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ABSTRACT 

Species of the entomopathogenic fungal genera Beauveria and Isaria were collected and isolated 

from diverse arthropod hosts in native forests. Morphological observations and analysis of DNA 

sequence data from three nuclear gene regions were used to identify taxa and examine 

phylogenetic relationships. Several new host associations were found for Beauveria species. The 

recently described species Beauveria malawiensis is reported infecting insects in New Zealand 

for the first time. The known host range of this species is extended to include Hemiptera, 

Hymenoptera, Orthoptera and Phasmatodea. Beauveria caledonica, previously only recorded in 

New Zealand from introduced bark beetles in pine forests, is reported for the first time in native 

forests and on non-coleopteran hosts. Insect bioassays of Beauveria bassiana and B. malawiensis 

isolates were conducted to examine host specificity and identify strains with potential for 

controlling introduced Vespula wasps. Bioassay results generally suggested that strains did not 

have specific host requirements and isolates of both species were found to be pathogenic towards 

Vespula larvae. Morphological and molecular data indicated that two distinct groups of Isaria 

farinosa-like fungi occur in New Zealand and should be recognised as separate species. 

Similarly, two discrete groups resembling Isaria cicadae were identified. The results indicate 

that species diversity in Isaria has been previously underestimated in New Zealand. 
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CHAPTER ONE: INTRODUCTION 

The ability to infect insects and other arthropods has ansen independently in all of the 

traditionally recognised fungal phyla (Humber 2008; Rehner 2009). Entomopathogenic fungi are 

considered to play an important role in the natural regulation of arthropod populations (Evans 

1982). While substantial research has been directed towards the application of these fungi as 

biological control agents, this has mainly focused on a few species which are commonly 

associated with agricultural pests (Hajek & St Leger 1994; Hywel Jones 2002). Most records of 

entomopathogenic fungi in New Zealand have been from agricultural or exotic forest habitats, 

and currently little is known about the taxonomic diversity and ecology of these fungi in native 

forests. 

1.1 Historical perspective 

The earliest accounts of insect fungi are found for species with traditional ethnomycological 

uses. The lepidopteran pathogen Ophiocordyceps sinensis is particularly prized in Chinese 

medicine and may have been known and used for at least 2000 years (Lloyd 1919). Another 

medicinal species, Cordyceps sobolifera, was first recorded in Chinese literature as early as 300 

AD (Wang 1987). Silkworms infected with Beauveria bassiana were also valued for their 

medicinal properties in China, Japan, and Korea, with records dating back to 900 AD (Kikuchi et 

al. 2004; Pemberton 1999; Steinhaus 1956, 1975). In New Zealand, Ophiocordyceps robertsii 

was traditionally used by Maori, mainly as a tattoo pigment, but also as a food and medicine 

(Fuller et al. 2004; Riley 1994). 

Reports of 'vegetating' insects first appeared in Western literature in the eighteenth century, 

although it was not initially recognised that this phenomenon was caused by fungi. Specimens of 

Ophiocordyceps sinensis sent to France and examined by Reamur in 1726 were first interpreted 

as larvae which had become attached to plant roots (Cooke 1892). The descriptions by Torrubia 

in 1754 of 'trees' growing from dead wasps and the 'vegetable fly' reported by Edwards to the 

Royal Society in 1761 caused much debate in scientific circles. Both were considered at first to 

be examples of transmutation, i.e. insects that changed into plants (Fraser 1994; Ramsbottom 

1941). Examination of the vegetable fly later showed that this was actually a fungus growing 

from dead cicada nymphs which was named as Clavaria (=Cordyceps) sobolifera (Hill in 

Watson 1764). Edwards (1764) suggested that the wasps observed by Torrubia were associated 

with a similar fungus. The fungal nature of both C. sobolifera and 0. sinensis was later 

confirmed by de Bonderoy in 1769 (Cooke 1892). 
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Following these early observations, fungi continued to be described from insects and were 

generally considered to be saprotrophic, developing only on dead hosts (Ramsbottom 1941). The 

idea that these fungi possibly developed on living insects and caused the death of their hosts was 

suggested by several authors (Cist 1824; Kirby 1826; Mitchill 1827) but not proved 

experimentally until the pioneering work of the Italian Agostino Bassi. In 1807 Bassi began an 

extensive series of experiments to determine the nature of the 'mark' or 'muscardine' disease 

which had become a serious problem in the silk industries of Italy and France. A prevailing 

assumption of the time was that environmental conditions during silkworm breeding caused the 

spontaneous development of the disease (Steinhaus 1956, 1975). Bassi determined that the 

disease did not develop spontaneously and was caused by a fungus. Bassi's findings, published 

in 1835, showed for the first time that fungi could cause disease. Balsamo-Crivelli provided a 

taxonomic description of the fungus which was named Botrytis (=Beauveria) bassiana in honour 

of Bassi's achievements (Major 1944; Steinhaus 1956, 1975). 

1.2 Development of taxonomy 

During the latter part of the nineteenth century, increasing numbers of entomopathogenic fungi 

from around the world were examined by European and American mycologists (Samson et al. 

1988). Early reviews by Gray (1858) and Cooke (1892) show the development of knowledge 

concerning entomopathogenic fungi during this period. Excluding the parasitic Laboulbeniales, 

Cooke (1892) listed over 100 entomopathogenic species and placed these in three main groups: 

Cordyceps and Isaria, Entomophthorales, and miscellaneous 'moulds'. Included were two 

species described from New Zealand material: Cordyceps robertsii (=Ophiocordyceps robertsii) 

(Hooker 1837) and Cordyceps sinclairii (=Isaria cicadae) (Berkeley 1855). Berkeley (1855) had 

also described the entomopathogenic species Aschersonia duplex from a New Zealand specimen, 

but its role as an insect pathogen was not recognised at this time. 

A major development in nineteenth century mycology was the discovery that many fungi are 

pleomorphic and have two reproductive states. It was recognized that the sexual fruiting body 

(now known as the teleomorph) of ascomycete species may also be associated with an asexual 

conidial state (anamorph), and that these two stages often developed independently (Reynolds 

1993; Seifert & Gams 2001). Most anamorphic fungi described from insects in the nineteenth 

century were placed in the genus Isaria and although often without direct evidence, it became 

widely accepted that these were conidial forms of Cordyceps species (e.g. Cooke 1892; Massee 

1895). 
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Significant taxonomic advances were made in the first half of the twentieth century, with more 

emphasis placed upon microscopic characters, which were often neglected in earlier descriptions. 

Petch described over 74 entomopathogenic species from Sri Lanka between 1931 and 1944, 

many of which are still valid (Hywel-Jones 1997a; Samson et al. 1988). Major contributions to 

the taxonomy of Cordyceps and allied species were also made by Kobayasi in Japan and Mains 

in North America (e.g. Kobayasi 1939, 1941; Mains 1940, 1947, 1949, 1950). During this period 

several new Cordyceps species were described from New Zealand material by Cunningham 

(1921, 1922) and Lloyd (1915, 1920). As part of a comprehensive study of the Hypocreales in 

New Zealand, Dingley (1951, 1953, 1954) examined many entomopathogenic fungi and 

described several new species, mainly from scale insects. 

Anamorphic fungi were initially classified according to the system proposed by Saccardo in the 

late nineteenth century. The Saccardoan classification system separated genera based on 

morphological characters such as general conidiomatal form and also pigmentation, colour, 

shape, and septation of conidia (Seifert & Gams 2001; Sutton 1996). Later authors (notably 

Vuillemin in 1910-12) began to place more taxonomic emphasis on the morphology of 

conidiogenous cells and the method of conidium production (conidiogenesis) (Humber 2000; 

Sutton 1996). Hughes (1953) integrated these earlier ideas into a revised classification system for 

anamorphic fungi in which the mode of conidiogenesis was the primary taxonomic character 

used to define genera. 

Taxonomic studies of entomopathogenic fungi greatly increased from the nineteen-seventies. 

Revised generic concepts following Hughes (1953) are reflected in monographs on important 

anamorphic genera including Beauveria (de Hoog 1972), Metarhizium (Tulloch 1976), and 

Paecilomyces (Samson 1974). Evans (1974) made extensive collections of fungi infecting insects 

and spiders in Ghana and noted that many species were difficult to identify using existing 

literature due to few previous collections, lack of type specimens and inadequate descriptions. A 

series of subsequent papers examined species in poorly known anamorphic genera including 

Akanthomyces (Samson & Evans 1974), Gibellula (Samson & Evans 1973), Hymenostilbe 

(Samson & Evans 1975), and Nomuraea (Samson & Evans 1977). Evans later collected in South 

America and his collections from the tropics included many new species and provided much 

insight into the ecology of entomopathogenic fungi in tropical forests (e.g. Evans 1974, 1982; 

Evans & Samson 1982a, 1982b, 1984). Kobayasi and Shimizu published extensively on 

Cordyceps and Torrubiella between 1976 and 1982, describing species which had been collected 

over the preceding 30-40 years, mainly from Japan. These authors made substantial taxonomic 
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contributions to both genera during this period, describing 84 new species in Cordyceps and 27 

in Torrubiella (Kobayasi 1982; Kobayasi & Shimizu 1982). 

More recently, the recognition of entomopathogenic fungi as an importance source of novel 

metabolites with pharmaceutical applications (see Isaka et at. 2005) has led to additional interest 

in isolating these fungi from the tropics. A long-running study has demonstrated significant 

biodiversity of entomopathogenic fungi in tropical forest in Thailand (see Hywel-Jones 2001). 

An important aspect of this research has been a focus on obtaining cultures and determining 

anamorph-teleomorph connections (e.g. Hywel-Jones 1995a, 1995b, 1996, 1997b; Hywel-Jones 

& Sivichai 1995), which were both often neglected by earlier workers. 

Few studies have examined the taxonomy of entomopathogenic fungi in New Zealand. 

Following the publications of Dingley (1953, 1954) only two new entomopathogenic species 

have been described from this countly: Coetomomyces opifexi from the mosquito Opifex jilSCUS 

(Pillai & Smith 1968), and Totypocladium extinguens from the glow-worm Arachnocampa 

tuminosa (Samson & Soares 1984). While over 70 entomopathogenic fungal species have been 

recorded in New Zealand (Pennycook & Galloway 2004), in most cases these have also been 

recorded from other countries. Buchanan et at. (2004) suggested that many entomopathogenic 

species recorded in New Zealand may represent new species that have been misidentified as 

morphologically similar taxa. 

1.3 Impact of molecular techniques on taxonomy 

The traditional approach to fungal taxonomy based on morphological characters has often been 

problematic in entomopathogenic fungi, especially in anamorphic species (Humber 2000; Inglis 

& Tigano-Milani 2006; Obomik et at. 2001; Samson 1995). While most anamorphic genera are 

easily distinguished through their characteristic modes of conidiogenesis, only a limited range of 

morphological characters are used to separate species. These characters often display 

considerable morphological plasticity in the environment or in artificial culture. For example, in 

Beauveria and Metarhizium conidial shape and size are the only reliable morphological 

characters for species identification (Glare et at. 1996a, 1996b; Mugnai et at. 1989; Rehner 

2005; Rehner & Buckley 2005). However, in both genera spore dimensions demonstrate a high 

degree of intraspecific variability, especially in culture, and isolates may show characteristics 

which are intermediate between two different species (Glare et at. 1996, 1996b; Glare & Inwood 

1998; Mugnai et at. 1989). 
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Another problem is that morphological characters do not necessarily reflect phylogenetic 

relationships. The relatively simple mechanisms associated with conidial production may lead to 

similar morphologies and modes of development occurring in unrelated groups through 

convergent evolution (Humber 2000). Classification of Verticillium based on morphology (Gams 

1971) resulted in an unnatural grouping which included insect-pathogenic and plant-pathogenic 

species, with corresponding teleomorphs in two unrelated ascomycete families. A parallel 

situation arose in the classification of Paecilomyces by Samson (1974), with the inclusion of 

both entomopathogenic and thermophilic species in the genus, again with each group having 

unrelated teleomorphs. 

Modern molecular techniques allow the application of more objective criteria for fungal 

identification and classification, with DNA sequences providing large numbers of taxonomically 

informative characters (Taylor 1993). Sequence data has become an important tool for 

differentiating species, determining anamorph-teleomorph connections and inferring 

phylogenetic relationships. Recent molecular phylogenetic studies have led to a major higher

level reclassification of fungi (Hibbet et al. 2007; James et al. 2006) and significant taxonomic 

revisions in entomopathogenic genera (e.g. Chaverri et al. 2008; Johnson et al. 2009; Luangsa

ard et al. 2005; Sung et al. 2007a; Zare & Gams 2001). 

Nuclear ribosomal DNA (rDNA) has been the most commonly sequenced region for fungal 

identification and systematics (Bruns & Shefferson 2004; Geiser 2004; Lutzoni et al. 2004). The 

rDNA repeat unit includes three genes encoding for the small subunit (SSU or 18S), 5.8S 

subunit, and large subunit (28S or LSU) of ribosomal RNA. Each gene is separated by non

coding internal transcribed spacer (ITS) regions and the whole unit is repeated in hundreds of 

copies along the genome, with each copy separated by the non-coding intergenic spacer (IGS) 

region. The ribosomal genes and spacer regions evolve at different rates so can be informative at 

different taxonomic levels (Bruns et al. 1991). The l8S and 28S genes are highly conserved and 

have been mainly used to examine broad phylogenetic relationships among fungi i.e. at or above 

generic level. The ITS region generally shows variation at around species level and has been 

used extensively for species identification and phylogenetic analyses within genera (Lutzoni et 

al. 2004; Geiser 2004; Bridge et al. 2005). However, the rate of divergence in ITS sequences 

may vary between different fungal groups. Some species demonstrate a high degree of 

intraspecific ITS variability (Seifert et al. 1995; Nilsson et al. 2008), while in certain genera very 

closely related species show little sequence difference (Bruns 2001; Lieckfeldt & Seifert 2000). 

Despite these limitations, ITS sequences for a wide range of fungal species are available in 
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public databases and the region is likely to become the standard 'barcoding' locus for fungal 

identification (Seifert & Crous 2008). 

