E-cadherin gene and reducing N-cadherin and Snail genes (Yahagi

et al., 2020).

Further validation of the possibility of beauvercin positive isolates Isaria
farinosa (IDAR-02) and Isaria tenuipes (IDAR-04) to ensure whether this cytotoxic
effect was from apoptosis induction or through necrosis, flow cytometric analysis of
apoptosis was performed. The flow cytometric analysis of cell cycle showed that
methanol extracts from Isaria farinosa (IDAR-02) and Isaria tenuipes (IDAR-04)
promoted Hela cell apoptosis in a dose dependent manner. HelLa cells were
undergoing preliminary cell cycle arrest in the GO/G1-phase followed by increased in
apoptotic cells that could explain the morphological changes in the cell and eventual
decrease in cell viability. The percentage of Hela cells undergoing apoptosis
following treatment with methanolic extract of Isaria tenuipes (IDAR-04) exhibited
up to a maximum of 24.59% (Figure 4.29). Similarly, the apoptosis rates of HeLa
cells were found up to 10.67% by Isaria farinosa (IDAR-02) extract treatment (Figure

4.30).

Determination of cell apoptosis by the propidium iodide (PI) flow cytometric
assay is based on the principle that apoptotic cells, among other typical features, are
characterized by DNA fragmentation and, consequently, loss of nuclear DNA content.
Thus, flow cytometric method may reveal the cause of cell death and in this technique
the hypodiploid nuclei from apoptotic cells are detected using DNA-binding
fluorochrome, propidium iodide. The technique determines the DNA content which
could indicate the number of apoptotic cells. It is noteworthy here to mention that
sometimes necrotic cells also display a certain degree of DNA fragmentation that may

eventually result in hypodiploid nuclei. Therefore, the presence of a hypodiploid
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DNA peak in flow cytometric studies does not provide unambiguous proof of

apoptotic cell death (Vermes et al., 2000).

To further investigate the apoptotic activity of methanol extract from /.
tenuipes IDAR-04 on HeLa cells, we examined cell death and observed it with double
positive staining using Annexin-V-FITC/PI to distinguish the dead cell population as
apoptosis or necrosis. Koopman et al., (1994) for unravelling the regulation process of
apoptosis developed a flow cytometric assay using Annexin V conjugated to FITC to
measure Annexin V binding to apoptotic cells. The Annexin V/PI staining is mostly
used to discriminate between apoptotic and viable cells. Apoptotic cells are stained
positively for Annexin V that binds to phosphatidylserine (PS) but are negative for
staining with PI, whereas viable cells are negative for both Annexin V and PI staining

(Arora & Tandon, 2014; van Engeland et al., 1998).

To quantify the extent of apoptosis, Hela cells treated with methanol extract
were stained with Annexin V-FITC/PI followed by flow cytometry analysis. In the
representative pictograms of Hela cells, it was found that the number of intact cells in
the lower left quadrant was 47.494+6.27% at higher concentration tested (100pg/ml).
The lower right quadrant consisted of early apoptotic cells and the upper right
quadrant contained late-apoptotic ones. After treatment with methanol extracts of
Isaria tenuipes (IDAR-04) (Figure 4.32), the percentages of both early and late
apoptotic cells gradually increased in a dose-dependent fashion reaching
42.205£19.03% at 100pg/ml. From this result it is clear that treatment of higher
concentrations at 30 and 100ug/mL resulted in an increasing number of double (+)
cells indicating late apoptotic cells. Whereas the upper right quadrant in the pictogram
also quantifies the number of cells that have entered the necrotic phase which in the

