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ABSTRACT

The findings of a biodiversity and phylogeny study of entomopathogenic fungi in Thailand
are presented in this thesis. A survey of entomopathogenic fungi was carried out in both
conserved and disturbed rainforests and agricultural habitats in Chiang Mai Province. Dead
insects, other arthropods, and soil samples were collected during the rainy seasons of 2005 and
2006. Thirty-four entomogenous taxa belonging to 15 genera (18 teleomorphs and 16 anamorphs)
were encountered. Ophiocordyceps mrciensis and Hymenostilbe furcata are new to science. New
records for Thailand include Cordyceps militaris and Cordyceps militaris var. sphaerocephala.
Descriptions and illustrations of the sexual states of Cordyceps militaris, C. militaris. var.
sphaerocephala, C. nelumboides, Cordyceps sp., Hypocrella sp., Ophiocordyceps crinalis, O.
dipterigena, O. elongata, O. filiformis, O. longissima, O. mrciensis, O. myrmecophila, O. nutans,
O. oxycephala, O. pseudolloydii, O. sphecocephala, O. unilateralis, and Torrubiella
hemipterigena and anamorphs Acremonium charticola, A. crassum, Aschersonia sp., Aspergillus
sp., Beauveria bassiana, B. brongniartii, Cladosporium sp., Hymenostilbe furcata, Isaria cicadae,
L farinosus, I. fumosoroseus, I. tenuipes, Paecilomyces marquandii, Sporothrix insectorum,
Stilbella buqueti and Verticillium sp. are provided. Ophiocordyceps myrmecophila (22.6%) and
O. unilateralis (13.8%) were dominant and only found on ants. Species diversity on Homoptera
was highest, followed by Lepidoptera and Hymenoptera. The Highest species diversity occurred
in disturbed rainforests, followed by conserved rainforests and agricultural habitats. Cordyceps
and Ophiocordyceps species contributed to 74.6% of total taxa in conserved rainforests, 61.3% in
disturbed forests but only 1.6% in agricultural habitats.

In order to investigate host-based relationships of Beauveria, Cordyceps and Paecilomyces
species, a phylogenetic evaluation based on ribosomal and protein coding gene sequences was

carried out. Beauveria brongniartii (anamorph) was closely related to Cordyceps militaris. Host



specificity was not evident among the Beauveria brongniartii isolates which had a wide host
range. All Paecilomyces species clustered as a distinct group. Host specificity was not found
among the Isaria isolates, however, some species attacked specialized group of insects: I
tenuipes only infected lepidopteran pupae, I cicadae infected only Homoptera and I farinosus
only infected lepidopteran pupa. Some Ophiocordyceps species were also restricted to their
respective hosts; Ophiocordyceps pseudolloydii infected dolichoderine ants and O. myrmecophila
and O. unilateralis infected formicine ants. In addition, Cordyceps and Ophiocordyceps spécies
do not constitute a monophyletic group as some species clustered together with anamorphic
Beauveria, Paecilomyces, Nomuraea and teleomorphic Elaphocordyceps and Torrubiella species.
Cordyceps comprises several strongly supported clades, characterized by species possessing
divergent morphological characters. The phylogenetic affinities of Cordyceps militaris and
Beauveria brongniartii and C. bifusispora and Paecilomyces clearly indicated teleomorph/
anaomorph relationships in the Beauveria and Paecilomyces clades.

To overcome difficulties in the systematics of Beauveria species, morphology and DNA
molecular data were studied using Beauveria bassiana and B. brongniartii isolates from Chiang
Mai Province. The conidia of B. brongniartii were longer (2.2-6 um) than those of conidia in
collections from Brazil, Japan, Korea, People Republic of China and Philippines (2.3-4.2 um).
Conidia of B. bassiana from Chiang Mai were smaller (1.2-3 x 1-3 um) than those of conidia
from Brazil, Commonwealth of Independent States (CIS), France, People Republic of China,
Poland, USA and Vietnam (1.7-3.5 x 1.5-3.1 pm). The Length/width (Iw) ratios vary according
to host. L/w ratios of the conidia of Chiang Mai isolates divided into three groups: Bearuveria
brongniartii isolated from Coleoptera ranged between 2-2.3, Lepidoptera associated B.
brongniartii ranged between 1.8-2 and other heterogeneous groups including Diptera, Orthoptera
and unidentified insects were 1.3-1.6. The length/width ratio of the B. brongniarti isolated from
Diptera (1.3) is less than the other B. bassiana isolates.

In addition, five major phylogenetic groups were established based on the phylogenetic
analysis: a group containing only Chiang Mai B. brongniartii (A), a group of B. brongniatii from
both Chiang Mai and, Japan, Korea, People Republic of China and Philippines (B), a group of
other Beauveria species (B. caledonica, B. amorpha and B. vermiconia) (C), a group of only B.
bassiana from CIS, Poland and Romania, a heterogeneous B. bassiana (D), B. brongniartii group
from Chiang Mai and Brazil, France, People Republic of China and Vietnam (E).

Key words: entomopathogenic fungi, biodiversity, taxonomy, phylogeny
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Chapter 1

INTRODUCTION

Large numbers of fungi are associated with various insects and other arthropods. These
fungi can be grouped as entomogenous fungi and which include entomopathogens, mutualistic
symbionts, ectoparasites and endoparasites (Evans. 1988). Generally, entomogenous fungi can be
divided into two groups: necrotrophic fungi which act against insects (killing host cells and
utilizing the nutrient source) and biotrophic fungi which form mutualistic associations with
insects (living host cells required) parasites (Benjamin et al. 2004; Blackwell and Vega. 2005).
The necrotrophic parasites are pathogenic to insects and those entomopathogenic fungi are
particularly important for controlling insect pests. There are 3 large number of species of these
fungi and their morphologies are specialized and therefore only a few specialists study them. It is
not surprising, therefore, that our knowledge of many species is poor (Benjamin et al. 2004).

Tropical rainforests are characterized by high richness in entomopathogenic mycotaxa
(Evans. 1982) and Thailand’s rainforests are characterized by high richness in flora and fauna.
Petch (1932) was first to record a number of entomopathogenic fungi in Thailand, however before
1989 less than 10 invertebrate pathogenic fungi had been recorded from Thailand (Petch. 1932,
1933, 1937; Roffey. 1968; Schumacher. 1982). Studies on entomopathogenic fungi from Thailand
have been carried out since 1990 and published (see Hywel-Jones. 2001; Jones and Hyde. 2004;
Luangsa-Ard et al. 2007) and more than 400 morphotaxa have been recorded (Luangsa-Ard et al.
2007). These findings are relatively high as compared to other countries in the region.

There is also little information about the relationship between entomopathogenic fungi and
different arthropod hosts. All insect orders appear to be susceptible to fungal infections (Hajek
and St. Leger. 1994). Specificity between host insects and pathogens has been reviewed by many
researchers (see Fargues and Remaudiere.. 1977). Specificity in entomopathogenic fungi may also
be determined by ecological relationships of fungi and microorganisms in the environment and by
spatial-temporal coincidence between populations of the pathogen and host insect (Fargues and
Remaudiere. 1977).

Entomopathogenic fungi, especially in the genus Cordyceps and its many proven or
suspected anamorphs (e.g. Hirsutella, Hymenostilbe, Nomuraea, Paecilomyces, Verticillium) are

particularly well presented in tropical rain forests (Evans. 1982; Samson et al. 1988). Cordyceps



species are however, rare in depleted rainforests and in agricultural land bordering these habitats
(Samson et al. 1988). On the other hand, non-specialized pathogens such as Beauveria and
Metarhizium are poorly represented in forest habitats, but commonly encountered by agricultural
entomologists and have potential as biological control agents (Madelin. 1966; Samson et al.
1988).

Cordyceps is a widespread teleomorphic genus in the family Clavicipitaceae (Ascomycota,
fungi), and now includes more than 400 species (Mains. 1958; Kobayasi. 1982; Stensrud et al.
2005). This figure is probably an underestimation considering the extant global diversity
(Hawksworth and Rossman. 1997; Sung et al. 2007). Species included in Cordyceps are
morphologically heterogenous. They are associated with different larval and adult stages of host
from various insect orders (e.g. Lepidoptera, Coleoptera, Hymenoptera). A small number are
parasitic on spiders, hart’s truffles and hypogeous Elaphontyces species (Mains. 1957; Nikoh and
Fukatsu. 2000; Shimizu. 1994). Most Cordyceps species are restricted to a single host species or a
set of closely related host species (Kobayasi. 1941, 1982; Mains. 1957, 1958). The anamorphs of
Cordyceps species include Akanthomyces, Beauveria, Cephalosporium, Desmidiospora,
Diademospora, Gibellula, Hirsutella, Hymenostilbe, Isaria, Paecilomyces, Penicillium,
Pochonia, Scytalidium, Sphacelia, Sporotrichum, Stachybotrys, Syngliocladium, Tilachlidiopsis,
Tolypocladium and Verticillium species (http://www.cbs.knaw.nl/databases/ index.htm).

Beauveria (family Clavicipitaceae) includes approximately 7 species which parasitise
insects (Kirk et al. 2001). This genus is a common soil-borne entomopathogen and is used as a
biological control agent for insect pest management (Rehner and Buckley. 2005). Criteria
generally used to classify Beauveria species are 1) conidiophores consisting of whorls and dense
clusters of sympodial, short and globose or flask-shaped conidiogenous cells with apical
denticulate rachi (giving a distinct zig-zag appearance), and 2) one-celled conidia (Samson et al.
1988). Traditionally, the main difference between the most common species, B. bassiana and B.
brongniartii, is the shape and size of the conidia; the former having mainly spherical conidia and
the latter with more cylindrical conidia (Brady. 1979). The first record of Beauveria as an
anamorph of Cordyceps and the first discovery of Cordyceps as a teleomorph of Beauveria was
proposed by Shimazu et al. (1988).

Paecilomyces is another anamorphic entomopathogenic genus which is parasitic to various
lepidopteran insects (Fukatsu ef al. 1997). Known teleomorphs are Byssochlamys, Talaromyces

and Thermoascus, and includes approximately 50 species (Kirk et al. 2001). Paecilomyces is



characterized by the shape of the phialides that taper into a long distinct neck and by the divergent
aggregation of whorls. Samson (1974) divided Paecilomyces into two sections. Sect.
Paecilomyces includes some mesophilic and thermophilic species and have yellow-brown to
brown colonies; several species have sexual states. Sect. Isarioidea includes mesophilic species
and has white or other bright colonies and include entomopathogenic taxa. Luangsa-Ard et al.
(2004) stated that the type species, Paecilomyces variotii, and thermophilic relatives belong to the
Eurotiales (Trichocomaceae), while mesophilic species related to Paecilomyces farinosus are
hypocrealean (Clavicipitaceae and Hypocreaceae). Paecilomyces have also been reported as
anamorphs of various Cordyceps species (Chen and Xu. 1989; Huang et al. 2002; Kobayasi.
1981; Kobayasi and Shimizu. 1976; Liu et al. 2001; Pacioni and Frizzi. 1978; Shimazu et al.
1988).

Several phylogenetic studies of entomopathogenic fungi have been carried out using nuclear
ribosomal DNA (nrDNA) sequences (Guadet et al. 1989; Hansen et al. 2001; Hibbett. 1992;
LoBuglio et al. 1993; Holst-Jensen and Schumacher. 1997; Schumacher and Holst-Jensen. 1997;
Nikoh and Fukatsu. 2000; Artjariyasripong et al. 2001; Liu et al. 2002; Stensrud et al. 2005). The
results provided useful information for establishing anamorph-teleomorph connections and in the
delineation of species within Cordyceps (Liu et al. 2002). A new classification system for
Cordyceps and the Clavicipitaceae was refined based on the multigene sequence analyses (Sung
et al. 2007). These studies increase the understanding of the taxonomy of entomopathogenic fungi,
their relatedness and evolution (Luangsa-Ard et al. 2007).

In order to document the diversity and taxonomy of entomopathogenic fungi in northern
Thailand, a general survey of entomopathogenic fungi was carried out in several rainforests in
Chiang Mai Province. This survey mainly focused on relationships between entomopathogenic
fungi from different arthropod hosts and habitats.

Cordyceps, Beauveria and Paecilomyces are frequently found on different hosts in forests of
Chiang Mai Province, Thailand. Although phylogenetic studies have been carried in these genera,
phylogenetic relationships among species of these taxa have not been emphasized. The
phylogenetic relationships of Beauveria, Cordyceps, and Paecilomyces species were investigated
using ITS/5.8StDNA and beta-tubulin sequence analyses.

A number of arthropod hosts including Coleoptera, Diptera, Hemiptera, Homoptera,
Hymenoptera, Lepidoptera, Orthoptera, soil and unidentified insects were infected by Beauveria

species. Morphological identification indicated that only B. bassiana and B. brongniartii were



recorded in Chiang Mai Province. Beauveria bassiana is very well represented in Thailand both
in agricultural land and forests and B. amorpha is a common pathogen of coleopteran insects
(Luangsa-Ard et al. 2007). Beauveria brongniartii, however, has been reported as pathogen of
Coleoptera (Keller et al. 1989). Because of the confusion over host-pathogen relationship and
species identification, morphological measurements and simple molecular techniques were

conducted to classify the Chiang Mai Beauveria isolates.

1.1 Objectives

The main objectives of this study were as follows.

1) To validate the taxonomy of the entomopathogenic fungi and describe collections and
new species.

2) To improve our understanding of relationships between fungi and their arthropod hosts
and habitats.

3) To investigate the biodiversity of arthropods associated fungi in Chiang Mai Province,
Thailand and establish a collection of isolates.

4) To establish the phylogenetic relationships of collections and isolates.

5) To add our knowledge of these fungi in Thailand.

1.2 Hypothesis

The hypotheses to be tested in this study were as follows.

1) How diverse are arthropod associated fungi?

2) Can new species be validated and described?

2) Are the relationships between fungi and their arthropod hosts in Thailand specific?

3) What are the phylogenetic relationships of new isolates with allied genera?



Chapter 2

LITERATURE REVIEW

2.1 Historical background of study in entomogenous fungi

The first published record of fungi associated with insects was that of Reaumnur (1726) and
Du Halde (1736) with the mentioned of the “Chinese plant worm” (Hia Tsao Tom Tchom). This
worm occurred on larva of noctuid species from which a stem-like vegetable growth emerged and
nowadays it has been designated with the generic name Cordyceps. The species was named
Cordyceps sinensis Berk. and has great medicinal value and was used by Chinese emperor’s
physicians (Steinhaus. 1956).