Sequences from protein-coding genes typically provide greater taxonomic resolution and have 

been increasingly used to complement or replace ribosomal DNA sequences in phylogenetic 

analyses. Protein coding loci which have been commonly used for fungal systematics include 

translation elongation factor I-a, p-tubulin, ribosomal polymerase B, and mitochondrial 

ATPase6 (Bruns & Shefferson 2004; Lutzoni et al. 2004). The higher resolution associated with 

these genes is mainly due to the presence of non-coding intron regions which may provide 

phylogenetic signals 3-6 times stronger than ITS sequences (Geiser 2004). Intron regions of 

protein-coding genes have been particularly useful for species identification in genera such as 

Fusarium, where ITS sequences cannot reliably separate all species (Geiser et al. 2004; 

O'Donnell & Cigelnik 1997). The ex on (coding) regions are more informative at higher 

taxonomic levels and may be used to clarify relationships which can not be completely resolved 

with ribosomal gene sequences (Geiser 2004; Lutzoni et al. 2004). A particular advantage of 

these loci over ribosomal genes is that sequences from more distantly related taxa are much 

easier to align (Bruns 2001; Bruns & Shefferson 2004). Recent phylogenetic studies have used a 

multi-locus approach, combining sequences from several protein-coding and ribosomal genes to 

produce robust, highly resolved phylogenies that more accurately reflect evolutionary 

relationships (e.g. Hibbet et al. 2007; James et al. 2006; Lutzoni et al. 2004; Matheny et al. 

2007; Spatafora et al. 2007; Sung et al. 2007a, 2007b). 

Molecular phylogenetic analyses have established comprehensive sequence datasets providing a 

common framework for identification of entomopathogenic fungi. Importantly this data is 

derived from specimens that have been well-characterised morphologically, in many cases from 

type specimens. Sequence data has been increasingly used for routine identification of New 

Zealand isolates, although currently this approach has only been applied to a limited number of 

species (Glare 2004; Glare et al. 2008; Marshall et al. 2003; Reay et al. 2007,2008). 

1.4 Host specificity, infection, and dispersal 

Species of entomopathogenic fungi show considerable variation in host specificity and include 

both fastidious pathogens with restricted host ranges and opportunistic, broad host- range 

pathogens (Fargues & Remaudiere 1977). Adaptation towards specific host groups and their 

habitats is reflected in the morphological diversity encountered amongst entomopathogenic taxa. 

Entomophthoralean species are generally characterised by narrow host ranges and mainly infect 

foliar insects and mites (Evans 1989; Pell et al. 2001). The most extreme examples of host-
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specificity in this group are found in the genus Massospora, where each species only infects a 

single genus of cicada (Soper 1974). Within the Hypocreales, most species of Cordyceps, 

Ophiocordyceps and Torrubiella are restricted to a single arthropod family or order (Kobayasi & 

Shimizu 1982; Sung et al. 2007a). These fungi are usually further specialised towards a 

particular developmental stage of the host e.g. larvae or pupae. Species in Hypocrella, 

Moelleriella and Samuelsia are only found as pathogens of scale insects and whiteflies 

(Chaverri et al. 2008), while Orbiocrella, Conoideocrella and Regiocrella species are restricted 

to scale insects (Chaverri et al. 2005; Johnson et al. 2009). Some taxa only infect particular 

groups of non-insect arthropods, e.g. Gibellula species are specific pathogens of hunting spiders 

(Hywel-Jones 2001), while several species of Hirsutella are limited to acarine hosts (Minter et 

al. 1983; Samson et al. 1980). In contrast, species such as Beauveria bassiana and Metarhizium 

anisopliae display wide host ranges. Beauveria bassiana has been recorded from over 700 host 

species in 15 insect orders and is also known to infect mites (Acari) (Li 1988). Host records of 

M anisopliae include over 200 species in 11 insect orders (Zimmermann 2007b). However, 

individual isolates may have more restricted host preferences and it is generally accepted that 

these species include both host-specific and generalist strains (Bidochka & Small 2005; Goettel 

et al. 1990; Vestergaard et al. 2003). 

In most cases, fungal pathogens gain access to nutrients in the arthropod haemocoel by direct 

penetration of the host cuticle (Payne et al. 1988; St. Leger 1991). While the exact mechanisms 

of host specificity remain unclear, the ability of host specific pathogens to cause disease when 

injected directly into the haemocoel of non-host insects suggests that specificity is regulated at 

the cuticular level (Goettel et al. 1990). When spores come into contact with a susceptible host 

the following series of events is initiated: (1) spore attachment; (2) germination and production 

of germ tubes or appressoria; and (3) cuticle penetration using enzymes and mechanical pressure. 

Each of these stages may be mediated by fungal recognition of physical or chemical cues from 

the host cuticle (St Leger 1993). 

Spores must remain in contact with the host cuticle for a sufficient length of time to allow 

subsequent germination and penetration (St Leger 1991). For many fungal species initial spore 

attachment is thought to be passive and nonspecific. In fungi with dry, hydrophobic conidia e.g. 

Beauveria, Metarhizium, and Nomuraea, attachment to host and non-host insects is mediated by 

hydrophobic interactions between conidia and the waxy, hydrophobic insect cuticle. Although 

this mechanism is not specific for particular hosts it allows for preferential binding of conidia to 

insect cuticle rather than other substrates (Boucias et al. 1988). Proteins and carbohydrates may 

also be involved in the initial adhesion process as conidia of Beauveria bassiana treated with 
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proteases and glycosidases showed reduced attachment to hydrophobic substrates (Holder & 

Keyani 2005). Hydrophilic conidia with a mucus coating are produced by several genera 

including Aschersonia, Hirsutella, Lecanicillium, and some members of the Entomophthorales. 

The sticky, mucus coat is likely to be involved in the passive attachment of conidia to insect 

cuticle (Boucias & Pendland 1991; Hajek 1997). 

Selective attachment has also been demonstrated in host-specific isolates of some species. Vey et 

al. (1982) found that a host-specific strain of Metarhizium anisopliae that infected Cetonia 

auruta (Coleoptera) larvae attached poorly to non-host larvae. Similarly, aphid-pathogenic 

strains of Verticillium lecanii did not adhere to non-host insects (Sitch & Jackson 1997). Specific 

attachment of fungal pathogens is generally thought to be determined through binding of 

complementary molecules on the surfaces of the host and the pathogen (Manocha & Chen 1990). 

In entomopathogenic fungi this process may involve recognition of carbohydrates on the cuticle 

by carbohydrate-binding proteins on the surface of the fungal spore (Boucias & Pendland 1991; 

Kerwin & Washino 1986). Once attached, spores may require nutrients from the host surface to 

initiate germination and subsequent development. A variety of potential carbon and nitrogen 

sources are present on arthropod cuticles including carbohydrates, amino acids, peptides, fatty 

acids and lipids (Jarrold et al. 2007). Fungi with broad host ranges are thought to have relatively 

non-specific nutritional requirements for germination. Conidia of Beauveria bassiana were 

found to germinate and develop in response to a wide range of carbon and nitrogen sources 

(Smith & Grula 1981), including glucosamines and amino acids present on host cuticles (Woods 

& Grula 1984). Pathogens with restricted host ranges may have more specific requirements for 

germination. In the lepidopteran pathogen Nomuraea rileyi, conidial germination was 

specifically induced by lipids extracted from host cuticles (Boucias & Pendland 1984). St Leger 

et al. (1992b, 1994) showed that host-specific strains of M anisopliae differed in their ability to 

germinate under various nutrient conditions and that these differences were frequently host

related. 

Entomopathogenic fungi use a combination of enzymatic degradation and mechanical pressure to 

penetrate arthropod cuticle (St Leger 1995), which is a complex composite of proteins, lipids and 

chitin (Andersen et al. 1995). Because protein may constitute up to 70% of the cuticle (Andersen 

et al. 1995), proteases are of major importance in the penetration process. Proteases have been 

studied in most detail in M anisopliae which produces multiple isoforms of several cuticle

degrading proteases including subtilisins (Pr 1), trypsins (Pr2), chymotrypsins, and 

metalloproteases. Subtilisin-like proteases are also produced by other entomopathogenic fungi 

including species in Aschersonia, Beauveria, Isaria, Lecanicillium and Nomuraea (Castellanos-
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Moguel et at. 2007; Charnley 2003). The types of proteins present in cuticle vary according to 

arthropod species and developmental stage (Andersen et at. 1995; Norup et at. 1996). Host range 

may therefore depend on the ability of a fungal isolate to produce the appropriate enzymes for 

degradation of specific host proteins (Bye & Charnley 2008). Freimoser et at. (2005) found that 

protease genes in M anisopliae were differentially expressed in response to different insect 

cuticles and suggested that broad host range may be correlated with the ability to regulate the 

production of a variety of specific proteases. 

Following penetration, fungi proliferate vegetatively within the haemocoel of the host as yeast

like blastospores, hyphal bodies, or wall-less protoplasts. These growth forms provide increased 

surface area for nutrient acquisition, and allow rapid circulation within the haemocoel which aids 

in colonisation and may help dissipate the immune responses of the host (Clarkson & Charnley 

1996; Hajek 1997). Other mechanisms implicated in evasion of host defence responses include 

non-recognition of surface components of fungal cells by host haemocytes and the production of 

secondary metabolites which suppress the host defence system ( Gillespie et at. 2000; Samson et 

at. 1988). Entomopathogenic fungi employ two basic nutritional strategies during colonisation of 

their hosts. Entomophthoralean species are characteristically biotrophic and host death is caused 

by depletion of available nutrients in the haemocoel. Fungal growth ceases when sporulation 

occurs soon after host death, or in some cases (e.g. in Massospora or Strongwellsea species) 

while the host is still living (Evans 1988; Pell et at. 2001). In contrast, hypocrealean species are 

hemibiotrophic and following an initial biotrophic phase, the pathogen produces toxic secondary 

metabolites causing host death, after which the fungus lives saprotrophically and sporulates on 

the dead host (Roy et at. 2006). 

Entomopathogenic fungi have evolved a range of mechanisms for spore dispersal which are 

adapted to particular hosts and their habitats. Entomophthoralean species typically infect 

exposed, foliar hosts and produce short-lived primary conidia which are actively discharged from 

simple conidiophores on the host cadaver. Generally, primary conidia that land on non-host 

surfaces may germinate to produce and actively discharge secondary conidia, which may in tum 

germinate, producing tertiary conidia. This process of iterative germination increases the 

capacity of the fungus to reach and infect susceptible hosts (Pell et at. 2001). Many insects 

infected with entomophthoralean species demonstrate behavioural changes and exhibit 'summit 

disease', climbing to an elevated position before death which favours widespread dispersal of 

conidia by wind currents. (Roy et at. 2006). In species that sporulate on living hosts, dispersal is 

aided by host movement. Entomophthoralean fungi also produce thick-walled, dormant resting 
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spores allowing survival through periods when hosts are not present (Hajek 1997; Pell et al. 

2001). 

Cordyceps and Ophiocordyceps species commonly infect hosts that are hidden in soil, leaf litter 

or decaying wood (Sung et al. 2007a). After host death, the cadaver is colonised by mycelium 

and hyphal bodies forming a dormant, sclerotium-like resting stage (Evans 1989). This stage 

allows survival of adverse environmental conditions and may function to synchronise the fungus 

with the seasonal appearance of a specific host (Hywel-Jones 2004). When conditions are 

favourable, spores are produced from phototropic stromata which emerge from the substrate to 

aid dispersal (Evans 1982). Ascospores are forcibly discharged from asynchronously maturing 

perithecia which steadily release ascospores over an extended period of time, increasing chances 

of contact with hosts at low population densities. One or more types of anamorph may also be 

produced on phototrophic synnemata (Evans 1988). Dry conidia are disseminated by air currents 

and function as long-distance dispersal units, while conidia coated in mucus are adapted to short 

range dispersal by rain splash and water run-off from leaves (Evans 1989; Hajek 1997). Mucus 

coatings may also aid in survival of conidia by providing protection from desiccation or 

ultraviolet radiation (Evans & Samson 1982a). 

In most cases, species of Beauveria and Metarhizium do not produce a teleomorphic stage in 

their life cycle and host death is followed by rapid and abundant production of conidia on the 

cadaver surface. Short periods of infection are correlated with seasonal host availability and 

environmental conditions, with fungal survival in the soil during unfavourable periods (Evans 

1988; Meyling & Eilenberg 2007). Conidia are passively dispersed from freely exposed hosts by 

air currents and rain splash (Inglis et al. 2001; Shah & Pell2003). Meyling et al. (2006) showed 

that conidia of B. bassiana could be distributed by the activity of vector insects on plant surfaces. 

Other arthropods such as collembolans (Dromph & Vestergaard 2002) and mites (Renker et al. 

2005) have also been shown to act as vectors for dispersal of Beauveria and Metarhizium conidia 

in soil. Formation of hyphal strands or synnemata may also facilitate dispersal from infected 

hosts which are buried in soil or otherwise hidden (Evans 1982; Keller & Zimmermann 1989). 

1.5 Biological control 

Biological control (or biocontrol) can be defined as the use of living organisms to suppress the 

population density or impact of specific pests. Microbial control involves the use of pathogenic 

microorganisms such as fungi, bacteria or viruses as biocontrol agents (Eilenberg et al. 2001). 

The importance of entomopathogenic fungi as natural regulators of arthropod populations and 

ability to cause widespread epizootics demonstrates their potential for microbial control of 
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arthropod pests (Carruthers et at. 1991). Although this potential was first explored from the late 

nineteenth century onwards (Steinhaus 1956, 1975), interest in microbial control declined with 

the introduction of synthetic chemical insecticides in the 1940s and 1950s (Charnley 1991). The 

broad activity spectra and residual effects of chemical pesticides were initially considered to be 

desirable properties but are now seen as detrimental due to adverse effects on non-target 

invertebrates and development of resistance in target pests (Federici 1999; Kaya & Lacey 2007). 

These issues, together with increasing concerns over human safety, have led to renewed interest 

in the use of entomopathogenic fungi for microbial control (see Butt 2002; Charnley & Collins 

2007; de Faria & Wraight 2007; Inglis et at. 2001; Shah & Pe1l2003). 

Compared with chemical insecticides, microbial control offers a number of advantages. 