present study was found to be 5.12 to 10.30+0.19% at the range of increasing
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concentrations 0 to 100pg/mL of methanol extracts tested (Table 4.25). Thus, FACS
scan analysis of the treated cells revealed that the Hela cells were positive for
Annexin V-FITC and PI at a very low concentration of test sample. Studies on
Cordyceps militaris and Ophiocordyceps sinensis have revealed that cordycepin at
15.34 uM could induce 24.3% early and late apoptosis in H1975 cell (Wang et al.,
2016). A similar effect was observed with nucleoside rich ethanol extracts of
Cordyceps militaris that increased the early apoptosis of a human colorectal cancer-
derived cell line, RKO to 8.48% at 100ug/mL (Lee at al., 2015). Most importantly,
the present findings in Hela cell lines are in agreement with the apoptosis rates of
powdered extract from Isaria cicadae demonstrated by Sun et al., (2017). They have
reported that the apoptotic rates including the early and late apoptotic Hela cells were
found to be 0.60 + 0.19%, 22.0 = 0.67%, 31.60 + 1.58% and 92.70 + 3.25%,
respectively at 0, 40, 80 and 160 pg/mL of Isaria cicadae broken conidia powder
(ICBCP) (Sun et al., 2017). Therefore, the present result is comparable and in
agreement with a number of fungi-based phytochemicals capable of demonstrating

apoptosis in the test cell lines.

Finally, the colony forming ability of Hela cells was investigated in presence
of methanol extracts of Isaria tenuipes (IDAR-04) for ten days. The colony numbers
were found to be significantly reduced after treatment with methanol extracts with
increasing concentrations (1, 3, 10, 30, 100 pg/mL). Compared with those in the
control group, the colony numbers in the methanolic extracts treated cells were
reduced by over >99% at 100pg/mL in a dose dependent manner (Figure 4.34). Thus,
the cultured methanol extracts of Isaria tenuipes (IDAR-04) decreases the
proliferation of HeLa cells. The ability to form colony is well correlated with the in

vivo oncogenic potential of cancer cells (Mori et al., 2009). The present results are in
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accordance to that of ganoderic acid from medicinal mushroom Ganoderma lucidum,
which demonstrated inhibition on colony formation of invasive breast cancer cells
(Jiang et al., 2008). This drastic reduction in the colony forming ability of Hela cells
reveal that apart from exerting direct cytotoxic effects, the extracts also demonstrated
anti-proliferative effects on the cancer cell tested and thus proved to be a potential

anticancer agent.

The present experiments showed that all the methanol extracts exhibited
cytotoxic or cytocidal effects on three cancer cell lines tested. The cytocidal
properties of test extracts was confirmed by cell viability assay which have thrown
some light on the mechanism of action of the extracts. Furthermore, it was
demonstrated that the fungal extract treated cells showed in-vitro cytocidal activity
which was determined using Annexin V-FITC/PI and clonogenic cell survival assay
on HeLa cells (Figure 4.26). The clonogenic assay confirmed that the methanolic
extract of Isaria tenuipes IDAR-04 was cytotoxic in its mode of action thereby
hindering the multiplication of the HeLa cells in an irreversible manner. The results
were consistent and in conformity with those of Cordyceps militaris against human
breast and bladder cancer cells (Park et al., 2009), Cordyceps militaris against human
colorectal RKO cells (Lee et al., 2015), Isaria cicadae against gynaecological
carcinoma, MCF-7 and Hela cells (Sun et al., 2017), Isaria farinosa against MRC-5

cells etc. (Brel et al., 2020).

One limitation of this study is that the assays were executed in only three
cancer cell lines using extract from only one solvent system. It would be important in
prospecting experiment to evaluate the effect of Isaria spp extracts on a larger number
of tumour and non-tumour cell lines using multiple solvent systems and de-replicate

extracts. Furthermore, the effect of pure metabolites isolated from /. tenuipes extracts,
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such as beauvercin, and others, has not, to our knowledge, been tested. Therefore, the
observations comprise a first approach to investigate the possible use of extracts of
Isaria spp as chemo preventive natural resource against cancer. Nonetheless, study of
their cytotoxicity and molecular mechanisms is subject to further investigations to
determine the anticancer components. The result indicated that the methanol extract
specifically reduces the proliferation of HeLa cells. It was confirmed through, colony
morphological evaluation, FACS cytometric analysis and clonogenic assay that

revealed that the cell death is mediated via apoptosis.