In the beginning of the 18" century, Christian Paulinus recorded entomogenous fungi as
“certain trees in the island of Sombrero in the East Indies have large worms attached to them
underground, in the place of roots” (Gray. 1858; Steinhaus. 1956). Insects parasitized by
Cordyceps species are frequently known as “vegetable wasps”, or “plant worms”, or “awetos” in
New Zeland, “Dong Chong Xia Cao” (meaning a herb in winter and a worm in summer) in China
and “Tostu Kaso” in Japan (Steinhaus. 1956; Kobayasi. 1941; Liu et al. 2001).

During the 19" century, in Italy as well as in France, a certain silkworm disease known as
“mal del segno” or “calcino” (or, in France, “muscardine™) was destined to play an important role
in the sericulture industry. In 1834, Bassi showed experimentally that the fungus Beauveria
bassiana (Bals.) Vulli. was the infectious causal organism of silkworm disease (Steinhaus. 1956).
The findings, by Bassi, which pre-empted Koch’s postulates, and formed the basis for germ
theory, are now valuable and important in all areas of pathology (Hywel-Jones. 2001).

Metchnikoff (1879) reported a natural infection of the wheat cockchafer, Anisoplia austriaca
Hbst., by the green-muscardine fungus, Metarhizium anisopliae (Metch.). Roland Thaxter, one of
the leading American mycologists of his time, and certainly one of the world’s outstanding
students of entomogenous fungi, is best known for two monographs: “The Entomophthoreae of
the United States” (1988), and “Contributions toward a monograph of the Laboulbeniaceae” (5
Volumes. 1896-1931) (Steinhaus. 1956). These contributions are of monumental importance in

mycology. Thaxter also studied other entomogenous fungi groups such as Cordyceps, Isaria,



Aschersonia, fungi imperfecti, and other insect associated fungi, but little of this work was

published (Steinhaus. 1956).

2.2 Current knowledge concerning the diversity of entomogenous fungi

2.2.1 Global fungal biodiversity
There are ca 80,000 species of fungi presently known and 1.5 million are thought to
exist (Hawksworth. 1991; Kirk et al. 2001). An index to Saccardo’s monumental Sylloge
Fungorum listed that 120,000 names of fungi were described by 1931 (Saccardo. 1882-1931,
1972; Reed and Farr. 1993) and many fungi have since been described. Hyde (2001) mentioned
that most of the undescribed taxa are microfungi and they may occur in the poorly investigated

areas (e.g. the tropical forests), and less explored niches, tissues, hosts, and habitats.

2.2.2 Biodiversity of entomogenous fungi

Entomogenous fungi are an enormous group of fungi among the fungi with estimation
of 500,000 to 1.5 million species (Hywel-Jones. 1993; Rossman. 1994). Samson et al. (1988),
Hawksworth ef al. (1983), Hajek and St. Leger (1994), Glare and Milner (1991), McCoy et al.
(1988) Roberts and Hajek (1992) and Hywel-Jones (2001) have written the excellent reviews on
entomogenous fungi. According to Hawksworth et al. (1983) and Kirk et al. (2001) the number of
entomogenous fungi may be about 1000 (Table-2.1). Samson et al. (1988) listed several genera of
entomogenous fungi, however some genera such as Acremonium, Aspergillus, Conidiobolus,
Fusarium, Nectria, Paecilomyces, Sporothrix, Stilbella and Verticillium were not assigned to
entomopathogenic fungi. A reliable number of worldwide entomogenous fungi is about 700
species, ca 1% of the total number of fungus species known to date (Hawksworth. 1991).

Petch (1931-1944) made the first major revision of invertebrate pathogens and described 74
new species from Sri Lanka, although very few were illustrated. Petch (1948) listed 86 species
from the British Isles and with sporadic additions to this list we may estimate that ca 100 species
are known from Britain (0.8% of the UK inventory). J. Moureau (Zaire), H.C. Evans (Brazil,
Ghana, Ecuador and the Galapagos Islands) and Y. Kobayasi (Japan) have also made the other

important contributions in the tropical regions (Hywel-Jones. 2001).



2.2.3 Common genera of entomopathogenic fungi

The most commonly encountered entomopathogenic fungi belong to Zygomycotina,
Ascomycotina and hyphmycetous anamorphs (Evans. 1988). Amongst the Zygomycotina, order
Entomophthorales is the important pathogenic group (Evans. 1988) and Trichomycetes are
obligate endoparasites which basically non-parasitic to insect hosts (Moss. 1979). The most
common members of the invertebrate pathogens from the Ascomycotina belong to Clavicipitales,
Cordycipitaceae and Ophiocordycipitaceae (Hypocreales) (Luangsa-Ard et al. 2007), e.g.,
Cordyceps, Hypocrella, Nectria, Podonectria, Torrubiella species. Most of the anamorphic
hyphomycetes belong to Ascomycotina (Evans. 1988). Aschersonia, Beauveria, Gibellula,
Hirsutella, Hymenostilbe, Metarhizium, Nomuraea, and Paecilomyces are commonest
anamorphic genera and account for about 70% of currently accepted species (Table-2.1) (Evans.
1988; Keller. 1987, 1991, 1993; Keller and Eilenberg. 1993; Samson et al. 1988; Tzean et al.
1997). Among the entomopathogenic fungi, the genera Claviceps, Cordyceps and Torrubiella are

most closely related to each other (Mains. 1958).

2.3 Some perspectives on fungal diversity of entomogenous fungi: Classical and

molecular application

Classical fungal taxonomy based on morphology is a basic tool for classification of fungi at
most higher levels. Morphological characters may still provide the best information regarding
ecological, developmental, physiological characters, and isozymes, secondary compounds, and
ubiquinones (Taylor. 1993; LoBuglio and Taylor. 1993; Peterson. 1993; Kuraishi et al. 1991;
Cruickshank and Pitt. 1980). These characters may also be useful for identification and
phylogenetic studies in diversity of specific entomopathogenic fungi. Modem infrageneric
classifications of entomogenous fungi emphasized on Cordyceps have been primarily based on
the taxonomic studies of Kobayasi (1941, 1982), Mains (1958) and Massee (1895) (Sung e? al.
2007).

The evolutionists including Lamarck (1809), Darwin (1859) and Haeckel (1866) accepted
the Linnean system (Mayr. 1983) and sﬁﬁed the reconstruction of phylogenetic history (Moritz
and Hillis. 1996). Currently, molecular techniques have also been widely used by mycologists for

solving problems in fungal systematics. These techniques have been useful as tools for systematic



Table 2.1 The most common genera of entomogenous fungi with numbers of known
species according to Hawksworth et al. (1983), Kirk et al. (2001) and

Indexfungorum (www.index fungorum. org).

Genera No. of species
Hawksworth Kirk et al, Indexfungorum
et al. (1983) (2001) (www.index-

fungorum.org)

Ascomycotina and Basidiomycotina

Asexual state

Aschersonia Mont. 20 20 75
Beauveria Vill. 3 7 45
Fusarium Link 50 50 1286
Gibellula Cavara 1 10 36
Hirsutella Pat. 15 25 93
Hymenostilbe Petch 9 9 24
Metarhizium Sorokin 2 5 30
Nomuraea Maubl. 2 2 7
Paecilomyces Bainier 31 50 119
Tolypocladium W. Gams 3 ) 10 15
Verticillium Nees 40 40 257

Sexual state

Ascosphaera L.S. Olive & Spiltoir 6 11 29
Cordyceps (Fr.) Link 100 100 506
Hypocrella Sacc. 30 30 101
Nectria (Fr.) Fr. 200 28 1054
Podonectria Petch 7or8 8 11
Torrubiella Boud. 10 10 80

Zygomycotina: Entomophthorales
Batkoa Humber - 4 7
Conidiobolus Bref. 27 27 69




Table 2.1 (continued).

No. of species

Genera Hawksworth Kirk etal., Indexfungorum
et al. (1983) (2001) (www.index-
fungorum.org)
Entomophaga Batko 6 9 27
Entomophthora Fresen. 82 11 143
Erynia (Nowak. ex Batko) Remaud. 25 12 81
& Hennebert
Furia (Batko) Humber - 12 16
Massospora Peck 11 11 19
Neozygites Witlaczil 8 9 20
Pandora Humber - 16 23
Zoophthora Batko 25 20 89

Watermolds: Chytridiomycetes and Oomycetes

Coelomomyces Keilin 25 69 118
Myiophagus Thaxt. ex Sparrow 1 2 3
Lagenidium Schenk 21 1 53

studies, however they are fundamentally different from all the other approaches as the total
genomic DNA is analyzed directly. Several scientists have conducted phylogenetic studies using
ribosomal DNA (Artjariyasripong et al. 2001; Sung et al. 2001; Stensrud et al. 2005) to test and
refine the classification of Cordyceps (Sung et al. 2007). Presently, the most extensive multigene
phylogenetic analyses have been conducted to reassess the morphological traits used in the
current classification system and to revise the classification of Cordyceps and Clavicipitaceae

(Sung et al. 2007).

2.3.1 Anamorph-teleomorph connections
Various papers and resources have listed anamorph-teleomorph connections (Ellis. 1971,
1976; Kendrick and Dicosmo. 1979; Carmichael et al. 1980; Tubaki. 1981; Subramanian. 1983;
Sivanesan. 1984; Sugiyama. 1987; Sutton and Hennebert. 1994; Kirk et al. 2001; Index



Table 2.2 Cordyceps species and its anamorphs.
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Teleomorph

Anamorph

Reference(s)

Cordyceps albella Massee

Cordyceps arachnophila J.R. Johnst.
Cordyceps arachnophila J.R. Johnst.

Cordyceps atewensis Samson, H.C.

Evans & Hoekstra

Cordyceps australis Speg.

Cordyceps bokyoensis Kobayasi

Cordyceps chlamydosporia H.C.

Evans

Cordyceps clavulata (Schwein.) Ellis

& Everh.

Cordyceps clavulata (Schwein.) Ellis

& Everh.

Cordyceps clavulata (Schwein.) Ellis

& Everh.

Cordyceps cucumispora var.

cucumispora H.C. Evans & Samson

Cordyceps cucumispora var.

dolichoderi H.C. Evans & Samson

Cordyceps cylindrica Petch

Cordyceps dipterigeria Berk. &

Broome

Cordyceps entomorrhiza (Dicks.) Fr.

Penicillium albellum (Massee)

Petch

Gibellula aranearum P. Syd.
Hymenostilbe kobayasii Koval

Hirsutella atewensis Samson, H.C.

Evans & Hoekstra

Hymenostilbe melanopoda

"cf. Nalanthamala sp."”

Pochonia chlamydosporia

(Goddard) Zare & W. Gams

Hymenostilbe lecaniicola (Jaap)

Mains

Isaria cicadae Miq.

Verticillium sp.

Hirsutella ovalispora var.

ovalispora H.C. Evans & Samson

Hirsutella ovalispora var.

dolichoderi H.C. Evans & Samson

Isaria atypicola Yasuda

Hymenostilbe dipterigena Petch

Hirsutella eleutheratorum (Nees)

Petch

Petch (1931)

Mains (1940)
Ref. unknown

Samson, Evans and

Hoekstra (1982)

Samson, Evans and

Hoekstra (1982)
Ref. unknown

Ref. unknown

Ref. unknown

Ref. unknown

Ref. unknown

Evans and Samson

(1982)

Evans and Samson
(1982)

Kobayasi and
Shimizu (1977)

Mains (1958)
Brady (1979)

Mains (1958)
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Table 2.2 (continued).

Teleomorph Anamorph Reference(s)
Cordyceps erotyli Petch unnamed phialidic anamorph Mains (1959)
Cordyceps forquignonii Quél. Hymenostilbe muscarium Petch Petch (1938)

Cordyceps gracilis (Grev.) Durieu &
Mont.

Cordyceps gunnii (Berk.) Berk.

Cordyceps heteropoda Kobayasi

Cordyceps humberti C.P. Robin

Cordyceps kniphofioides var.
dolichoderi H.C. Evans & Samson

Cordyceps kniphofioides var.
kniphofioides H.C. Evans & Samson

Cordyceps kniphofioides var.

monacidis H.C. Evans & Samson

Cordyceps kniphofioides var.

ponerinarum H.C. Evans & Samson

Cordyceps kyusyuensis A. Kawam.

Cordyceps lloydii var. lloydii H.S.

Fawc.

Paraisaria dubia (Delacr.) Samson
& B.L. Brady
Paecilomyces gunnii Z.Q. Liang

Tolypocladium sp.

Hirsutella saussurei (Cooke)
Speare

Hirsutella stilbelliformis var.
dolicheroderi H.C. Evans &
Samson

Hirsutella stilbelliformis var.
stilbelliformis H.C. Evans &
Samson

Hirsutella stilbelliformis var.
monacidis H.C. Evans & Samson
Hirsutella stilbelliformis var.
ponerinarum H.C. Evans &

Samson

Sporotrichum formosanum

Kobayasi

Hymenostilbe formicarum Petch

Ref. unknown

Liang (1985)

Nakagiri and Ito
(1999)

Mains (1951)

Evans and Samson

(1982)

Evans and Samson

(1982)

Evans and Samson

(1982)

Evans and Samson

(1982)

Ref. unknown

Mains (1958)
Evans and Samson

(1984)
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Table 2.2 (continued).
Teleomorph Anamorph Reference(s)
Cordyceps memorabilis (Ces.) Ces. Paecilomyces farinosus Pacioni and Frizzi (1978)

Cordyceps militaris (L.) Link

Cordyceps myrmecophila Ces.

Cordyceps nelumboides Kobayasi &

Shimizu

Cordyceps nutans Pat.

Cordyceps odonatae

Cordyceps odonatae Kobayasi

Cordyceps ophioglossoides (Ehrh.)

Link

Cordyceps pistillariiformis Berk. &

Broome

Cordyceps polyarthra Moller

Cordyceps rubripunctata Moureau

Cordyceps sinensis (Berk.) Sacc.

(Holmsk.) AH.S.Br. & G.

Sm.

Cephalosporium sp.

Tilachlidiopsis catenulata

Papierok & Charp.

Hirsutella sp.

Hymenostilbe ghanensis
Samson & H.C. Evans
unnamed synnematal
phialidic hypho
Hymenostilbe odonatae

Kobayasi

Verticillium sp.