Environmental benefits include increased safety for humans and domestic animals and reduced 

contamination of food, soil and groundwater (Lacey et at. 2001). The narrow activity spectra of 

microbial control agents results in increased biodiversity and activity of beneficial invertebrates 

such as predators and parasitoids, pollinators, and earthworms (Goettel et at. 1990; Vestergaard 

et at. 2003). Further advantages include limited development of host resistance and compatibility 

with other biocontrol agents (Lacey et at. 2001). Some of these advantages may also be viewed 

as disadvantages, especially in terms of practical considerations and commercial marketability. 

High selectivity may result in the need for additional control measures if more than one major 

pest is present (Kaya & Lacey 2007). Limited persistence can also become an issue and several 

applications may be required for successful control (Lacey et at. 2001; Lacey & Shapiro-Han 

2003). 

Entomopathogenic fungi have certain advantages over other insect pathogens for arthropod 

control. Unlike bacteria and viruses, which have a requirement for ingestion, fungi cause 

infections by direct invasion through the cuticle. This mode of action means they are capable of 

infecting non-feeding stages such as eggs and pupae (Charnley & Collins 2007) and sap-feeding 

hemipteran species (Carruthers et at. 1991; Payne et at. 1988). Fungi may also be the best 

choice for microbial control of coleopteran pests, which have few associated bacterial or viral 

pathogens (Samson et at. 1988). 

Entomopathogenic fungi can be employed under four biological control strategies as defined by 

Eilenberg et at. (2001): (1) classical; (2) inoculation; (3) inundation; and (4) conservation. Any 

one of these strategies may be more suitable for a particular pest problem or habitat. Each 

approach also has its own requirements for pathogen characteristics such as specificity, virulence 

and persistence (Fuxa 1987). 
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Classical biological control involves the introduction and permanent establishment of an exotic 

species/strain with the aim of providing long term control (Eilenberg et al. 2001). Generally this 

approach is used for control of an invasive (exotic) arthropod that has become established and 

reached pest status in the absence of its normal natural enemies (Hajek et al. 2007a). A suitable 

pathogen is identified from the areas of pest origin and released into the new area where the pest 

needs to be controlled (Shah & Pell 2003). Where possible strains are selected from areas with 

similar climatic conditions to the release sites (e.g. Milner et al. 1982). Pathogens chosen for 

introduction should be highly adapted to their target host with little capacity for infection of non

target species (Hajek & Goettel 2007). For successful establishment the pathogen must be 

capable of long-term survival within the host population or external environment (Hajek et al. 

2007a; Payne et al. 1988). Nineteen fungal species have been released in classical biological 

programmes for insect pests, with Metarhizium anisopliae and entomophthoralean species the 

most commonly used. Most introductions of M anisopliae were undertaken early in the last 

century and their impact has not been widely determined (Hajek et al. 2007b). Results of 

programmes using entomophthoralean species have been more reliably documented and 

establishment and successful control has been demonstrated in several cases (Pell et al. 2001; 

Hajek et al. 2007b). Entomophthoralean fungi have several biological characteristics which 

contribute to their effectiveness as classical biocontrol agents and these include strict host 

specificity, potential for epizootics, and persistence due to the formation of resting spores (Hajek 

et al. 2007a). 

Inoculation and inundation biocontrol have often been included under the category of 

augmentation. Inoculative releases are expected to reproduce and spread after application but are 

not required to become permanently established. Pest control is only temporary and additional 

applications will eventually be required (Fuxa 1987; Eilenberg et al. 2001). In contrast, 

inundation biological control relies directly on the action of the released individuals which are 

not expected to multiply or persist in the environment (Eilenberg et al. 2001), and in this way is 

similar to the use of a chemical insecticide (Shah & Pell 2003). In practice the distinction 

between these two strategies is not always clearly defined; pathogens released as innundative 

agents may have the potential for multiplication resulting in residual (i.e. inoculative) effects 

(Hajek 2004; Chandler et al. 2008). 

Inundation is the most widely used strategy for microbial control of arthropod pests. Fungal 

pathogens used in this way are mass produced, and their infectious propagules are formulated as 

mycoinsecticides (Inglis et al. 2001; Butt 2002; Shah & Pell 2003). De Faria & Wraight (2007) 

list 129 mycoinsecticides and mycoacaricides currently undergoing registration or available 

20 



worldwide. At least 12 fungal species (or subspecies) have been employed as mycoinsecticides, 

with the majority being hypocrealean anamorphs. Beauveria bassiana, Isaria jitmosorosea, 

Lecanicillium spp, and Metarhizium anisopliae are the most commonly used taxa (Charnley & 

Collins 2007; de Faria & Wraight 2007). Products marketed as mycoacaricides have been based 

solely on the acarine pathogen Hirsutella thompson ii, although a number of products intended 

for insect control also claim to control mites (de Faria & Wraight 2007). Entomophthoralean 

fungi have shown limited application for mycoinsecticide development, mainly due to 

difficulties in mass-production and formulation (Milner 1997; Pell et al. 2001; Shah & Pell 

2003). 

Conservation biological control differs from other strategies in that natural enemIes are not 

released into the pest population. Instead, farming practices or environmental manipulations are 

used to enhance the activity of specific natural enemies (Fuxa 1987) or previously released 

biocontrol agents (Eilenberg et al. 2001; Pell et al. 2001). Cultural practices to encourage 

entomopathqgenic fungi can include measures such as increasing moisture e.g. by irrigation or 

increased canopy cover, reducing tillage, and reducing fungicide applications (Fuxa 1987; 

Hummel et al. 2002). Managed field margins or non-crop areas (e.g. weed strips) may act as 

effective reservoirs for fungal pathogens which could then reduce pests in adjacent crops. 

Research on conservation biological control using fungal entomopathogens has mainly focused 

on aphid pathogenic Entomophthorales (Baverstock et al. 2008; Ekesi et al. 2005; Shah & Pell 

2003). However, the potential importance of B. bassiana and M anisopliae for conservation 

biological control in agricultural systems has also been recognised (Meyling & Eilenberg 2006, 

2007). 

Research on the diversity of entomopathogenic fungi in natural habitats may have considerable 

application in biological control programmes. A direct outcome of such studies is the isolation of 

novel strains for screening against target pests. Most fungi used for arthropod control have 

originated from strains isolated from agricultural ecosystems (Hywel-Jones 2002). However, 

natural forests have a much greater associated fungal diversity and many entomopathogenic 

species are naturally restricted to these habitats (Evans 1974; Hywel-Jones 2002). Natural 

habitats may be associated with increased genotypic diversity in ubiquitous species such as M 

anisopliae and B. bassiana. Bidochka et al. (2001,2002) showed that unique genotypes of both 

species present in Canadian forests were not found in agricultural habitats. Native forests may 

therefore represent an important and relatively unexplored source of entomopathogenic fungi for 

biological control. 
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Concerns have been raised over the potential for adverse ecological impacts from the importation 

of exotic fungi for biological control (e.g. Lockwood 1993a, 1993b). Use of native fungal strains 

is less likely to have unwanted environmental consequences and involves fewer regulatory 

constraints for commercial development compared with exotic pathogens (Chandler et at. 2008; 

Prior 1992). While infection of non-target arthropods by introduced pathogens is often seen as 

the most important ecological issue, another aspect which should be considered is the 

competitive displacement of native entomopathogenic species (Butt 2002; Cook et at. 1996; 

Hokkanen et at. 2003; Lockwood 1993a, 1993b). Background knowledge of indigenous fungal 

diversity is needed to more fully evaluate the environmental impacts of exotic strains introduced 

for classical or augmentative biocontrol (Chandler et at. 2008; Meyling 2008). 

1.6 Thesis scope 

Entomopathogenic fungi have been infrequently recorded from native forests in New Zealand. 

The main objectives of this study were to examine the taxonomic diversity of the genera 

Beauveria and Isaria in native forests using morphology and molecular identification tools, and 

to provide a preliminary assessment of the host range and biocontrol potential of representatives 

from these genera. 
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CHAPTER TWO: GENERAL METHODS 

2.1 Collection areas 

Entomopathogenic fungi were collected from native forest at 25 sites around New Zealand. 

Collection sites are listed in Table 2.1 with districts according to Crosby et ai. (1976, 1998). 

Localities were divided into five main regions: Buller/Westland; North Canterbury; 

Nelson/Tasman; Tongariro/Rangitikei; and Bay of Plenty. Most sites consisted of mixed 

podocarp/broadleaf forest, although some collections were also made from mixed 

podocarp/broadleaflbeech and pure beech forests. 

Table 2.1 Collection sites. 

Locality Forest type Crosby district 

Cascade Valley, Haast Podocarplbroadleaf Westland 
Kahikatea Swamp Forest Walk, Haast Podocarplbroadleaf Westland 

Hapuka Estuary Walk, Okuru Podocarplbroadleaf Westland 

Terrace Walk, Franz Josef Podocarplbroadleaf Westland 

Lake Kaniere Walkway, Hokitika Podocarp/broadleaf Westland 
Goldsborough (Shamrock) Track, Hokitika Podocarp/broadleaf Westland 
Mount French Track, Lake Brunner Podocarp/broadleaf/beech Buller 
Nile River Valley Walk, Charleston Podocarp/broadleaf Buller 
Pororari River Track, Punakaiki Podocarp/broadleaf Buller 
Truman Track, Punakaiki Podocarp/broadleaf Buller 
Charming Creek Walkway, Westport Podocarp/broadleaf Nelson 
Oparara Arch Walk, Karamea Podocarp/broadleaflbeech Nelson 

Nikau Loop Walk, Karamea Podocarplbroadleaf Nelson 

Rolling Creek, Wangapeka Valley Podocarplbroadleaflbeech Nelson 
Eves Valley Scenic Reserve, Brightwater Podocarplbroadleaflbeech Nelson 
Snowdens Bush Scenic Reserve, Brightwater Podocarplbroadleaflbeech Nelson 
Loop Track, Lake Rotoiti Podocarplbroadleaf/beech Nelson 

Wooded Gully Track, Mount Thomas Beech North Canterbury 

Devils Punchbowl Track, Arthurs Pass Beech North Canterbury 
Mangawhero Falls Walk, Mount Ruapehu Podocarplbroadleaf Taupo 
Mangawhero Forest Walk, Mount Ruapehu Podocarplbroadleaf Taupo 

Old Blyth Track, Mount Ruapehu Podocarplbroadleaf Taupo 
Paengaroa Scenic Reserve, Mataroa Podocarplbroadleaf Rangitikei 
Aongatete Short Loop Track, Katikati Podocarplbroadleaf Bay of Plenty 
Lindemann Loop Track, Katikati Podocarplbroadleaf/beech Bay of Plenty 
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2.2 Fungal collection and isolation 

Infected insect specimens were generally collected in 20 ml plastic containers lined with dry 

tissue paper that were sterilized by autoclaving before use. Large specimens were collected in 

paper bags or sterile whirlpak bags. In most cases specimens were stored at 4°C for up to a week 

before isolation of cultures. Where possible, hosts were identified according to Crowe (2002); 

Clapperton et ai. (1989); Lariviere (1996); Lariviere et al. (2006); and Holloway (19S6). 

Specimens were examined under a dissection microscope to confirm fungal infection. Several 

specimens could not be reliably identified to any arthropod group. Often these were small larval 

stages or in an advanced state of decomposition and lacking any readily identifiable features. 

For preliminary identification of fungal species, conidiogenous structures were mounted in lactic 

acid or 0.03% lactofuchsin and examined at 600x magnification. Isolations were made onto 

standard 90cm plates of dilute Sabouraud dextrose yeast agar (dSDY A: 4 giL dextrose; 1 giL 

peptone; 1 giL yeast extract; ISg /L agar) supplemented with 2S0 mg/ml streptomycin sulphate 

and SO mg/ml chlortetracycline hydrochloride. For isolations, a flamed inoculating needle was 

used to cut a small (approximately Imm3
) cube of agar which was gently wiped over 

conidiophores to pick up conidia. Conidia were inoculated at four equidistant points on each of 

two or three plates and incubated at 20°e. Cultures were examined daily to confirm germination 

and check for the development of contaminating fungi. If necessary, cultures were transferred to 

fresh plates of dSDY A amended with antibiotics as above. 

Pure cultures were stored as agar plugs in 10% glycerol frozen at -80°C and in sterile distilled 

water at 4°C. All isolates are stored in the University of Canterbury fungal culture collection. For 

routine use, stock cultures were prepared in dSDYA slopes and stored at 4°C. 

2.3 DNA extraction 

For DNA extraction a loopful of conidia from pure cultures was spread with a glass spreader 

over plates of potato dextrose agar (PDA) overlaid with sterile colourless cellophane. Plates were 

incubated for three to five days at 2S0C or until a thin layer of mycelium covered the entire plate. 

Approximately 100 mg of mycelium was harvested with a flamed spatula into a sterile I.S ml 

Eppendorf tube and stored frozen at -20°C. To extract DNA, fungal mycelium was ground in 

liquid nitrogen with a sterile plastic pestle and mixed with SOO III of extraction buffer (O.ISM 

NaCl, SOmM Tris-HC1, 10mM Na2EDTA, 3% sodium dodecyl sulphate). Tubes were incubated 

at 6SoC in a heating block for 40-60 minutes with periodic mixing by inversion. The solution 

was then mixed with an equal volume of phenol-chloroform-isoamyl alcohol (2S:24:1) and 
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centrifuged at 13000 rpm for 10 minutes. The aqueous layer was removed and extracted again 

with one volume of chloroform-isoamyl alcohol (24: 1). Following centrifugation as above, the 

aqueous layer was removed and DNA was precipitated by addition of an equal volume of ice

cold isopropanol and centrifuging at 10000 rpm for 10 minutes. Pellets were washed twice in 

500 III 70% ethanol and air-dried at 37°e. DNA was resuspended in 50 III of molecular biology 

grade water and stored frozen at -20°C. 

Extraction of Isaria cultures yielded sticky gel-like pellets at the final DNA precipitation stage 

and these were subjected to a further clean-up stage to remove co-precipitated polysaccharides 

and provide suitable DNA for subsequent PCR. Seventy-five microlitres of 5M NaCI was added 

and mixed, and 60 III of cetyltrimethylammonium bromide (CTAB) solution (10% wlv CTAB in 

0.7M NaCl) was added and mixed again. The suspension was incubated at 65°C for 20 minutes 

and centrifuged for two minutes at 8000 RPM. The supernatant was transferred to a new tube 

and DNA was precipitated, washed and suspended as above. 