In conclusion, nine isolates of Isaria spp., exhibited excellent mycelial growth
across an extended spectrum of growth and nutritional conditions. Specific
phytochemicals were detected in the aqueous mycelial extract (70:30, Me-OH: H,0)
and this finding was verified by performing antioxidant activity in vitro. Biological
activity was tested on human cancer cell lines and on bacterial test strains. The
presented results suggests that, aqueous methanol mycelial extracts from nine isolates
may confer potential antioxidant, antibacterial and antiproliferative activities in the
cancer cell lines and bacterial strains tested with clinical relevance to humans. Due to
its distinctive biotherapeutic profiles, the genus Isaria has the potential to be a major
addition to the recently established safe mycomedicine class. The demonstrated
antiproliferative activity of nine isolates in this study is reported here for the first time
in India.

These findings provide base line information on the biological activity of Isaria
spp., and suggest their potential use as an alternative or complementary therapy

against some forms of cancer.
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6. CONCLUSION AND FUTURE PERSPECTIVE

The findings of this study provided a valuable scientific landscape showing the
genus Isaria spp., in all probability having novel bioactive metabolites. The
original aims and objectives, as outlined in the introduction, were meticulously
accomplished. One of the important outcomes of this study involves the generation
of ITS-4 and ITS-5 DNA data sequences because several known species reported
from India lack such sequence data, but these DNA sequences may be useful in
future metagenomics study to address the entire community of the organism. The
current study has made a significant contribution in understanding the
physiological and nutritional requirements for the mycelial cultivation of genus
Isaria of which there is a lack of documented research. This study is a baseline
study to fill these lacunae using nine Isaria isolates from Darjeeling Hills. The
methanol extracts exhibited the most potent in vitro antibacterial, antioxidant and
antiproliferative activity which can be used in further study for its application. At
least a 90-day subchronic toxicity study using animal model is desired for all
species related to genus Isaria to be approved as new food ingredient. The active
component or the major marker compounds could be considered to be used as
quality control indicators. As more studies report antioxidant and antiproliferative
activity using in vivo models, a clearer picture may emerge as to proceed
adequately to drug development through clinical trials and studies related to

eliminate the toxic side-effect of its components.
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7. SUMMARY

1. A total of nine entomopathogenic fungal samples representing genus Isaria were
collected from Darjeeling Hills, India and its adjoining temperate forests. The
fungus was aseptically brought to the laboratory and single spore isolation for

raising axenic culture was done on potato dextrose agar media.

2. Taxonomic identification of the collected fungus was made according to
taxonomic keys and monographs following the standard protocol described by in
literature. Two micromorphological characters length-width of conidia and
phialides were observed to be significant with respect to the description of nine

i1solates.

3. For molecular identification, genomic DNA was extracted from pure axenic
cultures grown on potato dextrose agar (PDA) for one week at 25°C under dark
condition, by a simple and rapid DNA extraction protocol. Molecular

characterization of all the nine isolates was done using ITS4 and ITS5 primers.

4. Based on BLAST analysis of the nuclear rDNA ITS sequence, the fungus was
successfully identified as Isaria (IDARO01-09) with 98-100% similarity covering

543 to 556 sequence base pairs.

5. Nine isolates with four species delimitation were proposed using the
concordance between morphological characters, ecology, cultural characteristics

and molecular phylogeny ITS data for the first time on Indian collections.

6. In culture all the nine isolates of Isaria showed a temperature optimum of 20°C

and the growth was retarded with increase of temperature beyond 30°C.
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7. The optimum pH for mycelium growth was close to 7.0 for all the fungal

isolates. However, all the test isolates could tolerate a pH range from 4.0 to 9.0.