Hirsutella lecaniicola
(Jaap) Petch

Isaria dussii Pat.
Hirsutella rubripunctata

Samson, H.C. Evans &

Hoekstra

Domsch, Gams and Anderson
(1980)
Farr, Bills, Chamuris and

Rossman (1989)

Kobayasi (1941)

Dennis (1978)

Ref. unknown

Kobayasi and Shimizu (1977)

Samson and Evans (1975)

Mains (1959)

Ref. unknown

Gams (1971)

Petch (1948)

Mains (1955)

Samson, Evans and Hoekstra

(1982)

Hirsutella sinensis X.J. Liu, Ref. unknown

Y.L.Guo, YX. Yu& Ww.

Zeng




Table 2.2 (continued).
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Teleomorph

Anamorph

Reference(s)

Cordyceps sinensis (Berk.) Sacc.

Cordyceps sinensis (Berk.) Sacc.

Cordyceps sinensis (Berk.) Sacc.

Cordyceps sobolifera (Hill ex

Watson) Berk. & Broome

Cordyceps sp.

Cordyceps sp.

Cordyceps sp.

Cordyceps sp.

Cordyceps sphecocephala

(Klotzsch ex Berk.) Berk. & M.A.

Curtis
Cordyceps sphingum (Tul. & C.
Tul.) Berk. & M.A. Curtis

Cordyceps stylophora Berk. &
Broome
Cordyceps subsessilis Petch

Cordyceps thaxteri Mains

Cordyceps trinidadensis Mains

Paecilomyces sinensis Q.T.

Chen, S.R. Xiao & Z.Y. Shi
Scytalidium hepiali C. Lan
Li

Stachybotrys sp.

Isaria cicadae Miq.

Beauveria sp.
Diademospora sp.

Gibellula sp.

Sphacelia sp.

Hymenostilbe sphecophila
(Ditmar) Petch

Isaria pistillariiformis Pat.

Hirsutella stylophora
Mains

Tolypocladium inflatum W.
Gams

Akanthomyces aranearum

(Petch) Mains

unnamed synnematal

phialidic hypho

Chen, Xiao and Shi (1987)

Ref. unknown

Ref. unknown

Mains (1951)
Mains (1955)
Mains (1958)

von Arx (1981)
Ref. unknown

de Hoog (1977)
von Arx (1974)

de Hoog (1977)
von Arx (1974)

Petch (1948)
Mains (1951)

Petch (1931)

Mains (1951)
Mains (1958)

Hodge, Krasnoff and Humber
(1996)

Mains (1939)
Mains (1958)

Mains (1959)
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Table 2.2 (continued).

Teleomorph Anamorph Reference(s)
Cordyceps tuberculata (Lebert) Maire Akanthomyces Samson, Evans and
pistillariiformis (Pat.) Hoekstra (1982)

Samson & H.C. Evans

- Cordyceps unilateralis (Tul.) Sacc.  Desmidiospora Ref. unknown
) myrmecophila Thaxt.
Cordyceps unilateralis (Tul.) Sacc.  Hirsutella acerosa H.C. Ref. unknown

Evans & Samson

Cordyceps unilateralis (Tul.) Sacc.  Hirsutella formicarum Ref. unknown
Koval
Cordyceps unilateralis (Tul.) Sacc.  Hirsutella sporodochialis ~ Ref. unknown

H.C. Evans & Samson

Cordyceps variabilis Petch Syngliocladium sp. Hodge, Humber and
Wozniak (1998)

Fungorum. 2007; Shearer et al. 2007; The Anamorph-Teleomorph Database. 2007) and
mentioned that determination of anamorph-teleomorph connections have been difficult as both
morphs cannot easily be cultured or induced to sporulate on artificial media. Shenoy et al. (2007)
reported that one fifth of the known fungi lack sexual morphologies and are yet to be connected to
their teleomorphs. More than 50 records of anamorph-teleomorph connections can be found in
The Anamorph-Teleomorph Database (2007). The anamorphs of Cordyceps have been studied
over a long time (Liu et al. 2001). A single Cordyceps species, however, can be associated with
different anamorphic genera (Liu et al. 2001). Table 2.2 lists Cordyceps anamorph-teleomorph
connections recorded in The Anamorph-Teleomorph Database (2007). Establishment of the
connections between anamorphs and the teleomorph of Cordyceps species based on
morphological and cultural characteristics were first reported by Petch (1921). Mycologists have
since been trying to establish connections (Kobayasi. 1941, 1982; Mains. 1951, 1958; Gams.
1971; Samson. 1974; Samson and Evans. 1982; Liang. 1985, 1991; Liu ef al. 2001). Liang (1991),

however, reported that to induce cultures to produce mature stromata was the most effective way
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Liu et al. (2001) and Liang and Liu (1991) also reported that microcyclic conidiation is the
another effective method for determining anamorph-teleomorph connections (Liu et al. 2001).
DNA sequence-data can also provide evidence of anamorph-teleomorph connections (Shenoy et

al. 2007).

2.3.2 The importance of phylogenetic study in understanding host

relationships

Various associations of insects and fungi have been found in the environment. The
associations include many types of interaction among diverse taxa of these groups of organisms
(Blackwell and Jones. 1997). Generally, entomopathogenic fungi are more or less host-specific
especially the endoparasite can attack a specific group of host organisms or sometimes only a
particular host insects and arthropods (Nikoh and Fukatsu. 2000). In this regard, endoparasites
should develop their mechanisms to attack the host in the particular environment. It is important
to understand the factors involved in evolution of new fungus-host relationships (Nikoh and
Fukatsu. 2000). Molecular techniques have been well developed over the past 20 years and add to
our knowledge of the entomopathogenic fungi and host relationships (Blackwell and Vega. 2005).
Phylogenetic analyses can help proving the evolutionary development of symbioses and also
contribute to the understanding of entomopathogenic species numbers which vary according to
species concepts used (Blackwell and Jones. 1997).

Blackwell and Jones (1997) showed that a number of ascomycete lineages are closely related
to hosts. Interestingly, the most basal of the ascomycetes such as Taphrina, Protomyces,
Schizosaccharomyces, Saitoella and Pneumocystis, however, are not related with insects
(Blackwell and Jones. 1997). They also suggested that complete taxon sampling can provide the

tracking of interactions between ascomycetes and arthropod hosts.

2.3.3 Systematics of entomopathogenic fungi and related hosts by using

nrDNA sequences and COI DNA barcodes

Phylogenetic studies have enlightened both mycologists and entomologists about
the study of fungus-insect associations. Analyses of molecular data can help both scientists to
identify the entomopathogenic fungi (Guadet et al. 1989; Hansen et al. 2001; Hibbett. 1992;
LoBuglio et al. 1993; Holst-Jensen and Schumacher. 1997; Schumacher and Holst-Jensen. 1997,
Nikoh and Fukatsu. 2000; Artjariyasripong et al. 2001; Liu et al. 2002; Blackwell and Vega.
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2005; Stensrud et al. 2005). Host affiliation is valuable and essential in the classification of
entomopathogenic fungi particularly for Cordyceps species (Massee. 1895; Kobayasi. 1982). The
classification of arthropods infected by entomopathogens however, has been problematic due to
the difficulty in identifying mummified immature hosts. Some Cordyceps species are restricted to
specific hosts (Hymenoptera, Hemiptera and some Diptera) at the family level. However, it is
difficult to prove fungus-host associations below the family level due to the difficulties of
identifying the mummified immature insects.

Identification plays an important role in systematics of organism or a species (Shenoy et al.
2007). Several attempts have been tried to combine molecular data into identification systems
(Shenoy et al. 2007). A new and interesting identification system for animals based on diversity
of the mitochondrial gene Cytochrome Oxidase I (COI) was proposed by Hebert et al. (2002).
Currently, DNA barcoding is a promising method that can be used as a tool for host identification
using short and standardized gene regions as internal species tags. This advanced system gives
fast and precise answers in species identification (Hebert and Gregory. 2005). There are some
evidence in efficacy of DNA barcoding system for some major groups such as birds (Hebert et al.
2004b), fish (Ward et al. 2005), lepidopteran insects (Hebert et al. 2004a; Hajibabaei et al. 2006),
and marine algae (Saunders. 2005). Research has been conducted to employ various gene regions
such as nuclear large ribosomal subunit (Kurtzman and Robbnett. 1998), internal transcribed
spacer (ITS) (Berch et al. 2002; Cunnington et al. 2003; Druzhinina et al. 2005; Koljalg et al.
2005), partial beta-tubulin gene sequences (Samson et al. 2004) and partial elongation factor 1-
alpha (EF-1Ql) sequences (Geiser et al. 2004) for identifyipng fungi to species. Patterns of
sequence divergences in the full COI gene in the Kingdom Fi un;gi and fungus-like Oomycota have
been examined by Seifert et al. (2007). Their results revealed that divergences in COI gene in
fungi are considerable, unlike in plants (Kress et al. 2005). COI variation in the genus Penicillium
subgenus Penicillium and closely related species has also been investigated by Seifert et al.
(2007). They concluded that COI gene has lower sequence divergence than the beta-tubulin gene,
however the latter provided a higher degree of taxonomic resolution (Seifert et al. 2007; Shenoy
et al. 2007). Currently, the mycologist, has preferred the ITS to CO1 as the most appropriate gene
for DNA barcoding in fungi (Unpublished Report of the All Fungi Barcode of Life Planning
Workshop. 2007). The primers for this gene are very prosperous and have a greater range in

phylogenetic signal than mitochondrial genes. The use of DNA barcoding to identify mummified
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insects and ITS nu-rDNA. to identify the associated fungi will provide new data on the association

between entomopathogenic and insect hosts.

2.4 Studies on bioactive compounds derived from entomogenous fungi

Bioassays and activity-guided fractions of extracts from broths of entomopathogenic fungi
and chemical structure elucidation have shown that they are excellent sources of chemical
versatility (Tanticharoen. 2003). Entomopathogenic fungi produce different kinds of novel
metabolites exhibiting various biological activities ranging from activity against malarial
parasites, fungi, virus, mycobacteria and tumor cell lines. Among the entomopathogenic fungi,
the genera Cordyceps, Hypocrella and Torrubiella have already demonstrated their potential as
sources of novel medicinal compounds (Nisbet and Porter. 1989; Hywel-Jones. 2001).

Cordyceps species have extensively been reported to have natural medicinal properties, such
as acting as a hemostatic, a mycolytic, an anti-asthmatic, or an expectorant (Tang and Eisenbrand.
1992; Namba. 1993). Cordyceps species have been found as parasites of a variety of underground
stages insects in the mountains of China, Korea, Japan, and Thailand (Namba. 1993; Ahn et al.
2000; Hywel-Jones. 2001). The medical properties, relating to Cordyceps spp. have been explored
in many ways. Cultured mycelia have been compared with naturally occurring Cordyceps sp. and
it was found that the effectiveness of mycelia is equal to that of wild species (Wang and Shiao.
2000).

Cordyceps species have been shown to be a source of many bioactive compounds such as
Cordycepin (Cunningham et al. 1951) and other anti-bacterial and anti-tumor adenosine
derivatives (Furuya et al. 1983), Ophicordin and anti-fungal agents shown to have anti-tumor
activity (Yamada et al. 1984; Ohmori et al. 1986), an immunopotentiating galactotryptomannan,
and L-tryptophan (Zhang et al. 1991).

Cordyceps sinensis is parasitic on lepidopteran larvae, and has a long history of
ethnomedical use. It has been used as popular remedy in Traditional Chinese Medicine for
hundreds of years (Chen et al. 1997; Lin et al. 2001). Evidence for using this fungus is
documented in the Qing dynasty Bencao Congxin (New compilation of Materia Medica) in 1757
(Buenz et al. 2005). It has gained prominence as a tonic for world record breaking Chinese

athletes (Pegler et al. 1994; Steinkraus and Whitfield. 1994). The species is commonly available

098063



18

in Chinese herbalists and drinks containing extracts are common in Asian markets (Hywel-Jones.
- 2001). Adenosine, ergosteryl- B-glucopyranoside, 22-dihydroergosteryl- f-D-glucopyranoside,
and twelve fatty acids were isolated from the fruiting bodies of Cordyceps sinensis by TLC and
reverse phase HPLC (Shiao et al. 1989). According to their findings, the profiles of nucleosides
and nitrogen bases in C. sinensis and allied entomopathogenic fungi, e.g., C. memorabilis (Lesat.)
Sacc., C. militaris, C. phingum Berk., and Curt., Paecilomyces cicadae, P. farinosus, P.
javanicus, and an unidentified Cordyceps species, are very similar. The profile might be used as
standards for typification of the commercial products of these medicinal fungi (Shiao et al. 1994).

Different studies revealed that C. sinensis possesses important pharmacological activities
capable of modulating immune responses and bioactive metabolites and promotion of natural
vitality (Zhu et al. 1998a,b). An active fraction in the ascostroma of C. sinensis has been isolated
and its structures identified (Tzean et al. 1997). The steroid derivative, termed “HI-A”, which
might be used for the suppression of activated mesangical cells and IgA nephropathy in humans
was detected (Lin et al. 1996). In vivo, polysaccharides with peptide-moiety from C. sinensis have
been shown to modulate the immune response, inhibit tumor growth, relieve hyperglycemia and
arrhythmia, block platelet aggregation, and promote erythropiesis (Chen et al. 1997; Yamada et
al. 1984). Growth inhibitc;rs (CS-36-39 and CS-48-5), other than Cordycepin and
polysaccharides, have also been isolated from the fruiting bodies of C. sinensis. The active
fractions significantly inhibit the growth of the erythro leukemia (K 562) and also some tumor
and transformed cell lines. These fractions act as immunomodulatory agents (Tzean et al. 1997).
They significantly inhibit the blastogenesis, natural killer cell activity, and interleukin-2 (IL-2)
production of human mononuclear cells stimulated by phytohemagglutinin (Kuo ez al. 1994,
1996).

Among pharmacological studies, anti-tumor effects are of major interest to scientists.
Cordyceps sinensis has been used as medicines to modulate immune responses, inhibit the growth
of tumor cells, enhance hepatic energy, promote the secretion of adrenal hormones, and possesses
hypotensive and vasorelaxant (Huang et al. 2001b). The studies also illustrated that C. sinensis
can enhance reproductive activity, restore the impaired reproductive function and enhance libido
in humans (Zhu et al. 1998a). However the evidences for influencing the reproductive system, or
even directly affecting sexual hormone release, such as testosterone from Leydig cells and

estrogen and progesterone from granulose or theca cells is still lacking (Huang ez al. 2001b).
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Determination of the effect of C. sinensis on steroidogenesis in purified mouse Leydig cells
has been carried out. Cordyceps sinensis extracts stimulated normal mouse Leydig cell
steroidogenesis in a dose-dependent relationship (Huang et al. 2001b).