2.4 peR amplification and sequencing 

Three nuclear gene regions were amplified by PCR and sequenced in this study. The entire ITS 1-

5.8S-ITS2 region was amplified using the primer pairs TW811AB28 (Curran et al. 1994) or 

ITS5/ITS4 (White et al. 1990). An approximately 330 base pair fragment of the ~-tubulin gene 

was amplified using primers Bt2a and Bt2b (Glass & Donaldson 1995). An approximately 530 

base pair fragment from the EFl-a gene was amplified using the primers 1577F and 2218R 

(Rehner & Buckley 2005). All primer sequences are shown in Table 2.2. 

Table 2.2 PCR and sequencing primers used in this study 

Region Primer Sequence Source 

ITS TW81 5' GTTTCCGTAGGTGAACCTGC 3' Curran et al.1994 
ITS AB28 5' ATATGCTTAAGTTCAGCGGGT 3' Curran et al. 1994 
ITS ITS5 5'-GGAAGTAAAAGTCGTAACAAGG 3' White et al. 1990 
ITS ITS4 5' TCCTCCGCTTATTGATATGC 3' White et al.1990 
~-tubulin Bt2a 5' GGTAACCAAATCGGTGCTGCTTTC 3' Glass & Donaldson 1995 
~-tubulin Bt2b 5' ACCCTCAGTGTAGTGACCCTTGGC 3' Glass & Donaldson 1995 
EFl-a 1577F 5' CARGA YGTBTACAAGATYGGTGG 3' Rehner & Buckley 2005 
EFl-a 2218R 5' CCRAACRGCRACRGTYYGTCTCAT 3' Rehner & Buckley 2005 

All PCR amplifications were performed in a total reaction volume of 25 III including 0.4 mM of 

each primer, 200 mM dNTPs, 2.5 III reaction buffer, 2.5 mM MgCh, 2 III template DNA and 

0.7U Taq Polymerase. Generally a 1/100 dilution of the extracted DNA solution was used as 
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template DNA for PCR although in some cases a 1110 dilution or undiluted sample was used. 

Positive (DNA) and negative (sterile water) controls were included for each reaction. 

All PCR amplifications were initiated with a 2 minute denaturation step at 96°C and a final 

extension step of 10 minutes at 72°C. The following specific temperature profiles were used for 

each primer pair: ITS5/ITS4) denaturation 1 minute at 96°C, annealing 30 seconds at 56°C, 45 

seconds extension at 72°C (30cycles); Bt2a/Bt2b) denaturation 1 minute at 96°C, annealing 30 

seconds at 58°C, 45 seconds extension at 72°C (30 cycles); 1577F/2218R) denaturation 1 minute 

at 96°C, annealing 30 seconds at 55°C, 1 minute extension at noc (30 cycles). PCR products 

were visualised by ethidium bromide staining following electrophoresis of 5 III of each product 

in 1 % agarose gels. PCR products were cleaned using a commercial cleanup kit and sequenced 

in both forward and reverse directions (using the reaction primers) at AWCGS Sequencing 

Facility, Massey University; or Canterbury Sequencing, University of Canterbury. Consensus 

sequences were assembled from forward and reverse sequences using ChromasPro version 1.34. 

2.5 Phylogenetic analyses 

For each dataset sequences were aligned with C1usta1W in MEGA version 4.0 (Tamura et al. 

2007) using the default parameters and improved manually if necessary. Phylogenetic analyses 

were conducted using neighbour-joining (NJ), maximum parsimony (MP) and Bayesian 

inference methods. NJ and MP analyses were performed with MEGA version 4.0 (Tamura et al. 

2007). MP analyses were conducted using the close-neighbour-interchange algorithm (Nei & 

Kumar 2000) with a search level of three, in which the initial trees were obtained from the 

random addition of sequences (10 replicates). All positions containing gaps and missing data 

were eliminated from the dataset (complete deletion option) in NJ and MP analyses. Support for 

each branch was obtained from bootstrap analysis (Fe1senstein 1985) using 1000 replicates. 

Phylogenetic analysis using Bayesian inference was conducted using MrBayes version 3.1.2 

(Hue1senbeck & Ronquist 2001; Ronquist & Hue1senbeck 2003). Models of nucleotide 

substitution that best fitted each dataset were selected using the Akaike Information Criterion in 

MrModelTest version 2.0 (Nylander 2004) implemented in PAUP _ 4.0bl0 (Swofford 2002). For 

each dataset MrBayes was run in two simultaneous, independent analyses. Each analysis was run 

with four chains (three cold, one heated) for 2 000 000 generations, saving trees every 100 

generations (including the first generation) to give a total of 20 001 trees. The first 25% of the 

trees were discarded as "bum-in" to allow the log-likelihood scores to become stable. A 50% 

consensus was generated from the remaining trees with support values representing the posterior 

probabilities. 
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CHAPTER THREE: THE GENUS BEAUVERIA IN NATIVE FORESTS 

3.1 Introduction 

Beauveria is one of the most commonly encountered genera of entomopathogenic fungi, due to 

its global distribution, broad host range, and frequent occurrence in a range of habitats (Rehner 

2005). Since the early discovery of their ability to cause disease in insects (see Major 1944; 

Steinhaus 1956, 1975), Beauveria species have been widely investigated as biocontrol agents 

and currently form the basis of several commercially available mycoinsecticides (de Faria & 

Wraight 2007). However, despite a long history of research, taxonomy in the genus has often 

been problematic, due to a lack of stable and informative morphological characters that can be 

used to delineate species. 

Following the discovery by Bassi of the fungal nature of the 'mark' or 'muscardine' disease of 

silkworms, in 1835 Balsamo-Crivelli formally named the causative pathogen as Botrytis 

paradoxa, later changing this to Botrytis bassiana in honour of Bassi (Steinhaus 1956, 1975). 

Several species with comparable morphology were subsequently described from infected insects, 

with a tendency for European mycologists to refer their species to Botrytis while American 

workers included similar species in Sporotrichum. It was later recognized that Botrytis bassiana 

did not fit well into either of these genera based on the mode of spore development and in 1912 

Vuillemin transferred the species to the new genus Beauveria, characterised by production of 

conidia on geniculate, sympodially proliferating conidiogenous cells (de Hoog 1972; Petch 

1926). 

Further species were described in Beauveria based mainly on minor differences in cultural 

characteristics such as growth rate, amount of sporulation, colony appearance and medium 

colouration. Petch (1926) examined several representative isolates and recorded spore 

dimensions and colony characteristics on a range of media. Petch found that cultural characters 

were of little taxonomic value as they were highly variable and could be affected by repeated 

subculturing and media composition. He concluded that the only major difference between the 

eight species recorded at that time was the shape of the conidia and recognised only two species: 

B. bassiana with globose spores and B. densa with oval spores. By the time MacLeod (1954) 

published his monograph of Beauveria a total of 16 species had been described in the genus. 

MacLeod followed Petch (1926) in recognising only two species, but used the name B. ten ella 

instead of B. densa. De Hoog (1972) examined the type specimens of B. ten ella and B. dens a and 

regarded these as B. bassiana, concluding that B. brongniartii was the correct name for the oval-
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spored species. He also accepted a third species, B. alba, although this was later transferred to 

Engyodontium (de Hoog 1978). 

Additional species of Beauveria were recognised on the basis of their distinctive conidial 

morphology and included several species from South America. De Hoog & Rao (1975) 

described B. vermiconia with comma-shaped conidia from volcanic ash in Chile. Beauveria 

velata, characterised by ellipsoidal, verrucose conidia, was described from infected lepidopteran 

larvae in Ecuador by Samson & Evans (1982). A species with curved, cylindrical conidia from 

infected Coleoptera collected in Brazil, although otherwise identical to the previously described 

Isaria amorpha, was shown to produce conidiogenous cells typical of Beauveria. Following 

examination of the type material of 1. amorpha and a similar species named by Petch (1933) as 

Isaria orthopterorum, both species were recombined as B. amorpha (Samson & Evans 1982). An 

isolate from Scottish moorland soil with similar, smaller conidia was described as the new 

species B. caledonica (Bisset & Widden 1988). The most recently characterised species, B. 

malawiensis, was isolated from a coleopteran larva in Africa and was distinguished by straight 

cylindrical conidia, globose conidiophores, and pink colouration of hyphae and conidia (Rehner 

et al. 2006a). 

Von Arx (1986) claimed to have observed sympodial proliferation of conidiogenous cells in 

Tolypocladium and transferred several members of the genus to Beauveria, although this 

decision was not generally accepted (e.g. Gams et al. 1998; Samson et al. 1988; Sigler et al. 

1987). Scanning electron microscope examination confirmed that the mode of conidiogenesis in 

Tolypocladium was phialidic and that the genus should be maintained as separate from 

Beauveria (Sigler et al. 1987). The distinction between the two genera has also been supported 

by biochemical (Kadlec et al. 1994; Mugnai et al. 1989; Todorova et al. 1998) and molecular 

data (Hegedus & Khachatourians 1996; Hodge 1998; Rakotonirainy et al. 1991; Stensrud et al. 

2005; Sung et al. 2007a). 

The first suggestion of a teleomorphic state for Beauveria was made in the mid-nineteenth 

century by Tulasne who speculated that B. bassiana may have an associated Sphaeria 

(Cordyceps) teleomorph (Gray 1858). An unnamed te1eomorph of B. bassiana was reported by 

Schaerffenberg in 1955, although few details were given and this report has been largely ignored 

(de Hoog 1972; Huang et al. 2002; Li et al. 2001). Booth (1961) described a Beauveria 

anamorph for Pseudeurotium bakeri (Pseudeurotiaceae). Although superficially similar to 

Beauveria, Pseudeurotium anamorphs differ in several characteristics and have since been 

classified in the genus Teberdinia (Sogonov et al. 2005). Later authors (von Arx 1986; Samson 
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et al. 1988) again suggested that the teleomorphs of Beauveria were probably Cordyceps species. 

Experimental proof of this connection was first provided by Shimazu et al. (1988) who described 

Cordyceps brongniartii which developed on lepidopteran larvae that had been infected with 

Beauveria brongniartii. Single ascospore isolations from the Cordyceps stromata were shown to 

produce the B. brongniartii anamorph. Similarly, Li et al. (2001) linked Beauveria bassiana with 

the new species Cordyceps bassiana. Both associations were later supported by molecular 

evidence (Huang et al. 2002; Liu et al. 2002; Rehner & Buckley 2005; Sasaki et al. 2007). 

Molecular analyses have also identified Cordyceps scarabaeicola and Cordyceps 

staphylinidicola as teleomorphs of Beauveria (Rehner & Buckley 2005; Sung et al. 2001; Sung 

et al. 2007a). 

Host range in Beauveria varies according to species. Beauveria. bassiana displays an extremely 

wide host range and has been recorded from over 700 species in 15 insect orders (Li 1988). The 

species is also known to commonly infect mites (Chandler et al. 2000; Li 1988) and (more 

rarely) spiders (Petch 1931). While individual isolates often vary in virulence towards different 

insects (Fargues & Remaudiere 1977; Goettel et al. 1990; Prior 1992), it remains unclear 

whether these differences can be interpreted as host-specificity. Recent studies have suggested 

that strains of B. bassiana show little adaptation towards particular hosts and that the species 

should be regarded as a generalist entomopathogen (Bidochka et al. 2002; Kouvelis et al. 2008; 

Rehner & Buckley 2005; Rehner et al. 2006b; Uma Devi et al. 2008). 

Beauveria amorpha also has a relatively wide host range and although more commonly 

associated with coleopteran hosts has also been recorded from Hemiptera, Hymenoptera, 

Lepidoptera, and Orthoptera (Hywel-Jones 2004; Petch 1933; Samson & Evans 1982; Rehner & 

Buckley 2005). Other Beauveria species appear to have stricter host preferences. B. brongniartii 

mainly infects Coleoptera, especially members of Scarabaeidae (Fargues & Remaudiere 1977; 

Neuveglise 1994; Rehner & Buckley 2005; Zimmermann 2007a), and it has been suggested that 

records of this species from other insects may be misidentified (Vestergaard et al. 2003). B. 

velata and B. malawiensis have only been recorded from lepidopteran and coleopteran hosts, 

respectively (Rehner et al. 2006a; Samson & Evans 1982), although both species have not been 

collected extensively enough to allow any reliable conclusions on the extent of their host range. 

B. vermiconia was originally isolated from volcanic ash (de Hoog & Rao 1975) and Mugnai et 

al. (1989) speculated that the species may represent a primitive member of the genus that has not 

yet evolved an entomopathogenic life cycle. However, B. vermiconia was later found to naturally 

infect a coleopteran species in Chile, and pathogenicity towards a related species was also 

demonstrated in laboratory bioassays (Glare et al. 1993a). Similarly, B. caledonica, first 
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described from a soil isolate (Bisset & Widden 1988), was subsequently found as a pathogen of 

several coleopteran species (Glare et at. 2008; Kirchsner 2001; Reay et al. 2008; Rehner & 

Buckley 2005). 

Although the distinctive conidiogenous cells of Beauveria are easily recognised, conidial form is 

the only morphological feature useful for species-level identification. This has often led to 

difficulties in routine identification of Beauveria isolates, especially with the two most common 

species, B. bassiana and B. brongniartii. While the two species have been traditionally separated 

by conidial size and shape, these characters are highly variable and have been shown to be 

particularly influenced by cultural conditions (Mugnai et al. 1989; Townsend et aT. 1995). The 

importance of Beauveria species in insect biocontrol programmes and the limitations of using 

morphological criteria for identification have led to increasing efforts to find alternative methods 

of characterization in the genus (Glare 2004). 