8. Mushroom complete medium was an ideal medium for all the species excepting
for 1. tenuipes (IDAR-04) and I. farinosa, (IDAR-05). Among the semisynthetic
media, potato-dextrose (PDA) and Sabouraud dextrose agar (SDA) was a good
medium for all nine fungal isolates. Of the synthetic: media, such as glucose
peptone and Capek’s agar medium (CDA) was found to be overall satisfactory in

growing all isolates under consideration.

9. Among the carbon sources tested most of the isolates (IDAR-04, IDAR-05,
IDAR-06, IDAR-07 and IDAR-08) best grew vegetatively on media when the
carbon source was disaccharides like maltose and sucrose. Monosaccharides such
as dulcitol excreted positive growth influence on some isolates (IDAR-02 and
IDAR-05). Very weak mycelial growth was recorded in the media supplemented
with xylose or sodium acetate as the carbon source. Organic acids were poorer
sources of carbon than carbohydrates for all the nine isolates. Glutamic acid as
nitrogen source among amino acids tested was superior in accelerating the mycelial
growth of all isolates. Similarly, yeast extracts as organic nitrogenous source and
sodium nitrate was found to be superior sources of nitrogen with respect mycelial

growth and density.

10. An optimum C/N ratio of 50: 1 (12.5 g D-Glucose or 5% C and 3.84 g Proteose
Peptone) was observed for IDAR-01, IDAR-03 and IDAR-09 while 60:1(15 g D-
Glucose or 6% C and 4.61 g Proteose Peptone), for IDAR-04, IDAR-06 and
IDAR-08, respectively and a very low C/N ratio of 5:1(1.25 g D-Glucose or 0.5%

C and 0.769 g Proteose Peptone) was suitable for IDAR-05.
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11. Among the vitamins tested, thiamine-HCI showed the best results on the radial

mycelial growth of all the test isolates in vitro.

12. Liquid static fermentation (LSF) was employed using potato dextrose broth
supplemented with 0.01% yeast and meat extracts which proved to be a promising

method for the production of fungal biomass and bioactive functional compounds.

13. The quantitative estimation of phytochemicals of cultured mycelium extracts
showed a high degree of total phenolics in Isaria farinosa (IDAR-02) at
304.47ugGAEsg”, flavonoid in Isaria tenuipes (IDAR-03) at 16.22ugQEsg’”,
tannin in Isaria farinosa (IDAR-05) at 0.483mgTAEsg’, B-carotene in Isaria
farinosa (IDAR-02) at 0.255mg/g and lycopene in Isaria tenuipes (IDAR-04) at

0.0413mg/g.

14. The methanol extract was fingerprinted with FTIR from 400-4000 cm™. Crude
methanol 70% (v/v) cultured mycelial extract demonstrated reasonably good
antibacterial activity against pathogenically significant Gram positive and Gram-

negative bacteria.

15. Methanol extract was further explored for its antioxidant potential using a wide
range of in vitro protocols (DPPH", ABTS -scavenging, H,0,, OH-scavenging,
reducing power ability, FRAP, and metal chelating ability). Methanol extracts from
the cultured mycelium of each of the selected isolates were demonstrated as
effective antioxidants. Additionally, it was also investigated that antioxidant

activity increases in concentrations of fungal extract from 2.0 to 10.0 mg/ml.

16. 1Csy values was used to compare the efficiency of reductant present in the

methanolic extracts of nine isolates (IDAR-01-IDAR-09). The lowest ICsy values
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recorded in each assay includes 2.54 mg/ml for DPPH assay with 1. fumosorosea
IDAR-09, 2.9 mg/ml in Isaria javanica (IDAR-01) for ABTS assay, 3.44 mg/mL
in Isaria fumosorosea (IDAR-09) for hydroxyl activity, 3.60 mg/ml for hydrogen
peroxide scavenging assay followed by 2.05 mg/ml in Isaria farinosa (IDAR-02)

for iron chelating assay respectively.