Kuo et al. (1994) reported that growth inhibitors against tumor cells are composed in the
fruiting body of Cordyceps sinensis, besides Cordycepin and polysaccharides (Bok et al. 1999).
Cordyceps sinensis is also useful for the general debility treatment after sickness and for elderly
(Chang and But. 1987). Aqueous phosphate buffer saline (PBS) extracts of Cordyceps sinensis
were used to evaluate the effect of C. sinensis on the smooth vascular muscle and whether it could
be used for treatment of hypertension (Chiou et al. 2000). Cordyceps sinensis contains a
polypeptide macro-molecule that significantly reduces mean arterial pressure of rats by inducing a
direct endothelium-dependent vasorelaxant effect through stimulating the production of nitric
oxide and endothelium-derived hyperpolarizing factor (Chiou et al. 2000).

Cordyceps sinensis has various medicinal properties including a tonic supplement for sexual
dysfunction (Zhu et al. 1998b). Cordyceps sinensis can stimulate Leydig cells and granulose-
lutein cells to produce sex steroids (Huang et al. 2000, 2001a,b, 2004a,b; Hsu et al. 2003a; Chen
et al. 2005). Cordyceps sinensis mycelium can activate steroidogenesis both in mouse Leydig
cells, MA-10 Leydig tumor cells and human granulose-lutein cells and also enhance the cyclic-
AMP-protein-kinase-A signal pathways, but not protein kinase C, to regulate steroidogenesis in
purified mouse Leydig cells (Huang et al. 2000, 2001a,b, 2004a,b; Hsu et al. 2003a). Chen et al.
(2005) also confirmed that C. sinensis can vitalize the cyclic-:AMP-protein-kinase-A signal
pathway and to adujst steroidogenesis in purified mouse Leydig cells (Hsu et al. 2003b). However
it cannot activate the protein kinase C (Hsu et al. 2003b). This fungi also increased StAR protein
and aromatase expression to induce 17 B-estradiol in human granulose-lutein cells (Huang et al.
2004a,b). The mechanism through which C. sinensis upregulates steroidogenesis in MA-10
mouse Leydig tumor cells however, remains elusive.

There are some remarkable challenges relating to research surrounding C. sinensis, such as
difficulties in identification of the various Cordyceps species and many conflicting reports of
medicinal abilities in literatures (Buenz et al. 2005). Recently, reports on the ethnomedical uses
of C. sinensis are limited to the application as a general tonic in China (Huang et al. 1981; Jiang.
1991; Hanssen and Schadler. 1982) and as an aphrodisiac in Nepal (Bhattarai. 1989, 1992a,b,
1993, 1994). However, some interesting reports have been focused on the biological functions of

C. sinensis and its ability to modify apoptotic homeostasis (Buenz et al. 2005). The term
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“apoptosis”, or programmed cell death, is an essential event in organism development (Vaux and
Korsmeyer. 1999; Hidalgo and Ffrench-Constant. 2003) and homeostatis (Cory and Adams. 2002;
Kucharczak et al. 2003); however, it is becoming clear that numerous disorders such as stroke
(Zheng et al. 2003), myocardial infarction (Krijnen et al. 2002), and HIV (Buenz and Badley,
2004) incorporate apoptosis in their etiology and pathogenesis (Buenz et al. 2005). The alteration
of the apoptotic pathway of C. sinensis is not so straightforward. The inhibiting and inducing of
apoptosis which extracted from C. sinensis resulted a phenomenon level of observation.
Treatment with C. sinensis gave decreased caspase-3 activity (Shahed et al. 2001.)

The cordycepic acid (mannitol-D), the principle single marker compound of C. sinensis does
not necessarily guarantee the presence of other potentially active compounds (Buenz et al. 2005).

Cordyceps militaris is also a popular medicinal entomopathogenic species that has been
widely used in Traditional Chinese Medicine for a long time (Yu et al. 2004; Won and Park
2005). It possesses similar bioactive compounds and functions to those of C. sinensis (Yu et al.
2004). Cordyceps militaris is widely used due to folklore, which are not based on scientific
findings (Won and Park. 2005). Only a few pharmacological and biochemical actions of C.
militaris have been reported (Won and Park. 2005). Nan et al. (2001) reported that extracellular
biopolymers from mycelial liquid cultures of C. militaris produced antii-fibrotic effects on
fibrotic rats induced by a bile duct ligation and scission operation. This fungus also inhibited
proliferation of cultured human glomerular mesangial cells induced by low-density lipoprotein
(Wu et al. 2000) and produced Cordycepin (3°-deoxyadenosine), which can inhibit the growth of
various tumor cells (Johns and Adamson. 1976; Muller et al. 1977; Kodama et al. 2000).

Cordycepin can be also useful as a new preventive agent against various diseases caused by
clostridia (Ahn et al. 2000) and possesses larvicidal activity against Plutella xylostella via a direct
effect rather than an inhibitory action on chitin synthesis (Kim et al. 2002). Cordyceps militaris
extracts have significant anti-angiogenesis and anti-tumor growth properties in vivo and in vitro
(Yoo et al. 2004). Cordyceps militaris extracts possess anti-inflammatory and anti-angiogenic
activites, which are supported by its inhibitory activity on inducible nitric oxide (iNOS)
expression (Won and Park. 2005).

The effect of oxygen supply on Cordycepin production was conducted in submerged
cultivation of C. militaris by using a 5-L turbine-agitated bioreactor (TAB) (Mao and Zhong.
2004). The proposed two-stage dissolved oxygen (DO) control strategy significantly enhanced the

Cordycepin production and productivity (Mao and Zhong. 2004). This is also a good evidence for
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the effective large-scale production of bioactive compound from entomopathogenic fungi (Mao
and Zhong. 2004).

Cordyceps militaris water extract has beneficial effects on insulin utilization by increasing
the glucose disposal rate in skeletal muscles without altering the insulin secretion capacity of
pancreatic [-cells. However, Paecilomyces tenuipes possesses rather deleterious effects on
treating diabetes; it suppressed the insulin secretion capacity of pancreatic B-cells, whole body
glucose disposal in rats, and glucose utilization in skeletal muscles (Choi et al. 2004).

Besides Cordyceps sinensis and C. militaris, some other entomopathogenic fungi can
produce natural products with various biological activities which are useful in pharmacology and
biological control programmes. Isaka et al. (2000) reported that two unique anhydrides:
Cordyanhydrides A and B were isolated and identified from a culture broth of the insect
pathogenic fungus Cordyceps pseudomilitaris although these compounds gre rare in nature. A
small amount of epidithiodike-topiperazine was isolated from Hirsutella kobayasii, however
further biological testing cannot be done due to lack of materials. Another bioactive compound
cyclohexadepsipeptide, named Hirsutellide A, was isolated from a cell extract of the
entomopathogenic fungus Hirsutella kobayasii and exhibited anti-mycobacterial and low anti-
malarial activities with no toxic effects (Isaka et al. 2000). Hajek and St. Leger (1994) have listed
the many classes of secondary metabolites produced by a few invertebrate pathogenic fungi
which have been commonly isolated and screened (Hywel-Jones. 2001).

Fruiting bodies of Paecilomyces japonica, a new strain, was compared with C. sinensis, a
wild form of Cordyceps in anti-tumor and immuno-stimulating activities (Shin et al. 2003). Based
on their findings, P. japonica was found to possess similar biological activities to those of C.
sinensis. Thus P. japonica could be substituted as a new health food and new type of alternative
drug (Shin et al. 2003).

Chen et al. (1995) reported that a novel bioactive compound desmethyldestruxin B2,
extracted from Metarhizium anisopliae, has been found to be suppressing the hepatitis B virus
surface antigen production in human hepatoma cells.

In Thailand, some, 2200 isolates of invertebrate pathogenic fungi have been made and
screened for their bioactivity in a series of assay: anti-malaria, TB, anti-bacterial and fungal,
HIV/AIDS (Jones. 2004). Ten new bioactive compounds has been selected and characterized
from the member of the Hypocreales (Table 2.3). Disarapong (2003) researched the anti-fungal

properties of Hypocrella scutata and reported that 25 of 35 isolates exhibited activity (73.5%).
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Eighteen isolates (53%) were active against Microsporum gypseum, while one (3%) was active
against Cladosporium sp., Alternaria sp. and Curvularia sp. and six (17.6%) were active against

all four test fungi (Jones. 2004).

Table 2.3. List of new bioactive or novel compounds isolated and characterized from

Thai Entomogenous fungi according to Jones (2004).

Fungus New compound Activity Reference
Cordyceps unilateralis Naphthoquinine -- Kittakoop et al.
1999
Cordyceps pseudomilitaris Cordyanhydrides Aand B - Isaka et al. 2000
Paecilomyces tenuipes Cyclodepsipeptides Anti- Nilanonta et al.
mycobacterial 2000
and anti-
plasmodial

Cordyceps nipponica

Cordyceps pseudomilitaris

Hirsutella kobayasi

Verticillium heipterigenum

Verticillium heipterigenum

N-hydroxy-N-methoxy-2-
pyridones:
Cordypyridones A-D

Eleven bioxanthracenes

Hirsutellide A

Enniatins H and I

Bisdethiodi(methylthio)-
dimethylhyalodendrin
I-demethylhyal odendrin

tetrasulfide

Anti-malarial

Evaluated for
their anti-
malarial activity
Anti-
mycobacterial
Anti-malarial
Anti 7.
tuberculosis
Weakly
oxiccytotoxic

Inactive

Anti-malarial

Both cyto

Isaka et al. 2001

Jaturapat et al.
2001

Vongvanich, et al.
2003
Nilanonta et al.

2003

Nilanonta et al.

2003
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Table 2.3 (continued).

Fungus New compound Activity Reference

Hypocrella discoidea Various novel All are cytotoxic  Watts et al. 2003
compounds(+)

H. tamurai Rugulsin; skyrin Towards Sf

(insect cell lines)

Aschersonia samoensis

A. badia

A. tamurai

Verticillium heipterigenum Novel asochlorin Cytotoxic Seephonkai et al.
glycoside 2004

2.5 Entomogenous fungi as biocontrol agents

Recently, many entomopathogenic fungi have been considered to be useful as biocontrol
agents. These fungi have been useful for the crop pest protection program, and some have been
produced as commercial products (Thungrabeab et al. 2006). The application of microorganisms
in integrated pest management system was proposed by pioneers in invertebrate pathology such
as Agostino Bassi, Louis Pasteur, and Elie Metchnikoff (Steinhaus. 1956, 1975). In the late 19th
century, the experiments relating to entomopathogenic fungi as biocontrol agents were carried out
by various scientists (Lacey et al. 2001). However, the usefulness of these fungi in insect pest
control system is limited due to their lack of broad-spectrum activity (Jones. 2004).

Steinkraus and Hollingsworth (1994) reported the application of natural epizootics in
integrated pest management (IPM) with an example of the regulation of the cotton aphid Aphis
gossypii Glover, a significant sucking pest of cotton. They also mentioned about the
entomophthoralean fungus Neozygites fresenii (Nowakowski) Batko which often reduces or
eliminates the requirement for chemical control of this pest (Steinkraus et al. 1991, 1995). In fact,
most species of entomophthoralean fungi have been relatively difficult to produce and their
primary conidia are short lived. Lacey er al. (2001) suggested that development of effective
methods for production of resting spores and competent mycelia of entomophthoralean species

can support the utility of these fungi.
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Anamorphic entomopathogenic fungi exhibit as broad spectrum pesticide in pest control
program and can be commercially produce especially for controlling homopterous pest insects.
Several species can be potentially produced on artificial media with low cost and possessed good
shelf lives. This is an advantage for using fungi as biocontrol agent in pest protection.
Aschersonia aleyrodis, Beauveria bassiana, Hirsutella thompsonii, Metarhizium anisopliae and
Verticillium lecanii are currently marked as potential biocontrol agents in the Brazil, England,
USA, and USSR.

These fungi have been investigated for use to control a broad range of insect pests, including
whiteflies, aphids, thrips, termites, grasshoppers and locusts, beetles, and others (McCoy et al.
1988; Ferron et al. 1991; Fargues and Maniania. 1992; Khan et al. 1993; Zimmermann. 1993;
Devi. 1994; Milner and Prior. 1994; Feng et al., 1994; Goettel et al. 1995, 2000; Lacey et al.
1996; Keller et al. 1997; Milner. 1997). Currently, some entomopathogenic fungi such as
Beauveria bassiana, Metarhizium anisopliae, Verticillium lecanii, Paecilomyces fumosoroseus
and experimental isolates of Metarhizium flavoviride, Nomuraea rileyi, and Aschersonia
aleyrodis are used as commercial products or in process. Despite their somewhat broader host
range, the Hyphomycetes still provide a degree of selectivity (McCoy et al. 1988; Goettel et al.
1990).

Trichomycetes, an another group of arthropod-associated fungi, may be useful as biological
control agents, however, so little is known that one cannot even speculate of their value to

humanity.

2.6 Future outlook

Entomogenous fungi can be associated with many invertebrate taxonomic groups. However,
the accurate data regarding these fungi has been still needed to document. The number of
entomogenous species may be in excess of 1000 (Samson et al. 1988; Hawksworth et al. 1983),
although probably less, since several of the genera listed by Samson et al. (1988) contain many
species which are not invertebrate pathogens. Many taxonomists described a number of taxa
associated with arthropods, however, the data relating entomogénous fungi have been scattered.
For example, Hawksworth et al. (1983) listed 100 Cordyceps, 10 Torubiella species, while

Kobayasi (1982) listed 282 Cordyceps, 59 Torubiella species and 75 species of other genera. Due
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to the list of synonyms, the record of entomogenous taxa in Indexfungorum is found to be huge

number (Table 2.4).

Table 2.4. Numbers of known entomogenous species according to Hawksworth ez al.

(1983), Kirk et al. (2001) and Indexfungorum (www.indexfungorum.org).