Initial attempts to find additional characters for speCIes recognition in Beauveria used 

biochemical or chemotaxonomic approaches. Mugnai et al. (1989) examined carbohydrate 

utilisation and enzyme production patterns in several Beauveria species and generally found that 

species could be separated based on their biochemical profiles. A similar approach using 

commercial carbohydrate utilization (API) strips was able to separate Beauveria from other 

entomopathogenic fungi but could not reliably discriminate between species in the genus (Rath 

et al. 1995; Todorova et al. 1998). Beauveria species are known to produce diverse secondary 

metabolites (Isaka et al. 2005), although their utility as taxonomic markers has not been widely 

evaluated. Based on beauveriolide production, Kadlec et al. (1994) were able to distinguish 

Beauveria from Tolypocladium but could not differentiate species within Beauveria. 

A large number of studies have examined genetic variation in Beauveria. Most investigations 

have been focused towards biocontrol and have mainly included isolates of B. bassiana or B. 

brongniartii, often from a single host or geographic origin. The first attempts at genetic 

characterisation of Beauveria were based on isozyme analysis (e.g. Poprawski et al. 1988; 

McCoy & Boucias 1989; Bridge et at. 1990; St Leger et al. 1992a) which uses the 

electrophoretic separation of enzyme polymorphisms to detect genetic variation (Micales et al. 

1986). This technique was later superseded by a range of PCR-based methods that instead 

examine DNA directly. Random amplified polymorphic DNA (RAPD) and restriction fragment 

length polymorphism (RFLP) analysis have been widely used to differentiate Beauveria isolates 

(e.g. Bidochka et al. 1994; Castrillo et al. 1999, 2003; Glare & Inwood 1998; Luz et al. 1998; 

Maurer et at. 1997; Neuveglise et al. 1994; Piatti et at. 1998; Urtz & Rice 1997). However, both 
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methods have several associated disadvantages (Glare 2004; McDonald 1997; Meyling 2008) 

and their use has been largely replaced by newer techniques including DNA sequencing (e.g. 

Glare et al. 2008; Kouvelis et al. 2008; Reay et al. 2007, 2008; Rehner et al. 2006a, 2006b; 

Rehner & Buckley 2005), amplified restriction length polymorphism (AFLP) (Cruz et al. 2006; 

Aquino de Muro et al. 2003, 2005; Hadapad et al. 2006; Vma Devi et al. 2006) and 

microsatellite-based markers (Enkerli et al. 2001; Estrada et al. 2007; Rehner & Buckley 2003; 

Takatsuka 2007; Wang et al. 2005). 

Few studies have used molecular techniques to specifically resolve taxonomic or phylogenetic 

questions within Beauveria. The most significant recent contribution to the understanding of 

species concepts in the genus has been a phylogenetic analysis based on ITS and EF I-a 

sequences (Rehner & Buckley 2005). The authors examined a set of exemplar isolates largely 

representing worldwide diversity of Beauveria species (although New Zealand isolates were 

excluded). While sequence data generally confirmed the existing morphologically based 

classifications in the genus, a major finding of the study was that B. bassiana isolates could be 

separated into two genetically distinct, but morphologically indistinguishable lineages. One 

lineage (designated as 'Clade A' or 'B. bassiana s.l. ') was found to have a global distribution, 

while the other group ('Clade C' or 'pseudobassiana') was less common and restricted to Europe 

and North America. Further phylogenetic diversity within B. bassiana s.l. indicated that this may 

also be a species complex with several discrete lineages, corresponding in some cases with 

geographic origin. Additional evidence for phylogeographic structuring of B. bassiana s.l. 

populations was provided from analysis of two highly variable nuclear intergenic regions EFutr 

and Bloc (Rehner et al. 2006b). 

Beauveria was first reported from New Zealand in the late nineteenth century when a fungus 

infecting lepidopteran larvae was identified as Sporotrichum globuliferum (Anon 1893), an 

earlier synonym of B. bassiana (de Hoog 1972). Subsequent New Zealand records have listed 

Beauveria species from over 40 host species in several insect orders (see Table 3.1). However, 

few reports have included morphological descriptions and taxonomic research has been limited 

to isolates from agricultural and forestry pests, mainly in Coleoptera (e.g. Glare & Inwood 1998; 

Glare et al. 2008; Reay et al. 2007,2008; Townsend et al. 1995; Willoughby et al. 1998). 

Glare & Inwood (1998) and Townsend et al. (1995) examined the morphology of Beauveria 

strains isolated from several coleopteran species in New Zealand. Isolates were identified as B. 

bassiana or B. brongniartii based on spore dimensions. However, it was noted that some strains 

producing ellipsoidal conidia on the host and initially identified as B. brongniartii only produced 
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Table 3.1 Records of Beauveria species infecting insects in New Zealand. 

Species Host order Host family Reference 
B. bassiana Coleoptera Cerambycidae Edwards 1965 

Curculionidae Barker & Addison 1989; Barker et al. 1991; 
Glare & Inwood 1998; Willoughby et al. 
1998; Reay et al. 2007,2008 

Coccinellidae Cameron & Walker 1989 
Chyrysomelidae Glare et al. 1993b 
Scarabaeidae Barker et al. 1991; Glare et at. 1993b; 

Townsend et al.1995; Glare & Inwood 1998 
Diptera Syrphidae Barker et al.1991 

Hemiptera Cicadidae Anon 2001-2009 [PDD] 

Diaspididae Ferguson & Fletcher 1991 

Hymenoptera Ichneumonidae Anon 2001-2009 [PDD] 

Vespidae Wigley & Dhana 1988 a; Barker et al. 1991; 
Harris et al. 2000; Anon 2001-2009 [PDD] 

Lepidoptera Coleophoridae Pearson 1989 
Crambidae Anon 2001-2009 b; Glare et al. 1993b 
Geometridae Anon 2001-2009 [ICMP] 
Hepialidae Helson 1962 a; Grehan 1982; 

Grehan & Wigley 1984 
Noctuidae Anon 2001-2009 b; Helson 1965 
Pyralidae Mercer 1981 a; Anon 2001-2009 [PDD] 
Sesiidae Scott 1975; Baker 1981 
Saturniidae Close 1956; Anon 2001-2009 [PDD] 
Tineidae Anon 2001-2009 [PDD] 
Tortricidae Hill et al. 1985 b 

B. brongniartii Coleoptera Brentidae Anon 2001-2009 [PDD] 
Carabidae Anon 2001-2009 [PDD] 
Cerambycidae Anon 2001-2009 [PDD] 
Scarabaeidae de Hoog 1972; Townsend et al. 1995; 

Glare & Inwood 1998 
Hemiptera Cicadidae Laird 1991 a 

Hymenoptera Vespidae Laird 1991 a 

Lepidoptera Plutellidae Anon 2001-2009 [PDD] 
Tortricidae Anon 2001-2009 [PDD] c; 

Orthoptera Tettiigoniidae Anon 2001-2009 [PDD] 
Phasmatodea Phasmatidae Laird 1991 a 

B. caledonica Coleoptera Curculionidae Glare et al.2008; Reay et al. 2007,2008 

a As cited in Glare et al.1993b (original reference unavailable); b Recorded as 'B. densa'; 

C Recorded as 'B. ten ella '; PDD = New Zealand Fungal Herbarium; ICMP = International 

Collection of Micro-organisms from Plants. 
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spherical conidia in culture. RAPD and ITS-RFLP analyses placed these in a group of New 

Zealand isolates of B. bassiana which were genetically distinct from the overseas material 

studied. Other B. bassiana isolates from New Zealand clustered in a heterogeneous group that 

included overseas isolates of B. bassiana and B. brongniartii (Glare et at. 1996a; Glare & 

Inwood 1998). These groupings were also largely supported by analysis of ITS sequences (Glare 

2004). It was suggested that the two genetic groups of B. bassiana in New Zealand may 

represent a group of ancient, endemic strains and a group of exotic strains imported after 

European colonization (Glare et at. 1996a, Glare & Inwood 1998). Clearly, the phylogenetic 

relationships of New Zealand B. bassiana isolates need to be evaluated with respect towards 

current understanding of cryptic diversity in the taxon. 

Beauveria brongniartii has been recorded from several different orders of insects in New 

Zealand (Table 3.1). As B. brongniartii is generally considered to be restricted to Coleoptera 

(Rehner & Buckley 2005; Vestergaard et at. 2003), the species may have adapted towards a 

wider range of hosts in New Zealand. Alternatively, records of B. brongniartii in this country 

from non-coleopteran hosts may be misidentified and could represent one or more 

morphologically similar species. Dingley (in Anon 2001-2009; Hill et at. 1985) also identified B. 

densa from several lepidopteran species. Glare et at. (1993b) suggested that records of this 

species in New Zealand probably referred to B. bassiana. Two additional Beauveria species have 

also been recently recorded in New Zealand: B. catedonica from Coleoptera and B. malawiensis 

from pine forest soil (Glare et at. 2008; Reay et at. 2008). Currently there is little knowledge of 

the host range and distribution of these species in this country. 

A number of studies have examined the potential of Beauveria species for biocontrol of insect 

pests in New Zealand. The first investigations were carried out as early as the eighteen-nineties 

when a commercial preparation of 'Botrytis tenella} (probably Beauveria brongniartii) was 

imported from France for the control of codling moth (Anon 1892). More recent studies have 

focused on pests in habitats where the use of chemical insecticides is not sustainable for 

economic andlor environmental reasons. Biological control is considered an particularly 

attractive option in pasture where large-scale use of pesticides is not practical (Willoughby et at. 

1998). Coleopteran species are among the most serious pasture pests in New Zealand and are 

known to cause major economic losses (Barlow & Goldson 2002; Goldson et al. 2005). 

Beauveria bassiana isolates have shown promise for control of several coleopteran pasture pests 

including the native Costetytra zeatandica (Goh et at. 1991b; Townsend et at. 1995) and 

invasive species Listronotus bonariensis (Barker et at. 1991; Goh et at. 1991 a) and Sitona 

tepidus (Brownbridge et at. 2006; Nelson et at. 2004; Willoughby et at. 1998). Beauveria 

33 



species have also been evaluated for biological control of coleopteran pests in New Zealand 

production forests. Beauveria caledonica was recently discovered infecting two introduced bark 

beetle species, Hylastes ater and Hylurgus ligniperdus, which are pests of Pinus radiata forests 

(Glare et al. 2008). Current research is assessing the role of B. caledonica and other Beauveria 

species in the natural regulation of bark beetle populations in these habitats (M. Brownbridge 

pers. comm. 2008; Reay et al. 2008). 

As conservation areas, native forests are another habitat where biological control may provide 

the most sustainable approach for managing invasive insects. Of several introduced social wasp 

species that have become established in New Zealand, Vespula vulgaris and V. germanica have 

had the most severe ecological impact on native fauna, through both competition and direct 

predation (e.g. Beggs 2001; Beggs & Wilson 1991; Thomas et al. 1990; Toft & Rees 1998). 

Although two wasp parasitoids were introduced for classical biological control, one failed to 

establish (Beggs et al. 2002) while the other has had no significant effect on Vespula populations 

(Beggs et al. 2008). Currently wasp control programmes are reliant on insecticide baits which 

may have undesirable non-target effects and only have limited application considering the large 

areas where control needs to be achieved (Beggs et al. 1998; Harris & Etheridge 2001; Harris & 

Rees 2000). Harris et al. (2000) demonstrated that adults and larvae of V. vulgaris were highly 

susceptible to infection by B. bassiana in laboratory bioassays. However, only a limited number 

of isolates were tested in this study, and the authors suggested additional screening to identify 

virulent strains for further evaluation as biocontrol agents. 

In this chapter, morphological and molecular data was used to investigate the taxonomic 

diversity of Beauveria isolates from invertebrate hosts in native forests. In addition, insect 

bioassays of two Beauveria species were conducted to examine host specificity and to identify 

isolates which may have potential for biocontrol of Vespula wasps. 
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3.2 Methods 

3.2.1 Morphological characterisation 

Beauveria species were collected and isolated from native forest as described in chapter two. 

Fungi from infected arthropods and corresponding cultures were identified as Beauveria based 

on their conidiogenous structures i.e. conidiogenous cells with a swollen base and a slender 

geniculate, denticulate rachis, typically arranged in dense clusters to form characteristic 'spore 

balls' (de Hoog 1972). An additional culture (T875, provided by N. Waipara) was also 

examined. For species determination, measurements were made from conidia taken directly from 

infected hosts and from cultures grown at 25°C for 14-21 days in darkness on ~ strength 

Sabouraud dextrose yeast agar (~SDYA: Goettel & Inglis 1997). For each specimen and 

culture, length and width of 25 conidia were measured. Conidia were mounted in lactic acid and 

examined at 600x magnification. Photomicrographs were taken using a digital camera. For each 

specimen, 25 measurements of phialide and conidial dimensions were made using ImageJ v.1AO 

image analysis software (NIH), calibrated with a photomicrograph taken from a slide 

micrometer. Species were determined by comparing conidial morphology with the descriptions 

given by de Hoog (1972), Bissett & Widden (1988), and Rehner et at. (2006a). To determine any 

significant relationship between host affiliation and conidial size within each morphological 

species, mean conidial sizes were square-root transformed and analysed by ANOV A. Means 

were separated by Tukeys test. Statistical analyses were performed using SPSS version 11.00. 

To determine whether previous identifications of Beauveria brongniartii in New Zealand were 

correct, all specimens of B. brongniartii in the PDD herbarium were examined microscopically 

as above. All specimens of Beauveria densa and Beauveria tenella in PDD were also examined 

(Table 3.2). 
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Table 3.2 Beauveria specimens from the PDD herbarium examined in this study. 