17. MTT assay of all methanol extracts were conducted individually on three
human cancerous cell lines (HeLa: cervical cancer; HepG2: hepatocarcinoma and
PC-3: prostate cancer). It prevented proliferation of all three carcinoma cells. The
70% methanolic extracts showed strongest cytotoxic effects against PC3 cells with
a lowest ICsy value of 3.10+£0.16ug/ml from methanolic extract of 1. fumosorosea
IDAR-09 followed by cervical cancer cell line with ICsy value of 3.32+0.09ug/ml
in I. javanica IDAR-01 respectively. The result was significant when the means

were compared with two tailed t-test at 0.05% level with untreated sample.

18. The antiproliferative property of the extract may be due to its constituent
secondary metabolites in the form of beauvercin. Among the nine isolates 1.
farinosa (IDAR-02) and 1. tenuipes (IDAR-04) was found to contain beauvercin at
6.02+0.36 and 6.71+£0.31 pg/ml respectively. The identification was achieved by
comparing their retention time with retention time on chromatogram of marker

compound (pure-beauvercin) using HPLC.

19. The two beauvercin positive isolates were further analysed for the
determination of cell apoptosis using HeLa cell lines. The percentage of HeLa cells
undergoing apoptosis following treatment with 1, 3, 10, 30 and 100 pg/ml
concentrations of methanolic extract were 5.90% 6.85%, 10.67% 24.59% and

23.83% respectively for 1. tenuipes IDAR-04. Similarly, the apoptosis rates of
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HeLa cells were 2.56, 7.08, 5.70, 5.83, and 10.67% respectively in I farinosa

IDAR-02.

20. 1. tenuipes (IDAR-04) responded well in PI single staining and this isolate was
selected as the candidate for measuring apoptosis by flow cytometry with double
positive staining using Annexin-V-FITC/PI to distinguish the dead cell population
as apoptosis or necrosis. The percentages of Hela cells undergoing apoptosis
following treatment with 0, 1, 3, 10, 30 and 100 pg/ml methanol extracts
(including the early and late apoptotic cells) were 3.54+1.22, 7.09+3.73,
6.52+3.47, 8.86+4.36, 17.365+7.99 and 42.205+19.03% respectively. These results
were well supported by morphological observation under microscope. Thus, the
cultured mycelial extracts demonstrated that combination of multiple chemical
constituents along with beauvercin may have yielded favourable biological

activities.

21. Finally, we have investigated the colony formation ability of Hela cells in
presence of methanol extracts from 1. tenuipes (IDAR-04) for ten days. The colony
numbers were found to be significantly reduced after treatment with methanol
extracts with increasing concentrations. Compared with those in the control group,
the colony numbers in the methanolic extract treated cells were reduced by over

90% at 100pg/ml in a dose dependent manner.
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Photo plate 1: Spontaneous specimens of Isaria spp., collected from different

ecological region of Darjeeling hills.
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Photo plate 2: Morphology of obverse mycelium of nine isolates of Isaria spp., on

Glucose Peptone Agar after 14 days of incubation.

Photo plate 3: Morphology of reverse mycelium of nine isolates of Isaria spp., on

Glucose Peptone Agar after 14 days of incubation.
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Abstract

Background: /saria tenuipes is one of the potent species in the members of the genus Isaria, which is well reported
to possess multiple bioactive substances of therapeutic importance. Therefore, an in vitro experimental study was
carried to evaluate the bioactivities of the crude methanolic extract from the mycelium of this fungus.