Number of species

. Indexfungorum
Fungi Hawksworth et Kirk et al
(www.indexfungorum.or
al. (1983) (2001)
2

Lower fungi 227 or 228 164 or 165 597
Higher fungi 368 or 369 203 2079
Imperfect fungi 416 619 3138
Total 1011 or 1013 986 or 987 5814

The identification of fungal species is commonly based on micromorphological methods
and biochemical testing methods (Bastola et al. 2004). Numerous methods are available to
construct phylogenetic trees that predict the relatedness between microbial species (Nei 1996,
Rogers and Swofford. 1998) and the probable evolution of their genetic traits (Tateno et al. 1982).
A number of molecular techniques have been employed in the detection, identification and
phylogenetic analysis of fungal populations (Green et al. 2004).

Successful use of entomopathogenic fungi as microbial control agents will ultimately
depend on the many factors such as use of the right propagule, formulated in an optimal manner
and applied at an appropriate dosage and time. Timing will depend on the presence of susceptible
host stages, favorable environmental conditions, and compatible scheduling with other
agricultural practices (i.e., linked with irrigation, avoiding fungicides, etc.). Further improvement
in the microbial control activity of entomopathogenic fungi can be expected by their combination
with other interventions and technologies, use of other biological control agents, use of
environmental manipulation to favor the infection processes, and use of targeted pests to aid in
the dissemination of fungus.

Generally, the entomogenous fungi have restricted host ranges (Hywel-Jones. 2001). For

example, Hypocrella (Clavicipitales) species are restricted to two families of the Homoptera
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(Aleyrodidae and Coccidae). Torrubiella species with Gibellula anamorphs are specifically
infected on hunting spiders (Samson and Evans. 1973, 1992). However, Pseudogibellula
formicarum (Mains) Samson and Evans is exceptional as it has been linked with several insect
species (Samson and Evans. 1973; Samson et al. 1989). Several Cordyceps species known from
ants (Hymenoptera) are specific to particular complexes or tribes of ants (Evans and Samson.
1982, 1984). The prospects of genetic engineering for improvement of entomopathogenic fungi
have steadily increased within the past decade (Ferron ef al. 1991; Riba et al. 1994; St. Leger and
Roberts. 1997). Developments in the molecular biology of entomopathogenic fungi will provide
the tools for clucidating the mechanisms of pathogenesis and in the future for producing
recombinant fungi with enhanced virulence (Charnley ez al. 1997). The application of molecular
techniques in the study of entomopathogenic fungi is presented in detail by St. Leger and Joshi

(1997).



Chapter 3

RESEARCH AND METHODOLOGY

3.1 Study areas

A general survey of entomopathogenic fungi was carried out in rainforests of Chiang Mai
Province, Thailand at 15-day intervals during the rainy seasons from June 2005 to October 2006.
This survey was carried out in the two different types of rainforests: conserved rainforests (Doi
Inthanon National Park, Doi Suthep-Pui National Park, Mae Sae National Park, Mokfa Waterfall,
New Waterfall and Geyser Pong Dueb Hot Spring) and disturbed rainforests (Mushroom
Research Centre, Pha Daeng Village and Tung Joaw Village). In order to compare different non-
forest habitats, two agricultural habitats; Mae Lod Coffee Plantation and Mae Ma Lei Village

mango orchard were included in this study (Fig 3.1).

3.1.1 List of collecting sites

3.1.1.1 Conserved rainforests
CS-1: Doi Inthanon National Park, at 25 km marker on Highway 1009, North 18° 32.54'
East 98° 33.51".
CS-2: Doi Suthep-Pui National Park, North 18° 48.62' East 98° 54.6".
CS-3: Mokfa Waterfall, located near 18 km marker on Highway 1095.
CS-4: New Waterfall, located near 36 km marker on Highway 1095.
CS-5: Geyser Pong Dueb Hot Spring.
CS-6: Mae Sae National Park, Located near 50 km marker on Highway 1095.

3.1.1.2 Disturbed rainforests
CS-7: Mushroom Research Centre (MRC), Bahn Pha Deng, North 19° 07.123" East 98°
44.009'.
CS-8: Pha Daeng Village,
CS-9: Tung Joaw Village, North 19° 8.07' East 98° 38.9'
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Table 4.1 (continued).

N, (individual no. of i species)
Taxa f
AR CO DI HE HO HY IS 1P OR SO Ul

O. mrciensis 1 035
O. myrmecophila 64 22.61
O. nutans 11 ‘ 3.89
O. oxycephala 11 3.89
O. pseudolloydii 9 3.18
O. sphecocephala 1 0.35
O. unilateralis 39 13.78
Paecilomyces 1 19 1 7.42
marquandii
Sporothrix insectorum 12 4.24
Stilbella buguetii 3 1.06
Torrubiella 1 0.35
hemipterigena
Verticillium sp. 1 1 1 1.06

AR: Archnida, CO: Coleoptera, DI: Diptera, HE: Hemiptera, HO: Homoptera, HY: Hymenoptera, IS:
Isoptera, LP: Lepidoptera, OR: Orthoptera, SO: Soil, UIl: Unidentified insect, fi Occurrence

frequency.

Table 4.2 Summary of species diversity on different insect orders and soil.

AR CO DI HE HO HY IS LP OR SO Ul

Cordyceps and 2 0 1 1 1 5 0 6 0 0 0
Ophiocordyceps

Other taxa 1 5 1 5 5 4 1 5 2 2 2
Species richness (S) 3 5 2 6 6 9 1 11 2 1 2
Individual numbers 3 13 2 71 9 141 1 37 2 2 2
Shannon index (H) 1.LI0 126 069 12 168 149 0 167 069 0 0.69
Simpson index (I-D) 0.67 064 050 063 079 070 0 072 05 0 0.5
Evenness (E,) 1 071 1 055 0.89 049 1 048 1 1 1

AR: Archnida, CO: Coleoptera, DI: Diptera, HE: Hemiptera, HO: Homoptera, HY: Hymenoptera, IS:
Isoptera, LP: Lepidoptera, OR: Orthoptera, SO: Soil, UI: Unidentified insect



Table 4.3 Similarity indices of fungal taxa between different hosts.

Hosts ‘Serensen’s index (8°)
Lepidoptera Hymenoptera Coleoptera
Homoptera 0.12 0.1 0.18
Lepidoptera 0.2 0.25
Hymenoptera 0.29
Table 4.4 Summary of species diversity in different habitats.
Conserved Disturbed Agricultural
forests forests Habitats
Cordycep and Ophiocordyceps 12 9 1
Other taxa 9 16 4
Species richness (S) 21 25 5
Individual numbers 142 80 61
Shannon index (H') 2.08 2.73 1.03
Simpson index (I-D) 0.8 0.9 0.56
Evenness (E,) 0.38 0.61 0.56

4.2.3 Species diversity and similarities between different collecting sites

92

The highest species diversity was found in disturbed rainforests, followed by conserved

rainforests and agricultural habitats (Table 4.4). The highest individual number of fungi was found in

conserved rainforests (142 individual records), followed by disturbed forest (80 individual records)

and agricultural habitats (61 individual records). The greatest species richness was recorded in

disturbed rainforests (25 taxa), followed by conserved rainforests (21 taxa) and agricultural habitats (5

taxa). Cordyceps and Ophiocordyceps species were the most abundant in conserved forest (12 taxa),

followed by disturbed forest (9 taxa), and agricultural habitats (1 taxon) (Fig. 4.35).
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Conserved forests

Other taxa
25.4%

Cordyceps and Ophiocordyceps
74.6%

Disturbed forests

Other taxa
38.7%

Cordyceps and Ophiocordyceps
61.3%

Agricultural habitats

Cordyceps and Ophiocordyceps
1.6%

Other taxa
98.4%

Fig. 4.35 Percentage of fungal records in different habitats.

The similarity index of the fungal taxa between the conserved rainforests and the disturbed
rainforests was higher than that between the disturbed rainforests and the agricultural habitats, or the

conserved rainforests and the agricultural habitats (Table 4.5).
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Table 4.5 Similarity indices of fungal taxa between different collecting sites.

Habitat Serensen’s index (S")

DF AH
CF 0.48 0.23
DF 0.33

43 Host based relationships of Beauveria, Cordyceps, and Paecilomyces: A

phylogenetic evaluation based on ribosomal and protein coding gene sequences

4.3.1 ITS Phylogeny

The ITS dataset consisted of 74 taxa with 736 characters, of which 146 characters were
excluded in the analyses and alignment gaps were treated as missing data. Of the remaining 590
included characters, 108 characters were constant, 66 variable characters parsimony-uninformative,
and 416 parsimony-informative characters (PIC). Forty two were newly generated sequences
belonging to five anamorphic species [Beauveria brongniartii (11), B. bassiana (6), Isaria cicadae
(3), I tenuipes (8), and I. farinosus (1)] and 11 teleomorphic species [C. militaris (4), C. militaris cf.
sphaerocephala (1), C. sp. (1), O. crinalis (1), O. dipterigena (1), O. filiformis (1), O. myrmecophila
(2), O. nutans (2), O. oxycephala (1), O. pseudolloydii (1) and O. sphaecocephala (1)] (Table 4.6).
The data were compared with 28 sequences of other ascomycetes from GenBank. Hypocrea lutea was
chosen as the outgroup taxa for this analyses based on published reports (Glenn ez al. 1996; Spatafora
and Blackwell. 1993).

Based on MrModeltest 2.2, model GTR+G was chosen to be most appropriate for ML
analyses and Bayesian analyses. ML resulted in a tree that was topologically similar to that from MP
analyses. Transition weighted three times over transversion, and other parameters were as follows:
shape parameter of 1.1036 and - In likelihood = 6043.5732. Estimated base frequencies were as
follows: A = 0.2933, C = 0.2247, G = 0.2249 and T = 0.2570. The trees generated from the ML and
MP analyses were very siniilar in topology. The single tree generated from weighted parsimony (TL =
1547, CI1=0.594, RI = 0.865, RC = 0.514, HI = 0.406) is shown in Fig. 4.36.

Generally, four main Clades (A, B, C and D) were recovered (Fig. 4.36). Clade A, Beauveria

clade, comprises C. bassiana, C. brongniartii, C. militaris, B. bassiana, and B. brongniartii. Clade B
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can be referred as the Isaria clade. It consists of I. cicadae, I. japonica, I. farinosus, 1. fumosoroseus,
I tenuipes and C. bifusispora. Clade C includes O. irangiensis, O. sphaecocephala. C. polyarthra, O.
oxycephala, O. myrmecophila, O. pseudolloydii, C. ampullacea, O. formicarum, O. nutans, O.
crinalis, O. filiformis and Q. dipterigena, and Hymenostilbe aurantiaca. Clade D includes five
entomogenous species namely C. hawkesii, C. gunnii, C. ramosopulvinata, C. militaris var.
sphaerocephala, Cordycep sp. and two mycogenous species E. ophioglossoides, E. valliformis. To
discuss tree outputs, clade A and B are strongly supported by 92% bootstrap (BS), 96% posterior
probabilities (PP) and 99% BS, 96% (PP), respectively. Clade B received moderate support; 85% BS,
72% (PP) and Clade D is supported by low BS value 60% with high PP value 94% (Fig. 4.36).

4.3.2 B-tubulin Phylogeny

The B-tubulin dataset comprised 52 taxa with 383 characters and alignment gaps were treated
as missing data. There were 153 PIC in this dataset. Forty two were newly generated sequences
belonging to five anamorphic species [Beauveria brongniartii (11), B. bassiana (6), I cicadae (2), 1.
farinosus (1), and I. tenuipes (9)] and nine teleomorphic species [C. militaris (4), C. militaris cf.
sphaerocephala (1), C. sp. (1), O. crinalis (1), O. filiformis (1), O. myrmecophila (1), O. nutans (2),
O. oxycephala (1), and O. sphaecocephala (1)] (Table 4.6). The data were compared with 10
sequences of other ascomycetes from GenBank. Hypocrea lixii was chosen as the outgroup.

ML and Bayesian analyses were performed with MrModeltest 2.2 using HKY85+G+I model.
Transition was weighted three times over transversion, and other parameters were as follows: shape
parameter of 0.9556 and - In likelihood = 3138.1929. Estimated base frequencies were as follows: A =
0.2057, C = 0.2962, G = 0.2170 and T = 0.2811. Generally, phylograms resulted were divided into
three clades (A, B, and C) (Fig. 4.37). Among them, only clades A and B are supported by 62% BS
and 77% BS. Clade A can also be further subdivided into two subclades: Isaria and B. bassiana. The
latter clade (B. bassiana) received 78% BS, whereas the first Calde did not receive reliable branch
support. Clade B comprised only B. brongniartii and C. militaris species with a BS value of 77%.
Clade C comprised Ophiocordyceps and Cordyceps species with no supportive BS value.
Phylogenetic placement of the some taxa including O. sphecocephala, I. farinosus, O. oxycephala and
C. sp. were ambiguous as they do not cluster with other taxa. There are only 16 internal subclades
which received >50% BS in this analysis. The single tree generated from weighted parsimony (TL =
654, CI=0.595, RI = 0.756, RC = 0.449, HI = 0.405) is shown in Fig. 4.37.
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4.3.3 Combined ITS and p-tubulin Phylogeny

The combined dataset with 52 taxa, has 1083 characters. Ambiguous regions (178) were
excluded in all analyses, and there were 511 PIC in the included regions. MP, ML and Bayesian
analysis were also performed. The trees generated from all analyses were not significantly different.
ML tree was found as the best (Fig. 4.38). ML and Bayesian analyses were performed with
MrModeltest 2.2 using SYM+G model. Transition was weighted three times over transversion, and
other parameters were as follows: shape parameter of 0.7711 and - In likelihood = 10099.3105.
Estimated base frequencies were resulted as same (0.25). The Fig. 4.38 shows the tree generated from
weighted parsimony (TL = 2043, CI = 0.575, RI = 0.752, RC = 0.432, HI = 0.425) is shown in Fig.
4.38.

Although there were different reference taxon sampling between datasets, phylogenies
obtained were almost similar in species groupings (Figs 4.36-4.38). Phylograms from different
optimality criteria can be generally divided into four clades. The tree resulting from the combined
dataset, however, is much more resolved. There are 26 subclades which supported by > 50% BS while
16 subclades are supported by >50% BS in B-tubulin phylogeny. The inclusion of the more genes

gave the better resolved for the trees than B-tubulin.
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(B. caledonica, B. amorpha and B. vermiconia) are included in the clade C and a group of only B.

bassiana from overseas are found in the clade D. (Fig. 4.39).