PDD# Species Host 
26212 B. brongniartii Cicindela tuberculata a (Coleoptera: Carabidae) 
32590 B. brongniartii Cicindela sp. a 

33075 B. brongniartii Cicindela sp. a 

33092 B. brongniartii Cicindela sp. a 

34706 B. brongniartii Phasmatodea 
34707 B. brongniartii Phasmatodea 
34800 B. brongniartii n.a. 
53437 B. brongniartii Xuthodes batesi (Coleoptera: Cerambycidae) 
70281 B. brongniartii Caedicia simplex (Orthoptera: Tettiigoniidae) 

B. brongniartii 
B. brongniartii 
B. brongniartii 

n.a. 
Vespula germanica (Hymenoptera: Vespidae) 
Lasiorhynchus barbicornis (Coleoptera: Brentidae) 
Ericodesma argentosa (Lepidoptera: Plutellidae 

District 
Auckland 
Auckland 
n.a. 
Auckland 
Auckland 
Auckland 
Northland 
Auckland 
Auckland 
Auckland 
Auckland 
Northland 
Northland 

73898 
73899 
78373 
78377 
13960 
26260 
35494 
35523 
25211 

B. brongniartii 
B. dens a Coleoptera Buller 
B. densa 
B. densa 
B. densa 
B. ten ella 

a as "Neocicindela"; 

Opogona omoscopa (Lepidoptera: Tineidae) Auckland 
Uresephita maoriales (Lepidoptera: Crambidae) Auckland 
Pseudaletia seperata b (Lepidoptera: Noctuidae) Northland 
Eipiphyas postvittana C (Lepidoptera: Tortricidae) Wanganui 

b as "Pseudoletia"; cas "Eipiphyas postritana ",' n.a. not available. 
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3.2.2 Molecular characterisation 

To confirm species identifications and examine genetic diversity in New Zealand Beauveria, 

isolates were selected to represent the range of morphological diversity, host affiliations and 

collection areas. DNA extraction, PCR amplification, sequencing, sequence assembly and 

alignment methods are described in chapter two. For initial analysis the ITS region was 

amplified and sequenced using the primers TW81 and AB28. Sequences were aligned with a 

dataset of Beauveria sequences obtained from Genbank (Table 3.3) and chosen to cover a wide 

range of geographic and phylogenetic diversity within the genus. Based on the phylogeny of 

Sung et ai. 2007a, Cordyceps cj takaomontana (BCC28612) and Isaria cicadae (Ne25, this 

study) were chosen as appropriate out group taxa. An initial phylogenetic analysis of the whole 

ITS dataset was conducted using the neighbour-joining method. Based on the results from the NJ 

analysis, a subset of sequences was selected with representatives from each host group for each 

significant clade. This dataset was futher analysed using maximum parsimony and Bayesian 

likelihood inference. To provide further support for the ITS phylogeny, representative isolates 

were selected for sequencing of part of the EFl-a gene using the primers 2218R and 1577F and 

analysed as above. All methods used for phylogenetic analysis are detailed in Chapter Two. 

To determine if data from both genes could be combined in a single analysis, topological 

incongruence was examined by comparing bootstrap (BS) and posterior probability (PP) values. 

Clades that were supported by =>95 % PP or >70 BS were considered to be significantly 

supported by the data (Reeb et ai. 2003). 
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Table 3.3 Genbank sequences included in phylogenetic analyses of Beauveria isolates. 

Species Strain Country Host 
ITS EFl-a 

Reference 
Genbank# Genbank# 

B. bassiana ARSEF 843 Costa Rica Lepidoptera: Saturniidae AY532055 AY531964 Rehner & Buckley 2005 
Beauveria amorpha ARSEF 2641 Brazil Hymenoptera: Formicidae AY532008 AY531917 Rehner & Buckley 2005 
Beauveria amorpha ARSEF 1969 Peru Coleoptera: Curculionidae AY531998 AY531907 Rehner & Buckley 2005 
Beauveria bassiana ARSEF 300 Australia Hemiptera: Lygaeidae AY532015 AY531924 Rehner & Buckley 2005 
Beauveria bassiana ARSEF 326 Australia Lepidoptera: Pyralidae AY532021 AY531929 Rehner & Buckley 2005 
Beauveria bassiana ARSEF 1848 Belgium Coleoptera: Rhizophagidae AY531995 AY531904 Rehner & Buckley 2005 
Beauveria bassiana ARSEF 652 China Lepidoptera: Pyralidae AY532032 AY531941 Rehner & Buckley 2005 
Beauveria bassiana ARSEF 1802 Greece Hemiptera: Miridae AY531991 AY531900 Rehner & Buckley 2005 
Beauveria bassiana ARSEF 1153 Morocco Coleoptera: Curculionidae AY531975 AY531884 Rehner & Buckley 2005 
Beauveria bassiana ARSEF 1811 Morocco Coleoptera: Curculionidae AY531992 AY531901 Rehner & Buckley 2005 
Beauveria bassiana ARSEF 296 USA AY532013 AY531922 Rehner & Buckley 2005 
Beauveria bassiana ARSEF 344 USA Coleoptera: Chrysomelidae AY532023 AY531932 Rehner & Buddey 2005 
Beauveria bassiana ARSEF 751 Vietnam Coleoptera: Chrysomelidae AY532045 AY531954 Rehner & Buckley 2005 

\.)j Beauveria cf bassiana ARSEF 4933 France Coleoptera: Scolytidae AY532029 AY531938 Rehner & Buckley 2005 00 

Beauveria cf bassiana ARSEF 3220 Portugal Lepidoptera: Tortricidae AY532020 AY531928 Rehner & Buckley 2005 
Beauveria cf bassiana ARSEF 2054 USA Lepidoptera: Lymantriidae AY532002 AY531911 Rehner & Buckley 2005 
Beauveria cf bassiana ARSEF 3405 USA Lepidoptera: Lymantriidae AY532022 AY531931 Rehner & Buckley 2005 
Beauveria brongniartii ARSEF 4362 Japan Soil AY532025 AY531934 Rehner & Buckley 2005 
Beauveria brongniartii JE276 Switzerland Coleoptera: Scarabaeidae DQ376245 DQ376244 Rehner et at. 2006a 
Beauveria caledonica ARSEF 2567 Scotland Soil AY532006 AY531915 Rehner & Buckley 2005 
Beauveria caledonica ARSEF 1567 Switzerland Coleoptera: Scolytidae AY531986 AY531894 Rehner & Buckley 2005 
Beauveria cf caledonica ARSEF 2251 Brazil Coleoptera AY532003 AY531912 Rehner & Buckley 2005 
Beauveria malawiensis IMI228343 Malawi Coleoptera: Cerambycidae DQ376247 DQ376246 Rehner et at. 2006a 
Beauveria vermiconia ARSEF 2922 Chile Soil AY532012 AY531920 Rehner & Buckley 2005 
Cordyceps cf scarabaeicola EFCC252 South Korea - AY532057 AY531966 Rehner & Buckley 2005 
Cordyceps cf staphylinidicola ARSEF 7044 Korea AY532040 AY531949 Rehner & Buckley 2005 
Cordyceps scarabaeicola ARSEF 5689 China Coleoptera: Scarabaeidae AY532030 AY531939 Rehner & Buckley 2005 
Cordyceps cf takaomontana BCC28612 Thailand Lepidoptera FJ765285 FJ765268 Ridkaew & Luangsa-ard 
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3.2.3 Insect bioassays 

Tenebrio !nolitor 

To examine host specificity in B. bassiana and B. malawiensis, strains isolated from various hosts 

were tested in laboratory bioassays to determine their relative virulence towards a coleopteran 

species. Strains isolated from Coleoptera, Hemiptera, and Hymenoptera were tested against larvae 

of Tenebrio molitor (Coleoptera: Tenebrionidae). This species was used as a model organism 

because large numbers of larvae were available from a commercial supplier (Biosuppliers Live 

Insects, Auckland). Eight isolates from each of the host orders above were tested against T. molitor 

in three separate sets ofbioassays, with each experiment repeated two times. 

All isolates were cultured on PDA for 2-3 weeks at 25°C. Conidia were harvested from plates using 

a sterile spatula and suspended in 5 ml of sterile aqueous 0.01 % Triton X-IOO. Conidial suspensions 

were adjusted to 106 conidia/ml using a haemocytometer. Conidial viability of all isolates was 

determined by spreading 100 ul of conidial suspension onto plates of PDA and incubating at 25°C 

for 20 hours. The germination rate was assessed at 20 hours from counts of 300 conidia (Goettel & 

Inglis 1997) observed from inverted plates at 100x magnification. 

Each bioassay was conducted as a completely randomised design. Batches of six T. molitor larvae 

were first sorted into separate 10 ml plastic containers. For each treatment, five replicate 90 mm 

petri dishes were lined with filter paper and each inoculated with 1 ml of conidial suspension. One 

ml of 0.01 % sterile Triton X-I 00 was added to the filter paper in each of two sets of five replicate 

control plates. Each batch of six larvae was then randomly assigned to a treated petri dish. Plates 

were placed in sealed polythene bags and incubated at room temperature (21°C) for 12 days. Larval 

mortality was assessed and recorded every two days. To confirm infection, any dead larvae were 

transferred to separate petri dishes lined with moist filter paper and incubated at room temperature 

until sporulation was observed. Each experiment was repeated twice with freshly prepared conidial 

suspensions and a new supply of T. molitor larvae. For each replicate, LTso values (time required to 

kill half of the larvae) in days were recorded. If necessary, LT so times were estimated from linear 

interpolation between the two assessment periods that straddled the value of '3 dead' (Glare et al. 

2008). Cumulative mortality (arcsine-transformed) and LTso (log-transformed) data was analysed 

by ANOV A. Means of LTso values were separated by Tukeys test to determine significant 

differences between treatments. All statistical analyses were performed using SPSS version 11.00 

(SPSS, Inc.). 
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Vespula vulgaris 

To evaluate the potential of B. bassiana and B. malawiensis for wasp biocontrol, strains were tested 

in laboratory bioassays to determine pathogenicity towards V. vulgaris larvae. Six strains originally 

isolated from adult Vespula species were selected for testing. Conidial suspensions were prepared as 

described above but were first diluted to a concentration of 108 conidia/ml. One millilitre of conidial 

suspension was added to an equal volume of 0.1 % yeast extract to give a final concentration of 5 x 

107 conidia conidia/ml. Conidial viability was determined as above. 

Comb material was obtained from V. vulgaris nests collected from beech forests in the Nelson area. 

Adults and pupae were removed and combs separated into sections (replicates) containing 20-25 

final instar larvae and placed into separate plastic containers with lids. For each treatment three 

replicates of 20-25 larvae were prepared. Each larva was inoculated on the head capsule with 5 f.ll 

of conidial suspension. Larvae were incubated at 25°C and mortality was assessed every 2-3 days 

for 10 days. Estimation of LT50 times and data analysis was performed as described for Tenebrio 

molitor. 
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3.3 Results 

3.3.1 Beauveria collections 

Table 3.4 Total numbers of Beauveria specimens collected from different host orders and regions. 

Brunnerl Nelson! North Bay of Tongarirol 
Total 

Westland Tasman Canterbury Plenty Rangitikei 

Aranaea 1 1 
Blattodea 1 1 2 
Coleoptera 8 4 1 6 4 23 
Dermaptera 1 1 
Diplopoda 1 1 
Hemiptera 5 4 3 3 15 
Hymenoptera 3 16 13 32 
Orthoptera 3 1 1 5 
Phasmatodea 1 1 2 
Unidentified 3 8 4 15 
Total 21 30 11 22 13 97 

Table 3.5 Host associations of Beauveria species. 

B. bassiana B. brongniartii B. caledonica B. malawiensis 

Aranaea 1 
Blattodea 2 
Coleoptera 10 5 8 
Dermaptera 1 
Diplopoda 1 
Hemiptera 6 1 8 
Hymenoptera 9 23 
Orthoptera 3 2 
Phasmatodea 1 1 
Unidentified 13 1 1 
Total 45 1 8 43 

Table 3.6 Regional collections of Beauveria species. 

B. bassiana B. brongniartii B. caledonica B. malawiensis 

Brunner/Westland 7 2 12 
N elson/Tasman 18 1 1 10 
North Canterbury 10 1 
Bay of Plenty 1 21 
Tongariro/Rangitikei 10 3 0 
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Table 3.7 Beauveria specimens collected and examined in this study. Specimen numbers include collection date as yy/mm/dd.x. 

Isolate # Specimen # Species Host Host stage Locality Region 

NC87 050320.11 B. bassiana Araneae adult Wooded Gully Track, Mount Thomas North Canterbury 

NC79 050215.2 B. bassiana Celatoblatta sp. adult Wooded Gully Track, Mount Thomas North Canterbury 
(Blattodea: Blattidae) 

NC84 050412.2 B. bassiana Celatoblatta sp. adult Lake Kaniere Walkway, Hokitika BrunnerlW estland 

NC85 050412.3 B. bassiana Coleoptera adult Lake Kaniere Wallcway, Hokitika BrunnerlW est1and 

NC86 050412.4 B. bassiana Coleoptera adult Lake Kaniere Walkway, Hokitika BrunnerlW estland 

NC97 050301.1 B. bassiana Coleoptera adult Truman Track, Punakaiki BrunnerlW estland 

NC53 050408.6 B. bassiana Coleoptera adult Mangawhero Forest Walk, Mount Ruapehu TongarirolRangitikei 

NC62 050406.31 B. bassiana Coleoptera adult Mangawhero Forest Walle, Mount Ruapehu TongarirolRangitikei 

EI082 040510.17 B. bassiana Coleoptera: Cerambycidae adult Snowdens Bush Scenic Reserve, Brightwater Nelson/Tasman 

NCI06 050406.34 B. bassiana Coleoptera: Curcu1ionidae adult Mangawhero Forest Walk, Mount Ruapehu TongarirolRangitikei 

TE833 020506.1 B. bassiana Coleoptera: Elateridae adult Kahikatea Swamp Forest Walk, Haast BrunnerlW estland 
.j:::.. 

EI080 040510.18 B. bassiana Coleoptera: Scarabaeidae adult Snowdens Bush Scenic Reserve, Brightwater Nelson/Tasman N 

EI073 040513.6 B. bassiana Stethaspsis suturalis adult Rolling Creek, Wangapeka Valley Nelson/Tasman 
(Coleoptera: Scarabaeidae) 

E94 030422.2 B. caledonica Coleoptera adult Terrace Walk, Franz Josef BrunnerlW estland 

NC49 050406.4 B. caledonica Coleoptera adult Mangawhero Forest Walk, Mount Ruapehu TongarirolRangitikei 

NC142 060415.3 B. caledonica Prionoplus reticularis adult Lake Kaniere Walkway, Hokitika BrunnerlW estland 
(Coleoptera: Cerambycidae) 

NC95 050418.2 B. caledonica Coleoptera: Curculionidae adult Devils Punchbowl Track, Arthurs Pass North Canterbury 

E222 030509.18 B. caledonica Stethaspsis longicornis adult Aongate Short Loop Track, Katikati Bay of Plenty 
(Coleoptera: Scarabaeidae) 

E205 030509.8 B. malawiensis Cicindela sp. larva Aongatete Short Loop Track, Katikati Bay of Plenty 
(Coleoptera: Carabidae) 

E220 030509.7 B. malawiensis Cicindela sp. larva Aongatete Short Loop Track, Katikati Bay of Plenty 

E195 030506.1 B. malawiensis Cicindela sp. larva Lindemann Loop Track, Katikati Bay of Plenty 

E196 030506.4 B. malawiensis Cicindela sp. larva Lindemann Loop Track, Katikati Bay of Plenty 



Table 3.7 continued. 