Methods: The fungus was authenticated through morphological characters and the species discrepancy was
resolved using the nuclear rDNA ITS sequence. The methanolic extract was fingerprinted by FTIR. The antioxidant
components in terms of total phenols and flavonoids were determined as gallic acid and quercetin equivalents
respectively. Antioxidant activities of the methanolic extract was assessed using 1, 1-diphenyl-2-picrylhydrazyl
(DPPH), 2, 2’-azinobis-(3-ethylbenzthiazoline-6-sulphonic acid) radical cation (ABTS®"), Fe”'chelating activity, and
hydroxyl radical scavenging assays. Cytotoxicity of the extract was determined by [3-(4, 5-dimethylthiazol-2-y1)-2, 5-
diphenyltetrazolium bromide] (MTT) assay on three cancer cell lines: Hel a, HepG2, and PC3. Apoptosis was further
studied by propidium iodide (Pl) and Annexin-V/PI staining flow cytometric analysis. Anti-proliferation capacity was
studied by colony-forming assay.
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Antioxidant and cytotoxic activities of Isaria amoenerosea Henn.:
An entomopathogenic fungus from Darjeeling Hills, Eastern Himalaya
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Isaria amoenerosea llenn., an cntomopathogenic fungus parasitizing on the beetle adult was collected from the
subtropical forcst of Darjecling, India. Axcnic culture of the mycclia for metabolite extraction was carricd out through
submerged [ermentation. The methanolic mycellial extract was cvaluated for its antioxidant as well as cylotoxic activities.
Through a scries of the in-vitro antioxidant assay, it was found that the methanolic extract scavenged DPPII and ABTS
radicals up to the extent of 56.17 and 83.35% respectively at the tested concentrations. The 10 mg/mL extract chelated
73.82% ol ferrous ions and it also showed an appreciable capacity to reduce lerric ions to ferrous ions. Cell viability was
asscssed by the MT'T assay on the three human carcinoma cells: Tlela (cervical cancer), PC3 (prostate cancer) and HepG2
(hepato carcinoma). Among them, llcla was rccorded to be most susceptible exhibiting 53.48% inhibition at
100 pg/mL. The total phenol and favonoid content of the extract was 11.5810.12 and 912.1 pg/mg of gallic acid
cquivalent respectively. The evidence presented herein suggests that the mycclial methanolic extract indicates a corrclation
between the presence of varied functional groups (I'T'IR spectrum) and antioxidative as well as cytotoxic activitics. No
dircct test of the hypothesis has been made which demands further investigations.
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Introduction

Entomopathogenic fungi (EIY) are widely available
in the soil and many of them have the potential to be
developed into functional (oods for the prevention
and treatment of several chronic diseases'. Recently,
exploration ol natural products having health
benefits has become an important (icld of rescarch.
It has been reported that there are more than 1,200

cntomopathogenic fungi in the world which arc of

immense  pharmacological importance®. EF  have
traditionally been used as health foods in Japan,
Korca and China™. The biologically active
compounds extracted from many
cntomopathogenic  gencra have been  reported  to
possess numecrous biological and pharmacological
activitics. These include elfective antibacterial,
antifungal, insccticidal, anti-oxidative activity, anti-
tumor actlivity, antidiabetic activity, powerful
immunosuppressant activity, cnhancing thc apoptosis
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species ol

ol cytotoxic 'T-cell, and inhibitors ol serinc
palmitoyltransferase’. Extracts ol fungal hyphac of
Isaria  has been reported (o produce diverse
metabolites® and  submerged fermentation is  an
cssential - step  for  enhancement  of  metabolite
production and extraction ol the bioactive substances.
Fungal spccics in the present study was identificd
according to taxonomic kecys and monographs
following the standard protocol described by [Luangsa-
sard et al’. Based on a microscopic description
and cultural featurcs, the isolate was positioned
in the genus Isaria. Isaria amoenerosea lHenn.
|syn: Paecilomyces amoeneroseus (Henn.) Samson| is
an cntomogcenous fungus identified as a parasilc on
beetle adults (Coleoptera) which forms characteristic
orangc or rcddish synnemata. At present, there is a
grcat demand [or natural antioxidants since synthctic
ones arc carcinogenic, damages the human liver and
arc linked to stomach cancer®.

To the best of the author’s knowledge, there are no
reports on the antioxidative and cytotoxic activities of
mycclial mcthanolic cxtract from [ amoenerosea.
Thereflore, the objective of this work is to assay the