111

Suudg

8'L-9¢ €€C I'TI'T, €967 T1T-¢€1T  8¢6T1 €€l 10H qon( Suod 198430 w0)dos[o)  LZOTAAAT nmuvusuolq g
811
I'el-$'L 69°1 91 Sv-9T 9781 -S°L TE-CT  31ua) yolesssy WOOISNN eiojdopido] 956N TAN nuvuduolq g
Sunudg
ySI-L's 91 91 eVy-T'C vl 86TV £e-¢l 10H qon( 3uod 1asken vidoquo  $Z0ZAAL muvu3uolq g
§6-1'¢ 80°C 1'€-8'1 96-T¥ 6TL1 ¥'8-C 6'C-1°"C  3BUID [oIessay WOOIYSTN eia)dopido]  €Z0TQAAT nuvusuosq g
. Jundg
9-C 9T'1 Te-8'1 V-7 SE81 £6-8C ¥e-61 10H qan( Suod 135430 eydid  000TNTAN muou3uolq g
91-T'L 'l el I'e-8'1  1'€-81 6S¥%-9C 8¢l PO SeN e1gpdos|o) 102dY A1 pupissoq °q
SI-9°¢ 611 WA 8C-L'T LT-€T 8P-£T A PO SN via)doprdeT  ZOTNTIN pup1ssoq °g
CI-8¢ 6¢’1 L'T€1 6'C-T1 8'C1 ¥-C YTl a3e[A Suseq Byq eio)dowoy  ZOOTNTIN vuplssoq °g
I'T1-6'C TL°0 £-8'1 L1 STT1 TS9T £C-T'l  8nus) [oIeasay] Woorysny e10)dos[0)  0ZOTAYAL vuvissoq °q
8'CI-S S¥'1 L'e-¢1 £-6'1 1Al §-¢C 8Tl llepialep moN  eroldomdswAy  GTQTQRLII  puvisspq viaanvag
oyed
Hpim WPIM _ WluwT P Wlueg 08
/p3ua) 19 e -euLI0juy
sipey  eIptuo) epluo) snouasoIpiuo)) sendAyg uidrio arydea3o9n) JSOH JIYONOA (surenyg) serdadg

*pue[IRy [, “90uIA0I] IeJN SuBIy)) WO SUTeNs vieannag o) JO s10)orIeyo [eo130joydIoN L b slqe ],



112

‘euIy)) AJ ‘Suturuny ‘Anss1oq Jo AWapeoy 9S9UIY)) ‘S}09SU] 90IN0SIY JO SHISUT YoIeasay oyl

‘(YD) 20us) uswdofeasg pue [oreassy [e3uny [euonewIu] ‘(AT ‘puelteq] ey Suery) (HNTIN) Wwnueqisy Asvamn Sueng yeq sep .DA"HZ?

6'CS Buudg
STI-9'L 1 9Tl SE9T  81-80 69  8T-T1 10H qan(g 3uod 195400 e)dos[o)  ZZ0ZTAYAL nuvuduolq'g
902 Buudg
TY1-Te 0€T €1 S-v'€  LE1T 98  T'E¥1 10H qan( 3uod 135430 eioydopide  QIOINTIN 1mavtuduolq g
611-TY 65T 6T 94T ¥T-€1  91-I'v  TEH'1  9nuUd) YoIeasay WOooNsn eoydopideT  8Z0TAAI muvpu3uoiq g
J09su]
I'11-9C 9T TE®T  €PTT SE61 €687 ¥E61 [lejiole M B0 paynusplun  0E0TNTIN mivuduolq g
L'01-9'9 8€°T 780 TPSIT SELT €T61  8EIT [[eJ1312 M MON e10)dodjo)  1Z0TAYAI nupuduolq g
| 94 Buudg
€€I-LT 107 97-€1 $-8T €81 59 eIl 10H qen(y 3uod 105400 e15)dod]o)  9ZOTAMI nuvtuduolq g
g€l
8L-ST* S6T 8180 LE61 8'C-1 -6'1 L'C-1  3RUd) YoIeassy Woorysny v1dosjo)  STOTCAI muvu3uosq g
onel
WM WPIM__ WBud]  WpIM W8uag uon
/q38ud] 1 ppim -aE.A..&L—
SIpPBY  Bipuo) epruo) snoud3dolpiuo) asqdAy u131xo o1ydeadoan) 1SOH 1gonop  (suren)s) sardadg
*(panuUpuUod)L°y AqEL

49!



113

55

B. brongniartii LE MRC)
B. brongniartii DI HSP
B. brongniartii ORT CR
B. brongniartii LE MRC
B. broneniartii CO HSP
B. brongniartii Ul MFW
\B. brongniartii CO NWF

A

97]

B. brongniartii LE MRC

B. brongniartii CO MR(J
AY 532028 B. brongniartii CO Korea

B. brongniartii
Chiang Mai Isolates
(LE/DI/ORT/LE/CO/UI)

AY531980 B. brongniartii CO Philippine

B. brongniartii CO HSP

Bmnem AY 532027 B. brongniartii CO China
B. brongniartii CO HSP

Y 532060 B. brongniartii Denko Japan

B. brongniartii
Chiang Mai +
Overseas Isolates
(COY

'Y532003 B. amorpha CO Brazil
AY 532006 B. caledonica Soil Sco

72 Y532012 B. vermiconia Soil Chi

Y 532008 B. amorpha HY Brazil

AY531985 B. bassiana HY Poland
‘ ngEAYsswss B. bassiana HY CIS

AY532014 B. bassiana LE Rumania

C

eauveria others
Overseas Isolates
D

B.bassiana
Overseas Isolates

O 32043 B, passiana NT Braz]
62 Y531993 B. bassiana LE Brazil
Y531994 B. bassiana LE Brazil
B. bassiana HO PD

AY531976 B. bassiana CO France

52

e B, hassiana HY NWF
5GgmaB. bassiana CO MRC
AY 532045 B. bassiana CO Vietnam
Y532041 C. bassiana LE China
. brongniazsii.H!
65g=B. bassiana CO ML
B. bassiana LE ML
Y532032 B. bassiana LE
Y532023 B. bassiana CO

bewumea AY 532017 B. bassiana ORT

E

B.bassiana

Chiang Mai +
OverseaslIsolates
(HO/HY CO/LE/ORT)

ABOSTSZC. ramosopulvinata

Fig. 4.39 Strict consensus of tree generated from maximum likelihood analysis of the ITS and
5.8S dataset. Numbers above the nodes represent the proportion of 1000 bootstrap replications. B.,
Beauveria; C., Cordyceps; LE., Lepidoptera; DI., Diptera; LE., Lepidoptera; S., Soil; CO.,
Coleoptera; UL, Unidentified insect; ORT., Orthoptera; HY., Hymenoptera; HO., Homoptera.
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Chapter 5

DISCUSSION

5.1 Diversity of entomopathogenic fungi in rainforests of Chiang Mai Province,

Thailand

Entomopathogenic fungi are mainly found amongst the Zygomycetes (Entomophthorales)
and Ascomycetes (Clavicipitales, Hypocreales and hyphomycetous anamorphs) (Evans. 1988).
The Entomophthorales are commonly reported as pathogens of forest pests in temperate forest

habitats (Burges. 1981), but are rare in tropical forests (Evans. 1982).

5.1.1 Occurrence frequency of entomopathogenic fungi

The occurrence frequencies of entomopathogenic fungi on arthropods in study areas
were dominated by Ophiocordyceps myrmecophila (22.6%) and O. unilateralis (13.8%) on ants.
This is not surprising as ants are the dominant arthropods in lowland tropical rainforests (Elton.
1973) and, therefore, are the most affected quantitatively by entomopathogenic fungi (Samson et
al. 1988). Ants are infected at the adult stage, and the hard exoskeleton is not colonized by the
fungus, thus sufficient salient taxonomic features are present to enable host identification at the
generic or species level.

High occurrence frequencies can also be found in Isaria fumosoroseus (13%), Paecilomyces
marquandii (7.4%), and 1. tenuipes (5.3%). Paecilomyces incorporates many species (Liang et al.
2005), but only three species were found to be abundant in this study. Although I. fumosoroseus,
a geographically widespread species, is reported as a pathogen of many insects (Lepidoptera,
Coleoptera, Diptera and Homoptera) (Obomik et al. 2001), the fungus, however, was found only
on Hemiptera in this study. Paecilomyces marquandii was the most frequently encountered
pathogen on Hemiptera while /. tenuipes was recorded only from Lepidoptera pupa in this study.
This finding is in agreement with Tzean et.al. (1997) that Paecilomyces species were
recorded for different infected hosts of Lepidoptera, Coleoptera, Homoptera, Hymenoptera,
Diptera Hemiptera, Orthoptera, or even Arachnida, the Lepidoptera however appears to occur
on preferred hosts. Fukatsu et al. (1997) have also reported that P. tenuipes (sometimes
referred to as Isaria japonica or other synonyms) parasitizes various Lepidoptera in larva and

pupal stages.
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5.1.2 Fungal diversity and similarities between hosts

Most entomopathogenic fungi have relatively broad host ranges, but apparently
reoccur on some hosts (Tzean et al. 1997); they are well represented on plant sucking
bomopterans in tropical rainforests (Petch. 1925) and coccids and whiteflies with ascomycete
infections are also prominent in tropical rainforests (Mains. 1958; Evans. 1982; Samson et-al.
1988). Based on our findings, the species diversity on Homoptera was highest, followed by
Lepidoptera and Hymenoptera, a result that is consistent with a previous report of invertebrate
pathogenic fungi in Thailand. Jones (2004) pointed out that the most common host for
invertebrate pathogenic fungi in Thailand was Homoptera, followed by Lepidoptera, Araneae,
Coleoptera and Hymenoptera. The species diversity value of Lepidoptera in our study, however,

was lower than for Homoptera but its species richness was highest among the hosts.

5.1.3 Fungal diversity and similarities between collecting sites

Observations of entomopathogenic fungi in tropical rainforests in both Africa and South
America reported that richness of entomopathogenic fingi decreases as rainforests are exploited;
whether this is due to the disappearance of the specific hosts or the loss of optimum conditions for
infection, or a combination of both, is unknown (Samson et al. 1988). In our study the highest
diversity of entomopathogenic fungi was found in disturbed forests while the conserved forests
and agricultural habitats had low diversity values. This finding does not support Samson et al
(1988). This is perhaps due to the fact that the disturbed rainforest comprises both forest habitats
and agricultural habitats and both types of specialized and generalist entomopathogens are well
presented in this environment.

Cordyceps species are usually found in undisturbed habitats where there is clean air, high
humidity, and adequate shading by overhanging trees to help retain soil moisture levels
(www.mushtech.org). A similar finding was observed in our study. Cordyceps and
Ophiocordyceps species contributed 74.7% of total taxa in conserved rainforests, with 61.3% in
disturbed forest and only 1.6% in agricultural habitats.

The similarity indices among different collection sites show that the similarity between
conserved forest and disturbed forest was high. The two environments had 11 fungal species in
common. Only three taxa in both conserved forests and agricultural habitats while 5 taxa were
common to both disturbed forest and agricultural habitats. Three taxa, B. bassiana,

O.pseudolloydii and I. tenuipes were found in all collection sites. Beauveria bassiana is one of the
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most widely recognized and encountered of all entomopathogenic fungi due to its cosmopolitan
distribution, easy recognition, and frequent appearance nature (Rehner. 2005). Generally,
Beauveria and Metarhizium species are rarely encountered on insects in tropical rainforests,
although Beauveria can be found colonizing insect remains in the soil (Evans. 1988). In the
present study, B. brongniartii was isolated from the soil underneath dead insects. Metarhizium

was not found in the current study.

5.1.4 Host specificity

Many entomopathogenic fungi are thought to be host specific. Cordyceps species
most frequently attack Lepidoptera, Hymenoptera, Coleoptera and Orthoptera, and several life
cycle stages of a particular host may be infected, but not necessarily by the same species of fungi
(Benjamin et al. 2004). In our study, Hymenoptera, Lepidoptera, Hemiptera and Arachnida were
mostly infected by Cordyceps and Ophiocordyceps species. Some Cordyceps species are
obligately parasitic on ants and are important pathogenic fungi in tropical ecosystems (Evans and
Samson, 1982). Disease appears to be maintained at a constant or enzootic level partly by the
activities of the infected hosts (Evans and Samson. 1982, 1984). Infected ants escape from their
normal ant trails and nests, radically modify their behavioral pattems to find selected niches.
After infection with Cordyceps, ground-dwelling ponerine ants go up to vegetation and die in
exposed positions, grasping the sub-stratum with legs and mandibles (Evans. 1988). Only O.
pseudolloydii infection on dolichoderine ants was found at every collecting sites. The most
abundant species, O. myrmecophila and O. unilateralis, infected formicine ants in the rainforests
habitats. Ophiocordyceps myrmecophila was found both in conserved and disturbed rainforests
while O. unilateralis was found only in conserved rainforests. This result is strongly indicative
that there is a high degree of specificity within these associations, as a single Cordyceps species is
typically confined to a single“genus or tribe of ants (Samson ef al. 1988). Host identification in
the majority of cases however is rudimentary and thus the specific insect-fungal association has
not been determined. The complete life cycles of many of the tropical forest Cordyceps species

still require elucidation (Samson and Evans. 1973; Evans and Samson. 1982).
Based on my findings, a number of entomopathogenic fungi are found to be associated with
different hosts including soils. The data obtained in this study also reveal the general conclusion
of diversity and complexity of fungus-host associations, diversity and similarity of fungal taxa

among different hosts and habitats. To add our knowledge of entomopathogenic fungi,



117

mycologists and entomologists must cooperate in broad research relating to studies of natural

ecosystems.

5.2 Host based relationships of entomopathogenic fungi (Beauveria, Cordyceps,
and Paecilomyces): A phylogenetic evaluation based on ribosomal and protein

coding gene sequences

5.2.1 Molecular Phylogeny
In this study, we only focused on the host based relationship of the entomopathogenic
genera: Beauveria, Cordyceps and Paecilomyces, those are frequently collected from the Chiang
Mai Province, Thailand. The results of the analyses indicate the phylogenetic relationships of
Beauveria, Cordyceps and Paecilomyces.

Phylogenies derived from DNA sequence analyses have been found to be important issues in
classification of the anamorphs and their teleomorphs connections (Rehner and Samuels. 1995;
Taylor. 1995; Jacobs and Rehner. 1998; Jeewon et al. 2002; Liu et al. 2002; Shenoy et al. 2006;
Kodsueb et al. 2007). Our present results show that Beauveria and Paecilomyces under this
investigation are closely related with high bootstrap value. These Beauveria and Paecilomyces are
known as anamorphic genera of Cordyceps, which characterized morphologically by their

conidiogenous cells that produce conidia in dry chains (Samson et al. 1988; Sung et al. 2007).