Isolate # Specimen # Species Host Host stage Locality Region 

NC2I4 060511.3 B. malawiensis Coleoptera: Curculionidae adult Nile River Valley Walk, Charleston BrunnerIW estland 

EI88 030506.12 B. malawiensis Pyronota festiva adult Aongatete Short Loop Track, Katikati Bay of Plenty 

(Coleoptera: Scarabaeidae) 

NC202 060508.3 B. malawiensis Coleoptera: Scarabaeidae adult Charming Creek Wallcway, Westport Nelson/Tasman 

NCI88 060415.51 B. malawiensis Coleoptera: Scarabaeidae adult Lake Kaniere Wallcway, Hokitika BrunnerIW estland 

EI079 040513.17 B. caledonica Dermaptera adult Rolling Creek, Wangapeka Valley Nelson/Tasman 

NC225 060510.1 B. brongniartii Procyliosoma tuberculatum adult Oparara Arch Walk, Karamea Nelson/Tasman 
(Diplopoda: Sphaerotheriidae) 

T875* n.a. B. bassiana Arachnocampa luminosa adult Waitomo Caves Waikato 
(Diptera: Keroplatidae) 

NC123 050408.22 B. bassiana Hemiptera: Cicadidae adult Mangawhero Forest Walk, Mount Ruapehu TongarirolRangitikei 

NC208 060509.6 B. bassiana Amphipsalta. zealandica adult Nikau Loop Walk, Karamea Nelson/Tasman 

.j::.. (Hemiptera: Cicadidae) 
w 

NC209 060509.7 B. bassiana A. zealandica adult Nikau Loop Walk, Karamea Nelson/Tasman 

NC228 060509.1 B. bassiana A. zealandica adult Nikau Loop Walk, Karamea Nelson/Tasman 

TE439 020417.6 B. bassiana A. zealandica adult Goldsborough (Shamrock)Track, Hokitika BrunnerIW estland 

NCl1I 050404.11 B. bassiana Amphipsalta sp. adult Mangawhero Forest Walk, Mount Ruapehu TongarirolRangitikei 

NC48 050408.2 B. caledonica Hemiptera: Cicadidae adult Mangawhero Forest Walk, Mount Ruapehu TongarirolRangitikei 

NCI68 060415.27 B. malawiensis Hemiptera adult Lake Kaniere Walkway, Hokitika BrunnerIW estland 

EI90 030509.34 B. malawiensis Hemiptera: Cicadidae adult Aongatete Short Loop Track, Katikati Bay of Plenty 

E2I9 030507.1 B. malawiensis Hemiptera: Cicadidae adult Aongatete Short Loop Track, Katikati Bay of Plenty 

E96 030422.6 B. malawiensis Hemiptera: Cicadidae adult Terrace Walk, Franz Josef BrunnerIW estland 

TE672 020507.2 B. malawiensis Hemiptera: Cicadidae adult Hapuka Estuary Walk, Okuru BrunnerIW estland 

NC205 060508.1 B. malawiensis A. zealandica adult Nikau Loop Walk, Karamea Nelson/Tasman 

NC78 050315.16 B. malawiensis A. zealandica adult Truman Track, Punakaiki BrunnerIW estland 

E221 030509.15 B. malawiensis Monteithiella humeralis adult Aongatete Short Loop Track, Katikati Bay of Plenty 

(Hemiptera: Pentatomidae) 



Table 3.7 continued. 

Isolate # Specimen # Species Host Host stage Locality Region 

El063 040513.3 B. bassiana Vespula germanica adult Rolling Creek, Wangapeka Valley Nelson/Tasman 
(Hymenoptera: Vespidae) 

El069 040511.12 B. bassiana V. germanica adult Eves Valley Scenic Reserve, Brightwater Nelson/Tasman 

El068 040511.27 B. bassiana V. vulgaris adult Eves Valley Scenic Reserve, Brightwater Nelson/Tasman 

El070 040511.17 B. bassiana V. vulgaris adult Eves Valley Scenic Reserve, Brightwater Nelson/Tasman 

E1175 040511.24 B. bassiana V. vulgaris adult Eves Valley Scenic Reserve, Brightwater Nelson/Tasman 

El057 040514.9 B. bassiana Vespula vulgaris adult Loop Track, Lake Rotoiti Nelson/Tasman 

El064 040514.6 B. bassiana Vespula sp. adult Loop Track, Lake Rotoiti Nelson/Tasman 

El065 040510.10 B. bassiana Vespula sp. adult Snowdens Bush Scenic Reserve, Brightwater Nelson/Tasman 

El067 040513.15 B. bassiana Vespula sp. adult Rolling Creek, Wangapeka Valley Nelson/Tasman 

T884 000408.1 B. malawiensis Certonotus jractinervis adult Mount French Track, Lake Brunner BrunnerlW estland 
(Hymenoptera: Ichneumonidae) 

..j:::.. E197 030506.13 B. malawiensis V. vulgaris adult Aongatete Short Loop Track, Katikati Bay of Plenty 

..j:::.. 

E20l 030509.4 B. malawiensis V. vulgaris adult Aongatete Short Loop Track, Katikati Bay of Plenty 

E206 030509.12 B. malawiensis V. vulgaris adult Aongatete Short Loop Track, Katikati Bay of Plenty 

E207 030509.14 B. malawiensis V. vulgaris adult Aongatete Short Loop Track, Katikati Bay of Plenty 

E208 030509.16 B. malawiensis V. vulgaris adult Aongatete Short Loop Track, Katikati Bay of Plenty 

E2l0 030509.26 B. malawiensis V. vulgaris adult Aongatete Short Loop Track, Katikati Bay of Plenty 

E2l5 030509.35 B. malawiensis V. vulgaris adult Aongatete Short Loop Track, Katikati Bay of Plenty 

El059 040511.18 B. malawiensis V. vulgaris adult Eves Valley Scenic Reserve, Brightwater Nelson/Tasman 

El060 040511.20 B. malawiensis V. vulgaris adult Eves Valley Scenic Reserve, Brightwater NelsonlTasman 

El066 040511.19 B. malawiensis V. vulgaris adult Eves Valley Scenic Reserve, Brightwater Nelson/Tasman 

El084 040510.10 B. malawiensis V. vulgaris adult Snowdens Bush Scenic Reserve, Brightwater Nelson/Tasman 

E1176 040511.38 B. malawiensis V. vulgaris adult Eves Valley Scenic Reserve, Brightwater Nelson/Tasman 

NC2l0 060509.8 B. malawiensis V. vulgaris adult Nikau Loop Walk, Karamea Nelson/Tasman 

NC2l5 060511.4 B. malawiensis V. vulgaris adult Nile River Valley Walk, Charleston BrunnerlW estland 



Table 3.7 continued. 

Isolate # Specimen # Species Host Host stage Locality Region 

E202 030509.5 B. malawiensis Vespula sp. adult Aongatete Short Loop Track, Katikati Bay of Plenty 

E203 030509.6 B. malawiensis Vespula sp. adult Aongatete Short Loop Track, Katikati Bay of Plenty 

E211 030509.27 B. malawiensis Vespula sp. adult Aongatete Short Loop Track, Katikati Bay of Plenty 

E213 030509.29 B. malawiensis Vespula sp. adult Aongatete Short Loop Track, Katikati Bay of Plenty 

E214 030509.30 B. malawiensis Vespula sp. adult Aongatete Short Loop Track, Katikati Bay of Plenty 

E216 030509.2 B. malawiensis Vespula sp. adult Aongatete Short Loop Track, Katikati Bay of Plenty 

T885 000408.5 B. malawiensis Vespula sp. adult Mount French Track, Lake Brunner Nelson/Tasman 

NC222 060512.5 B. malawiensis Vespula sp. adult Oparara Arch Walk, Karamea BrunnerIW estland 

NCI07 050408.11 B. bassiana Orthoptera adult Mangawhero Forest Walk, Mount Ruapehu TongarirolRangitikei 

E1139 040510.1 B. bassiana Phaulacridium marginale adult Snowdens Bush Scenic Reserve, Brightwater Nelson/Tasman 
(Orthoptera: Acrididae) 

NC219 0605012.1 B. bassiana Orthoptera: Tettigoniidae adult Truman Track, Punakaiki BrunnerIW estland 
~ NC83 050412.1 B. malawiensis P. marginale adult Lake Kaniere Walkway, Hokitika BrunnerIW estland VI 

NC220 060512.2 B. malawiensis Orthoptera: Tettigoniidae adult Truman Track, Punakaiki BrunnerIW estland 

NC43 050405.8 B. bassiana Phasmatodea: Phasmatidae adult Mangawhero Forest Walk, Mount Ruapehu TongarirolRangitikei 

TE445 n.a. B. malawiensis Clitarchus hookeri adult Hapuka Estuary Walk, Okuru BrunnerIW estland 
(phasmatodea: Phasmatidae) 

NC96 050510.8 B. bassiana n.d adult Devils Punchbowl Track, Arthurs Pass North Canterbury 

NC99 050418.1 B. bassiana n.d. adult Devils Punchbowl Track, Arthurs Pass North Canterbury 

NCI00 050510.1 B. bassiana n.d. adult Devils Punchbowl Track, Arthurs Pass North Canterbury 

NCI0l 050418.5 B. bassiana n.d adult Devils Punchbowl Track, Arthurs Pass North Canterbury 

NCI04 050418.6 B. bassiana n.d. adult Devils Punchbowl Track, Arthurs Pass North Canterbury 

NC82 050320.2 B. bassiana n.d. adult Wooded Gully Track, Mount Thomas North Canterbury 

NC88 050320.10 B. bassiana n.d. adult Wooded Gully Track, Mount Thomas North Canterbury 

NC92 050320.14 B. bassiana n.d. adult Wooded Gully Track, Mount Thomas North Canterbury 

EI083 040510.15 B. bassiana n.d. adult Snowdens Bush Scenic Reserve, Brightwater Nelson/Tasman 
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Table 3.7 continued. 

Isolate # Specimen # Species Host Host stage Locality 

E1174 040511.22 B. bassiana n.d. adult Eves Valley Scenic Reserve, Brightwater 

NC41 050408.1 B. bassiana n.d. adult Mangawhero Forest Walk, Mount Ruapehu 

NCll0 050408.5 B. bassiana n.d adult Mangawhero Forest Walk, Mount Ruapehu 

NC119 050408.4 B. bassiana n.d. adult Mangawhero Forest Walle, Mount Ruapehu 

NC44 050408.12 B. caledonica n.d. adult Mangawhero Forest Walk, Mount Ruapehu 

EI077 040511.15 B. malawiensis n.d. adult Eves Valley Scenic Reserve, Brightwater 

n.a., not available; n.d., not determined; * culture provided by N. Waipara, AgResearch, Ruakura, February 2000 . 

Region 

Nelson/Tasman 

Tongariro/Rangitikei 

TongarirolRangitikei 

TongarirolRangitikei 

TongarirolRangitikei 

Nelson/Tasman 



3.3.2 Morphological characterisation 

Beauveria bassiana 

Conidia from B. bassiana specimens were globose to subglobose (Fig. 3.2A) and measured 1.6-

2.6 x 1.3-2.4 !lm (average 2.0 x 1.8 !lm) on the host. Conidia from cultures on Y4 SDY A after 14 

days measured 1.8-3.0 x 1.6-2.8 !lm (average 2.3 x 2.0 !lm). Conidial sizes from different host 

orders are shown in Table 3.8. There was no significant correlation between conidial size and 

host order. 

Table 3.8 Conidial sizes of B. bassiana from different host orders. Measurements are given in 

!lm with average values in brackets. 

Host order 

Aranaea 
Blattodea 
Coleoptera 
Hemiptera 
Hymenoptera 
Orthoptera 
Phasmatodea 
Unidentified 

Conidia on host 
length x width 

1.9-2.3 (2.0) x 1.7-2.1 (1.9) 
1.6-2.5 (2.0) x 1.6-2.2 (1.9) 
1.6-2.6 (2.0) x 1.4-2.4 (1.8) 
1.6-2.4 (2.0) x 1.4-2.2 (1.8) 
1.7-2.5 (2.0) x 1.3-2.3 (1.8) 
1.7-2.3 (2.0) x 1.4-2.1 (1.8) 
1.6-2.1 (1.9) x 1.5-2.0 (1.7) 
1.6-2.3 (2.0) x 1.3-2.2 (1.7) 

Conidia on Y4SDY A 
length x width 

2.0-2.9 (2.5) x 1.8-2.5 (2.1) 
1.9-2.6 (2.2) x 1.6-2.3 (2.0) 
1.9-2.9 (2.3) x 1.7-2.7 (2.0) 
1.9-3.0 (2.3) x 1.7-2.7 (2.1) 
1.9-2.8 (2.3) x 1.7-2.6 (2.1) 
1.9-2.9 (2.4) x 1.7-2.6 (2.2) 
1.9-2.5 (2.2) x 1.7-2.5 (2.0) 
1.8-2.9 (2.3) x 1.6-2.8 (2.0) 

PDD26260, PDD35494, PDD35523 (received as B. densa); PDD73899 and PDD34800 

(received as B. brongniartii) were all identified as B. bassiana with globose to subglobose 

conidia ranging from 1.6-3.0 x 1.4-2.6 !lm. Another specimen labelled B. dens a (PDD13960) 

had ellipsoidal to fusiform, catenate conidia and whorls of ellipsoidal to cylindrical phialides and 

was identified as Isaria farinosa. 

Beauveria brongniartii 

Isolate NC225 was initially identified as B. bassiana with globose to sub globose conidia (Fig. 