5.2.1.1 Beauveria

Beauveria, a well known cosmopolitan genus, commonly attacks a wide host
range of arthropods especially Coleoptera and Lepidoptera (De Hoog. 1972). Beauveria
brongniartii, however, commonly attacked Coleoptera and it is used as biocontrol agent for the
European cockchafer, Melolontha melolontha (Keller et al. 1989). Beauveria brongniartii isolates
included in this study were collected and cultured from various hosts such as Coleoptera,
Lepidoptera, Orthoptera, soil and unidentified insects. Our finding is inconsistent with the
previous findings (Keller et al. 1989; Rehner and Buckley. 2005). Host specificity was not found
among the Beauveria brongniartii isolates and also can be regarded as wide host range.
Phylogenetic analyses confirmed that isolates from the same host were not phylogenetically
related. For example, B. brongniartii isolated from Coleoptera are phylogenetically different from

each other. Each of these isolates clusters with other isolates from the different hosts (Fig. 4.39).
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Phylogeny generated from combined dataset shows that B. brongniartii isolated from Coleoptera
collected from Hot spring is closely related to the strain that isolated from the dipteran fly
collected from Hot spring. The phylogeny resulted from ITS dataset, however, revealed that B.
brongniartii isolated from Coleoptera collected from Hot spring is clustered together with the
strain that isolated from the Coleoptera collected from Mushroom Research Centre.

Beauveria bassiana clade, sister to B. brongniartii clade, includes isolates cultured from the
different hosts such as Coleoptera, Homoptera, Hymenoptera and Lepidoptera. All isolates
generated in this study are not phylogenetically closed each other. There are two strains of B.
bassiana isolated from Coleoptera and they, however, can be found in separate clades within B.
bassiana clade. This finding supports that B. bassiana s.. cannot be host specific but is an
opportunistic invertebrate-pathogen capable of attacking a wide range of insect taxa (Rehner and
Buckley. 2005). Beauveria bassiana is a cosmopolitan entomopathogenic fungus and is known to
be a generalist with no strict host specificity (Li. 1988; Inglis ef al. 2001; Wraight et al. 2003;
Pathan et al. 2007). Beauveria bassiana has an opportunistic life style with both pathogenic and
saprophytic habit.

Clade A is also the indicative of an anamorph affiliation to Beauveria and Cordyceps. The
morphological characters of Cordyceps in this clade, collected from Chiang Mai Province, were
identical to C. militaris. This species is a new record for Thailand. Based on the molecular
analyses, the C. militaris specimens collected from Chiang Mai Province are phylogenetically
related to B. brongniartii (Figs 4.36-4.38). During this study, soil samples closed to C. militaris
specimens were collected and isolated on PDA media. Beauveria brongniartii were obtained from
those samples. Interestingly, all the above isolates clustered together in clade A. This finding is in
agreement with Sung et al. (2007) that Beauveria can be isolated from stromata of many
Cordyceps taxa such as C. bassiana; C. brongniartii, C. staphylinidaecola and C. sobolifera and
can be demonstrated that some Beauveria species are sexual (Rehner and Buckley. 2005). Three
Cordyceps species, i.e. C. brongniartii, C. sobolifera and C. bassiana were reported to form
anamorphic Beauveria spp. such as B. brongniartii (Shimazu et al. 1988), B. basssiana (Huang et
al. 2002; Li et al. 2001) and B. sobolifera (Liu et al. 2001a). Zare and Gams (2001) reported that
the new anamorph genus Lecanicillium has been referred to the imperfect state of C. militaris.
Stensrud et al. (2005) reported that the conserved type C. militaris is closely related to Beauveria
species in their phylogenetic study. The taxonomic relationship between‘ C. militaris and B.

brongniarii in this study, however, is unclear. Cordyceps militaris included in this study were
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associated with lepidopteran larvae and those are clustered together with B. brongniartii isolated
from Coleoptera to form a subclade within clade A (92% PP). Beauveria brongniartii isolated
from soil are not closely related to C. militaris within such clade A. Therefore, further

investigation is still needed to confirm B. brongniartii as an anamorph of C. militaris.

5.2.1.2 Paecilomyces

Based .on the previous phylogenetic studies, Paecilomyces isolates used in this
study belong to the genus Isaria (Luangsa-Ard et al. 2005). Isaria tenuipes were collected from
lepidopteran pupae and all these isolates were clustered together with: I. japonica (AY624198), P.
tenuipes (AY624196), and C. ¢f takaomontana (AY624198). Samson (1974) recognized
Paecilomyces as two sections, i.e. Paecilomyces and Isarioidea. This study supports a close
connection between the two genera. Samson (1974) assigned Isaria japonica as a synonym to
Paecilomyces tenuipes. This arrangement was supported by Fukatsu er al. (1997) and Liang
(1997). Kobayasi (1941) reported that the anamorph of C. takaomontana Yakush. & Kumaz. is
Isaria japonica Yasuda. Chen and Xu (1989), on the other hand, stated that P. tenuipes is the
anamorph of C. polyarthra. Cordyceps polyarthra in this study, however, is not related to L
tenuipes but is found to share a close affinity to O. oxycephala. Clade B consists I. cicadae
subclade with high statistical support. The isolates included in this clade were cultured from
Homoptera. One isolate of the I farinosa cultured from lepidopteran pupa in Chiang Mai
Province cluster together with P. farinosus (AY624179). Isaria farinosa, synonymized as P.
farinosus by Samson (1974), has been reported to occur on six insect orders (Lepidoptera,
Coleoptera, Hemiptera, Homoptera, Diptera, and Hymenoptera) and also on spiders (4raneae)
(Sung et al. 2007). Based on my findings, host specificity was found among the Isaria collected
from Chiang Mai Province? L tenuipes only attacked the lepidopteran pupae, I. cicadae infected

only Homoptera and 1. farinosus attacked the lepidopteran pupa.

5.2.1.3 Cordyceps
Moxphdﬂ)gical characterizations and host specificity have been used in
identification of Cordyceps and related genera. Recent molecular phylogenetic studies, however,
showed that host specificity was found to be of limited phylogenetic significance, and several
host shifts were suggested to have occurred during the evolution of Cordyceps (Stensrud et al.
2005). Some groups of fungal are conserved the endoparasite-host interactions to some extent

(Stensrud et al. 2005). In ITS phylogeny, Cordyceps species from clade C have been associated
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with Hymenoptera, Hemiptera and Lepidoptera hosts. The hymenopteran parasites include O.
irangiensis, Hymenostilbe aurantiaca, O. sphecocephala. O. oxycephala, O. myrmecophila, and
O. formicarum. Cordyceps polyarthra, C. ampullacea, O. crinalis, O. filiformis are found as
lepidopteran parasites, O. dipterigena attacked the Diptera and O. nutans attacked Hemiptera.
However, this heterogenous clade is well supported (99% BS) by the both ML and MP analyses.

The Cordyceps species included in clade D are to be found as entomopathogens for insect
orders Homoptera, Lepidoptera and some are mycogenéus taxa (Sung et al. 2007) (Fig. 4.36).
Cordyceps militaris var. sphaerocephala, collected from Hot Spring is closely related to C.
ramosopulvinata with BS value 100%. The previous taxa infected lepidopteran insect however
the later attacked cicada insect. Even though the Cordyceps taxa in this clade infected different
host, they are phylogenetically related to each other. Cordyceps hawkesii and C. gunnii, which
infected to lepidopterous insects, are also included in this clade. ITS phylogeny also resulted that
Cordyceps species from this clade attacked the diverse groups of hosts. According to Sung ef al.
(2007), the classification of Cordyceps species in this clade is not confidently assigned in the new
Cordyceps classification system.

Based on the phylogenies, I can conclude that B. brongniartii anamorphs are closely related
to C. militaris. All Paecilomyces are recognized as a distinct group. Based on sequence analyses
and morphology, some Cordyceps spp. are restricted to their respective hosts. In addition,
Cordyceps species do not constitute a monophyletic group. There are several strongly supported
clades, characterised by species possessing divergent morphological characters (Stensrud ef al.
2005; Sung et al. 2007). The Cordyceps species sampled in this study were polyphyletic. This is
in agreement with the previous studies (Artjariyasripong et al. 2001; Stensrud et al. 2005;
Spatafora et al. 2007; Sung et al. 2007a, b). Cordyceps militaris is closely related to Beauveria
brongniartii (Figs 4.36-4.39) and C. bifusispora is in grouped with Paecilomyces. It also clearly
indicates the anamorphs and its teleomorphs affiliations in the Beauveria and Paecilomyces
clades.

The phylogenies generated in this study reveal meaningful taxonomic insights into the
systematics of Beauveria, Cordyceps and Paecilomyces. The present study reported three
supported groups such as Beauveria, Cordyceps and Paecilomyces in all analyses. While
essentially similar topologies were obtained from all datasets, analysis of fTS/S.SS rDNA gene

provided much better resolution than others.
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5.3 Beauveria entomopathogens from Thailand: Systematics based on

morphology and DNA molecules.

Morphological study of Beauveria spp. from our study indicated that both B. bassiana and B.
brongniartii are present in Chiang Mai Province, Thailand. The length of the conidia is the
distinguishable character to identify between B. bassiana and B. brongniartii. Glare and Inwood
(1998) suggested that conidia longer than 3 pm and length/width ratio 2 or greater were identified
as B. brongniartii. The length of the conidia of B. brongniartii isolates in this study were longer
than 3.1 pm. Results derived from the multiple range tests showed that there is an interaction
between hosts and Beauveria spp. based on the average measurements of conidia, conidia
structures and rachis length. The isolates were also compared with overseas published sequences
for morphological characterization. The length of the conidia of B. brongniartii from Chiang Mai
were longer (2.2-6 pm) than those of other countries’ conidia (2.3-4.2 um). The size of the
conidia of B. bassiana from Chiang Mai were smaller (1.2-3 x 1-3 pm) than those of overseas’
conidia (1.7-3.5 x 1.5-3.1 pm).

The distinction of the morphological criteria between B. bassiana species has always been
difficult because of the comparatively large heterogeneity of spherical/globose-spored (Glare and
Inwood. 1998). The form of the spore was the most important character for separating Beauveria
species (Mugnai ez al. 1989). Based on their research findings, Beauveria bassiana was relatively
heterogeneous and with the regard to form of spores, Beauveria brongniartii isolates produced
only ellipsoidal/cylindrical conidia, while B. bassiana produced both globose and ellipsoidal
conidia. In some research, Beauveria isolates produced ellipsoidal conidia on the host, but only
spherical conidia in culture (Townsend et al. 1995; Glare and Inwood. 1998). In this study B.
bassiana isolates produced spherical conidia both from host and culture. Beauveria brongniartii,
however, produced ellipsoidal conidia on the host and also ellipsoidal/spherical conidia in culture.

In this study, isolates within Chiang Mai B. brongniartii group (A) were cultured from a wide
range of hosts including four insect orders, two soil samples and single specimen of unidentified
insect and this fungus may not be host-specific. Glare and Inwood (1998) reported that the New
Zealand group of Beauveria includes isolates from four hosts, all Coleoptera, but those fungi
might not have host specificity as some strains have exhibited cross-infectivity. In this study, the
conidial size is different between host and fungal strain. Length/width (L/w) ratios of the conidia

were divided into three groups: Bearuveria brongniartii isolated from Chiang Mai Coleoptera
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ranged between 2-2.25, Lepidoptera associated B. brongniartii ranged between 1.78-2 and other
heterogeneous group including Diptera, Orthoptera and unidentified insects received 1.3-1.63.

Group B isolates represent B. brongniartii originated from Asia and all are isolated from
coleopteran hosts. L/w ratio of the Chiang Mai B. brongniartii in this group ranged between 2-
2.25. L/w ratio of the other countries’ isolates ranged betweenl.5-1.88. Two B. brongniartii
isolates from Hot spring are found this group, they are phylogenetically distinct from the other
Chiang Mai isolates.

The other Beauveria species, Group C (B. amorpha, B. vermiconia and B. caledonica) were
separated by phylogenetic characterization. The strains were isolated from Coleoptera,
Hymenoptera and Soil. Beauveria caledonica, isolated from Scottish moorland soil, was
originally described by (Bisset and Widden. 1988) and separated from B. bassiana and B.
amorpha based on conidial shape and color (Glare and Inwood. 1998). There was no comparison
study regarding the affinity of B. brongniartii to B. caledonica. Some research have been carried
out to evaluate the distinction between B. caledonica and other species using morphological and
biochemical comparisons (Mugnai et al. 1989) mitochondrial probes, specific primers and SSCP
analysis (Hegedus and Khachatourians. 1996). In this study, it is found that B. caledonica is
phylogenetically different from B. brongniartii and B. bassiana and it is clustered with B.
amorpha and B. vermiconia.

Group D includes B. bassiana isolates form Hymenoptera and Lepidoptera. The L/w ratio of
the conidia in this group ranged 1.1-1.13. Group E is the heterogeneous group of B. bassiana
isolates from various hosts including Coleoptera, Hemiptera, Homoptera, Lepidoptera and
Orthoptera. Only one B. brongniartii strain isolated from Homoptera from China cluster together
in this clade. This finding also supported that B. brongniartii constitutes a complex of several or
more cryptic species, which available evidence suggests is distributed across Eurasia (Rehner and
Buckley. 2005). Results here generally corroborate the findings of Rehner and Berkley (2005)
who pointed out that B. bassiana s.1. is not host specific but an opportunistic entomopathogen
capable of attacking a wide range of insect taxa. The results also indicated that there was a certain
association between B. brongniartii isolates and their geographical origins, but no clear
correlation between those isolates and their insect hosts. Beauveria brongniartii from clade B has
been associated with Coleoptera. Single isolate of the B. brongniartii associated with Homoptera

did not, however, separated from heterogeneous group of B. bassiana.
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Currently, the difficulties between host-pathogen and geographic distribution of Beauveria
species have been recognized. Poprawski et al. (1988) reported that correlation between strain
and geographic origin has occasionally been found. This is reinforced by evidence that closely
related isolates originating from the same geographic region were isolated from taxonomically
distant insect hosts (Rehner and Buckley. 2005).

It is also noted that interpretation of morphological features is sometimes difficult and
equivocal, which led to different hypotheses on phylogenetic relationships (e.g. for
Paraperonospora: Skalicky’.1966, Constantinescu. 1989; for Bremiella: Constantinescu. 1979).
Therefore, morphology alone cannot be considered to be a phylogenetically informative for
species characterisation.

The present study together with existing morphological data provides insight to the
understanding of the phylogenetic relationships within Beauveria species. There are three
findings in this study. First, morphological analysis of Beauveria isolates from Chiang Mai
Province resulted in two species including B. bassiana and B. brongniartii. The results also
strongly supported that there are interaction between host and fungal strains. In addition, six

major phylogenetic groups were found in phylogenetic analysis.



Chapter 6

CONCLUSIONS AND SUGGESTIONS

6.1 Conclusions

A great deal of research on entomopathogenic fungi in Thailand has been carried out during
the past 20 years. Most of the documented records concerning this fungal group have focused on
descriptions of new species and the use of molecular techniques in understanding their phylogeny.
Ecological studies and studies on host-fungal pathogen relationships are however still few. The
present research has been carried out with focus on aspects of biodiversity, morphology,
taxonomy and molecular phylogeny of entomopathogenic fungi in Chiang Mai Province,
Thailand.

Entomopathogenic fungi in Thailand amount to about 400 known species (Luangsa-Ard et al.
2007). Most of these fungi belong to the families Clavicipitaceae, Cordycipitaceae and
Ophiocordycipitaceae (Luangsa-Ard et al. 2007). To validate the taxonomy of the
entomopathogenic fungi and describe collections and new species, collections were made in the
two different kinds of rainforests in Chiang Mai Province. Agricultural habitats were also
included in this study to compare the distribution of different taxa. Morphological descriptions of
collected entomopathogenic fungi are provided in this thesis as well as some notes realating to
particular species and collections. Two new species and two new records for Thailand are
reported. A brief account also discusses with the blast result and sequence data outcomes. The
fungal taxa described in this research mainly belong to Clavicipitaceae, Cordycipitaceae and
Ophiocordycipitaceae. Besides these families Eurotiaceae and Mycosphaerellaceae can be found
as minor groups.

This study also investigated. the diversity of entomopathogenic fungi occurring on different
hosts and in different habitats to improve the understanding of relationships between fungi and
their arthropod hosts and habitats. Detecting all entomogenous fungi in selected ecological
habitats is impractical. Therefore, the study emphasized on the entomopathogenic fungi and their
diversity in conserved and disturbed forests. The research findings imply that species diversity on
Homoptera was highest, followed by Lepidoptera and Hymenoptera. Highest species diversity

was found in disturbed rainforests, followed by conserved rainforests and agricultural habitats.
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The species richness of entomopathogenic fungi was highest among the Lepidoptera and in
disturbed rainforests. The highest individual number was found on Hymenoptera and in the
conserved rainforests. Entomopathogenic fungi were dominated by Ophiocordyceps
myrmecophila (22.6%) and O. unilateralis (13.8%) on ants. Cordyceps and Ophiocordyceps
species contributed 74.7% of total taxa in conserved rainforests, 61.3% in disturbed forests but
only 1.6% in agricultural habitats.

There is also considerable interest in the relationship of host and fungal pathogens.
Entomopathogenic fungi are host specific. For example, Cordyceps species can be found as
important entomopathogenic fungi especially on ants in tropical ecosystems (Evans and Samson,
1982).

Phylogenetic analyses have been conducted to establish host based relationships of
entomopathogenic fungi from Chiang Mai Province in the present study. The results from the
taxonomy and diversity research indicated that Cordyceps, Beauveria and Isaria were frequently
found from the different hosts from different habitats. Several phylogenetic studies have provided
new insights into the associations between the Old World fungus-growing termites and their
fungal crop (Blackwell and Vega. 2005). This is the best known example of evidence in using
molecular techniques to prove an insect-fungal association. In this study, ITS/5.8S and B-tubulin
gene analyses have shown that Beauveria and Isaria are confirmed as anamorphic genera of
Cordyceps. The results also show that Beauveria isolates are not host specific and have wide host
range. Isolates from the same host were not phylogenetically related to each other. Host
specificity, however, was found among the Isaria isolates collected from Chiang Mai Province.
Isaria tenuipes and I. farinosus particularly infected lepidopteran pupae and I cicadae attacked
only Homoptera. Updated phylogenetic studies revealed that host specificity was found to be of
limited, and several host shifts occurred during the evolution of Cordyceps species (Stensrud et
al. 2005). Sequence analyses describe in this study report that some Cordyceps spp. are host
specific.

There is also one remarkable finding from this study regarding taxonomic relationship
between Beauveria brongniartii and Cordyceps militaris. Beauveria brongniartii isolated from
Coleoptera and Cordyceps militaris associated with lepidopteran larvae in this study were formed
subclade within Beauveria clade with high bootstrap value. Although Beauveria has been
recorded as an anamorph of Cordyceps (Shimazu et al. 1988) there is no evidence for the

anamorph-teleomorph connection between Beauveria brongniartii and Cordyceps militaris.
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This study also investigated the systematics of Beauveria isolates from Chiang Mai Province
based on morphology and DNA molecules. The results generated from morphology study
indicated that there are two Beauveria species: B. bassiana and B. brongniartii present in Chiang
Mai Province, Thailand.

During this study, some difficulties have been encountered. Entomopathogenic fungi are
comparatively small as compared to mushrooms and are relatively rare in ecosystems, thus the
number of collections are very low. The studies relating to the application of entomopathogenic

fungi as biocontrol agents could not be carried out due to time limitations.

6.2 Suggestions and Future Plans

Although numerous studies concerning entomopathogenic fungi such as taxonomy, diversity
and molecular phylogeny have received attention, there are several gaps of information. For
example, documentation of the geographical distribution of entomopathogenic fungi in different
region and seasonal occurrence of these fungi should be carried out. Continued research relating
to Beauveria brongniartii and Cordyceps militaris will greatly contribute to our understanding of
anamorph-teleomorph connection in science. Even though the anamorphic state of Cordyceps
militaris has been known as Lecanicillium (Zare Gams 2001), the C. militaris from Chiang Mai
Province are notably related to B. brongniartii.

Fungal succession research on the naturally occurring infected insects will possibly be
helpful in detection of anamorph-teleomorph connection.

Classification of the host arthropods has many problems and uncertainties (Evans, 1984)
especially in mummified infected hosts. There must be exciting and endless possibilities for
research in parallel approach of DNA barcoding for artliropod hosts and rfDNA sequencing of
fungal pathogens.

Research relating to the use of entomopathogenic fungi as biocontrol agents should be

considered as different project.
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Abstract—A fungus associated with a spider collected from the Mushroom
Research Centre, Chiang Mai, Thailand was found to represent a new species of
the genus Cordyceps. It is described as C. mrciensis sp. nov. C. mrciensis differs from
other species occurring on spiders in that the stromata have a fertile part with a
distinctive sterile appendage, superficial perithecia and ascospores that do not break
into secondary partspores.

Key words—entomogenous fungi

Introduction

Cordyceps is a morphologically and ecologically well-defined group of parasites
on arthropods (insects, spiders and mites) and hypogeous fungi (Kobayasi 1941,
1982, Mains 1954, 1957, Kobayasi & Shimizu 1960, 1977, Evans 1982, Zhang
et al. 2004, Stensrud et al. 2005). This genus is one of the two most important
genera of invertebrate pathogens (Hywel-Jones 2001) and is cosmopolitan in
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distribution (Hawksworth et al. 1995). Kirk et al. (2001) suggested that there
are 100 Cordyceps species, although 280 species were listed by Kobayasi (1982).
According to Index Fungorum (www. Indexfungorum. org), more than 500
epithets are assigned to Cordyceps, however, many are known to be taxonomic
synonyms.

In Thailand, 26 species of Cordyceps have been identified, including four
species on spiders (Hywel-Jones 2001). Kobayasi (1962) recorded five Cordyceps
species parasitizing spiders (Arachnida) worldwide. Mains (1954) listed eight
species of Cordyceps known to parasitize spiders.

While collecting entomogenous fungi in northern Thailand forests, a new
Cordyceps species was found parasitizing a spider. This species is distinct from
all other Cordyceps species and represents a novel taxon.

Materials and methods

Collections were made at the Mushroom Research Centre (MRC) in northern
Thailand. Soil, litter, herbs, and trees, including the under sides of leaves were
examined and dead and infected insects were collected. Specimens were
stored in plastic containers and transported on the same day to the laboratory
for identification. The holotype is now deposited in the Thai Mycological
Association Herbarium (TMAH).

Taxonomic description

Cordyceps mrciensis Aung, ].C. Kang, Z.Q. Liang, Soytong & K.D. Hyde sp. nov.
{MB 510252] FIGURES 1 &2

Stromata e abdomine hospitis oriunda, ramosa, filiformia, 5-12 mm longa. Pars fertilis
nigrescens. Appendix apicalis filiformis 4 mm longa. Perithecia superficialia, elongata vel
ellipsoidea, 210-375 x 150-180 um. Asci 135-306 x 9-15 um, capitibus 5.4-8.4 ym in diam.
Ascosporae 185-435 x 3-5 um, multiseptatae, cellulis 3.6-21 um longis, non-separabilis.

Etymology: mrciensis = refers to the Mushroom Research Centre (MRC), the locality
where the specimen was found.

Holotype: Thailand, Chiang Mai, Mae Taeng, T. Pa Pae, Bahn Pha Daeng, 128 Moo 3,
Mushroom Research Centre, from spider (Arachnida) attached to a rotten bamboo
culm, 17 September 2005, Ohnmar Myo Aung TMAH 0001. The holotype is deposited
in Thai Mycological Association Herbarium (TMAH).

Stomata arising from abdomen of infected spider, filiform, 5-12 mm long,
light brown, branching. Fertile part black, with a 4 mm long sterile appendage.
Perithecia superficial, elongate to ellipsoid, 210-375 x 150-180 um, some with a
short neck, about 120 x 30 pm. Asci filiform, 8-spored, 135-305 x 9-15 pm; caps
of asci 4.2-6.6 pum high, 5.4-8.4 um wide. Ascospores filiform, 185-435 x 3-5
um, not breaking into secondary ascospores, septate at 3.6-21 pm intervals.
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Fig 1. Cordyceps mrciensis A. Upper part of an ascus with mature ascospores.
B. An ascus with filiform ascospores. Bars = 5 pm.

Discussion

Cordyceps mrciensis was associated with a single infected spider, attached to a
rotten bamboo culm, collected at Mushroom Research Centre, Chiang Mai,

Thailand.

Most Cordyceps species are believed to be specific to various arthropod groups,
such as spiders with the degree of specificity differing from species to species
(Nikoh & Fukatsu 2000). Therefore, our discussion will be based only on
Cordyceps species associated with spiders (Arachnida).

According to Mains (1954) only eight species of Cordyceps have been recorded
in association with spiders. Cordyceps mrciensis can be distinguished from these
known species in having stromata with a fertile part and a stipe that continues
as a distinctive sterile appendage, superficial perithecia and ascospores that do
not break into partspores. There are only two species, C. thaxteri Mains and C.
engleriana Henn., that have superficial perithecia. In C. thaxteri the perithecia
are scattered, free, narrowly ovoid, and large (960-1200 x 300-360 pum, Mains,
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Based on our findings, a number of
entomopathogenic fungi are found to be asso-
ciated with different hosts including soils. The
data obtained in this study also reveal the
general conclusion of diversity and complexity
of fungus-host associations, diversity and
similarity of fungal taxa among different hosts
and habitats. To add our knowledge of entomo-
pathogenic fungi, mycologists and entomolo-
gists must cooperate in broad research relating
to studies of natural ecosystems.
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Beauveria, Cordyceps and Paecilomyces from Chiang Mai Province, Thailand”.

The International Conference on Integration of Science and Technology for Sustainable

Development (ICIST) “Biological Diversity, Food and Agricultural Technology™,

Bangkok, Thailand. 26-27 April, 2007.

- Oral Presentation “New and interesting species of entomogenous fungi in northern
Thailand”.

The Annual Meeting of Thai Mycological Association (TMA) and Mycology Conference

in Thailand, Bangkok, Thailand. 28-29 October, 2006.

- Oral Presentation “Biodiversity and Molecular Phylogeny of Entomopathogenic Fungi
in Chiang Mai Province, Thailand”.

The IV Mycological Taxonomy Workshop in Mushroom Research Centre, Chiang Mai,

Thailand, 10-19 July 2006.

- Instructor in Insect Fungi.

The III Mycological Taxonomy Workshop in Mushroom Research Centre, Chiang Mai,

Thailand, 28 August-4 September 2005.

- Participant.

COSTAB Training Course, joint sponsored by Ministry of Agriculture and Irrigation and

FAOQ. 12-17 January, 2004.
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7) The Multivariate-Analyses Course, Yezin Agricultural University, Yezin, Myanmar, 10-26
March, 2003.

8) Training course on "Crop Protection in the Tropics with Emphasis on IPM" joint
sponsored by Yezin Agricultural University (Myanmar) and Georg-August-University
(Germany), Yezin, Myanmar, 7-26 June, 2002.

Publications:
International

1) Aung, O.M,, Soytong, K. and Hyde, K.D. (2008). Diversity of entomopathogenic fungi in
rainforests of Chiang Mai Province, Thailand. Fungal Diversity 30: 15-22. (SCI).

2) Aung, OM., Kang, J.C., Liang, Z.Q., Soytong, K. and Hyde, K.D. (2006). Cordyceps
mrciensis sp. nov. from a spider in Thailand. Mycotaxon 97: 235-240. (SCI).

3) Aung, O.M.,, Kang, J.C, Liang, Z.Q., Soytong, K. and Hyde, K.D. (2006). A new
entomopathogenic species, Hymenostilbe furcata, parasitic on a hemipteran nymph in
northern Thailand. Mycotaxon 97: 241-245. (SCI).

4) Ohnmar Myo Aung (2003) Studies on Insect Pests and Natural Enemies in Cotton
Agroecosystem (M.Agr.Sc. Thesis).

5) Ohnmar Myo Aung, Myint Thaung and Aung Kyi (2004) Changes of arthropod
populations on different varieties of cotton at different locations. Journal of Agricultural,
Forestry, Livestock and Fishery Sciences (Special Issue for Agricultural Sciences No.3).

Myanmar
1) Htay Unt, Aung Swe and Ohnmar Myo Aung (1991) Stored Product Pests in Myanmar

(Myanmar Handbook).
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2) Ohnmar Myo Aung (1999) Chemical Pesticides: Currently Used in Cotton Crop

Protection (Myanmar Handbook).