3.2E) measuring 2.0-2.6 x 1.8-2.2 !lm (average 2.3 x 1.9 !lm) on the host and 2.1-3.0 x 1.9-2.7 

/lm (average 2.6 x 2.2 /lm) on Y4 SDYA after 14 days. However, phylogenetic analyses (Figures 

3.7-3.10) identified the isolate as B. brongniartii. PDD25211 (dried culture, received as B. 

tenella) had subglobose to ellipsoidal conidia measuring 2.0-3.7 x 2.0 -3.3 !lm (average 3.1 x 2.5 

/lm) and was identified as B. brongniartii. 
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Beallveria malawiensis 

Conidia from B. malawiensis specimens were cylindrical (Fig. 3.4A) and measured 2.9-4.1 x 

1.1-1.9 /lm (average 3.4 x 1.4 /lm) on the host. Conidia from cultures on V4 SDY A after 14 days 

measured 3.0-4.8 x 1.1-2.0 /lm (average 3.5 x 1.5 /lm). Conidial sizes from different host orders 

are shown in Table 3.9. There was no significant correlation between conidial size and host 

order. 

Table 3.9 Conidial sizes of B. malawiensis from different host orders. Measurements are given 

in /lm with average values in brackets. 

Host order 

Coleoptera 
Hemiptera 
Hymenoptera 
Orthoptera 
Phasmatodea 
Unidentified 

Conidia on host 
length x width 

3.0-4.1 (3.4) x 1.2-1.8 (1.4) 
3.0-4.1 (3.4) x 1.1-1.8 (1.5) 
2.9-4.1 (3.4) x 1.1-1.9 (1.4) 
3.0-3.8 (3.3) x 1.2-1.8 (1.4) 
not available 
3.0-4.0 (3.4) x 1.2-1.5 (1.4) 

Conidia on V4 SDY A 
length x width 

3.0-4.8 (3.6) x 1.2-2.0 (1.5) 
3.0-4.3 (3.6) x 1.2-2.0 (1.5) 
3.0-4.4 (3.5) x 1.2-2.0 (1.5) 
3.1-4.2 (3.6) x 1.3-1.7 (1.5) 
3.3-4.2 (3.7) x 1.2-1.7 (1.5) 
3.0-4.1 (3.6) x 1.1-1.7 (1.4) 

Excluding PDD34800 and PDD73899, all specimens from PDD received as B. brongniartii were 

identified as B. malawiensis with cylindrical conidia measuring from 3.0-4.0 x 1.1-2.0 /lm. 

Beallveria caledonica 

Conidia from B. caledonica were ellipsoidal to cylindrical and often slightly curved (Fig. 3.6A

B). Conidia measured 2.2-3.3 x 1.1-1.6 /lm (average 2.7 x 1.4 /lm) on the host. Conidia from 

cultures on V4 SDY A after 14 days measured 2.8-5.1 x 1.0-2.1 /lm (average 3.5 x 1.4 /lm). 

Conidial sizes from different host orders are shown in Table 3.10. There was no significant 

correlation between conidial size and host order. 

Table 3.10 Conidial sizes of B. caledonica from different host orders. Measurements are given 

in /lm with average values in brackets. 

Host order 

Coleoptera 
Dermaptera 
Hemiptera 
Unidentified 

Conidia on host 
length x width 

2.2-3.3 (2.7) x 1.1-1.6 (1.4) 
2.5-3.1 (2.8) x 1.2-1.6 (1.3) 
2.4-3.1 (2.8) x 1.2-1.6 (1.4) 
2.4-3.1 (2.7) x 1.1-1.4 (1.2) 

Conidia on V4 SDY A 
length x width 

2.9-4.7 (3.5) x 1.0-2.1 (1.4) 
3.0-5.1 (3.4) x 1.1-1.7 (1.3) 
3.0-4.4 (3.7) x 1.2-1.7 (1.5) 
2.8-4.3 (3.3) x 1.1-1.7 (1.4) 

48 



Table 3.11 Measurements of conidia from Beauveria specimens and cultures. All measurements are in /lm with averages (n=25) in brackets. 

Isolate # Specimen # Species Host Region 
Conidia on 1;4 SDY A Conidia on host 
length x width length x width 

NC87 050320.11 B. bassiana Araneae North Canterbury 2.0-2.9 (2.5) x 1.8-2.5 (2.1) 1.9-2.3 (2.0) x 1.7-2.1 (1.9) 
NC79 050215.2 B. bassiana Blattodea North Canterbury 1.9-2.4 (2.1) x 1.6-2.2 (1.9) 1.6-2.2 (2.0) x 1.6-2.1 (1.8) 
NC84 050412.2 B. bassiana Blattodea BrunnerlW estland 1.9-2.6 (2.2) x 1.6-2.3 (2.0) 1.8-2.5 (2.1) x 1.6-2.2 (1.9) 
NC85 050412.3 B. bassiana Coleoptera BrunnerlW estland 2.0-2.7 (2.3) x 1.8-2.4 (2.0) 1.7-2.2 (2.0) x 1.5-2.2 (1.8) 
NC86 050412.4 B. bassiana Coleoptera BrunnerlW estland 2.0-2.5 (2.3) x 1.8-2.4 (2.0) 1.9-2.3 (2.1) x 1.7-2.2 (2.0) 
NC97 050301.1 B. bassiana Coleoptera BrunnerlW estland 2.0-2.6 (2.2) x 1.7-2.4 (2.0) 1.8-2.2 (1.9) x 1.5-2.1 (1.8) 
NC53 050408.6 B. bassiana Coleoptera TongarirolRangitikei 2.0-2.5 (2.2) x 1.7-2.3 (2.0) 1.6-2.0 (1.8) x 1.4-1.9(1.6) 
NC62 050406.31 B. bassiana Coleoptera TongarirolRangitikei 1.9-2.6 (2.2) x 1.8-2.3 (2.0) 1.7-2.0 (1.8) x 1.5-1.8 (1.6) 

E1082 040510.17 B. bassiana Coleoptera Nelson/Tasman 1.9-2.4 (2.2) x 1.7-2.2 (1.9) 1.9-2.3 (2.1) x 1.6-2.1 (1.8) 
NC106 050406.34 B. bassiana Coleoptera TongarirolRangitikei 2.0-2.9 (2.5) x 1.8-2.5 (2.1) 1. 7 -2.3 (1.9) x 1.4-1.9 (1.6) 

~ 
TE833 020506.1 B. bassiana Coleoptera BrunnerlW estland 2.2-2.8 (2.4) x 1.8-2.7 (2.1) 2.0-2.6 (2.2) x 1.8-2.4 (2.0) 

\0 E1080 040510.18 B. bassiana Coleoptera Nelson/Tasman 2.1-2.9 (2.3) x 1.8-2.3 (2.0) 2.0-2.5 (2.3) x 1.8-2.2 (2.0) 
E1073 040513.6 B. bassiana Coleoptera Nelson/Tasman 1.9-2.6 (2.2) x 1.7-2.4 (1.9) 1.9-2.5 (2.2) x 1.8-2.3 (2.1) 
E94 030422.2 B. caledonica Coleoptera BrunnerlW estland 3.0-4.7 (3.8) x 1.2-2.1 (1.7) 2.5-3.3 (2.8) x 1.2-1.6 (1.4) 
NC49 050406.4 B. caledonica Coleoptera TongarirolRangitikei 2.9-4.4 (3.5) x 1.0-1.8 (1.3) 2.3-3.1 (2.7) x 1.1-1.6 (1.4) 
NC142 060415.3 B. caledonica Coleoptera BrunnerlW estland 2.9-4.3 (3.3) x 1.1-1.6 (1.4) 2.2.2-9 (2.5) x 1.1-1.6 (1.4) 
NC95 050418.2 B. caledonica Coleoptera North Canterbury 2.9-4.5 (3.4) x 1.2-1.6 (1.3) 2.3-3.1 (2.7) x 1.1-1.5 (1.3) 
E222 030509.18 B. caledonica Coleoptera Bay of Plenty 2.9-4.3 (3.3) x 1.2-1.9 (1.5) 2.4-3.1 (2.7) x 1.2-1.6 (1.4) 
E205 030509.8 B. malawiensis Coleoptera Bay of Plenty 3.1-4.1 (3.6) x 1.3-2.0 (1.6) 3.0-4.1 (3.5) x 1.2-1.8 (1.4) 
E220 030509.7 B. malawiensis Coleoptera Bay of Plenty 3.1-3.9 (3.5) x 1.3-2.0 (1.6) 3.0-3.8 (3.4) x 1.3-1.6 (1.5) 
E195 030506.1 B. malawiensis Coleoptera Bay of Plenty 3.1-4.0 (3.5) x 1.2-1.8 (1.5) 3.2-4.0 (3.5) x 1.2-1.6 (1.4) 
E196 030506.4 B. malawiensis Coleoptera Bay of Plenty 3.0-4.0 (3.5) x 1.2-1.7 (1.3) 3.0-3.7 (3.3) x 1.2-1.8 (1.5) 
NC214 060511.3 B. malawiensis Coleoptera BrunnerlW estland 3.4-4.8 (4.0) x 1.3-1.8 (1.5) 3.0-3.8 (3.4) x 1.2-1.6 (1.5) 
E188 030506.12 B. malawiensis Coleoptera Bay of Plenty 3.1-4.2 (3.6) x 1.3-1.8 (1.6) 3.0-4.0 (3.4) x 1.3-1.6 (1.5) 

NC202 060508.3 B. malawiensis Coleoptera Nelson/Tasman 3.2-3.9 (3.5) x 1.3-1.7 (1.4) 3.3-3.8 (3.6) x 1.2-1.6 (1.3) 



Table 3.11 continued. 

Isolate # Specimen # Species Host Region 
Conidia on 1f4 SDY A Conidia on host 
length x width length x width 

NCl88 060415.51 B. malawiensis Coleoptera BrunnerlW estland 3.1-4.0 (3.6) x 1.2-1.9 (1.4) 3.0-3.8 (3.3) x 1.2-1.6 (1.3) 
EI079 040513.17 B. caledonica Dermaptera Nelson/Tasman 3.0-5.1 (3.4) x 1.1-1.7 (1.3) 2.5-3.1 (2.8) x 1.2-1.6 (1.3) 
NC225 060510.1 B. bassiana Diplopoda Nelson/Tasman 2.1-2.8 (2.4) x 1.8-2.2 (2.0) 2.0-2.6 (2.3) x 1.8-2.2 (1.9) 
T875 n.a. B. bassiana Diptera Waikato 2.1-2.5 (2.3) x 1.9-2.4 (2.1) n.a. 
NC123 050408.22 B. bassiana Hemiptera TongarirolRangitikei 2.1-3.0 (2.6) x 1.9-2.7 (2.2) 1.7-2.4 (2.1) x 1.6-2.2 (1.9) 
NC208 060509.6 B. bassiana Hemiptera Nelson/Tasman 2.0-2.5 (2.3) x 1.8-2.3 (2.1) 1.8-2.3 (2.0) x 1.5-2.1 (1.8) 

NC209 060509.7 B. bassiana Hemiptera Nelson/Tasman 1.9-2.6 (2.2) x 1.9-2.3 (2.1) 1.7-2.1 (1.9) x 1.4-1.9 (1.7) 
NC228 060509.1 B. bassiana Hemiptera Nelson/Tasman 1.9-2.4 (2.2) x 1.7-2.2 (2.0) 1.8-2.3 (2.1) x 1.7-2.1 (1.9) 
TE439 020417.6 B. bassiana Hemiptera BrunnerlW estland 1.9-2.4 (2.2) x 1.8-2.1 (1.9) 1.9-2.4 (2.2) x 1.8-2.1 (2.0) 
NClll 050404.11 B. bassiana Hemiptera TongarirolRangitikei 2.0-2.7 (2.3) x 1.8-2.5 (2.1) 1.6-2.0 (1.8) x 1.4-2.0 (1.7) 

VI NC48 050408.2 B. caledonica Hemiptera TongarirolRangitikei 3.0-4.4 (3.7) x 1.2-1.7 (1.5) 2.4-3.1 (2.8) x 1.2-1.6 (1.4) 0 

NC168 060415.27 B. malawiensis Hemiptera BrunnerlW estland 3.2-4.2 (3.6) x 1.3-1.9 (1.5) 3.0-4.0 (3.4) x 1.2-1.6 (1.4) 
E190 030509.34 B. malawiensis Hemiptera Bay of Plenty 3.0-3.9 (3.4) x 1.2-1.8 (1.5) 3.0-3.8 (3.3) x 1.2-1.5 (1.3) 
E219 030507.1 B. malawiensis Hemiptera Bay of Plenty 3.2-4.2 (3.6) x 1.3-1.9 (1.5) 3.0-3.7 (3.3) x 1.3-1.6 (1.5) 
E96 030422.6 B. malawiensis Hemiptera BrunnerlW estland 3.0-3.8 (3.4) x 1.2-1.7 (1.5) 3.1-3.7 (3.4) x 1.1-1.7 (1.4) 
TE672 020507.2 B. malawiensis Hemiptera BrunnerlW estland 3.2-4.0 (3.6) x 1.2-1.8 (1.5) 3.0-3.6 (3.4) x 1.4-1.8 (1.6) 

NC205 060508.1 B. malawiensis Hemiptera Nelson/Tasman 3.3-4.3 (3.6) x 1.2-1.7 (1.4) 3.0-3.9 (3.5) x 1.2-1.8 (1.5) 
NC78 050315.16 B. malawiensis Hemiptera BrunnerlW estland 3.2-4.2 (3.7) x 1.3-1.6 (1.4) 3.0-4.1 (3.5) x 1.2-1.7 (1.4) 
E221 030509.15 B. malawiensis Hemiptera Bay of Plenty 3.2-4.2 (3.7) x 1.5-2.0 (1.7) 3.0-3.8 (3.4) x 1.2-1.6 (1.4) 
E1063 040513.3 B. bassiana Hymenoptera Nelson/Tasman 2.1-2.7 (2.5) x 1.9-2.6 (2.2) 1.9-2.5 (2.1) x 1.7-2.0 (1.9) 
EI069 040511.12 B. bassiana Hymenoptera Nelson/Tasman 2.1-2.7 (2.4) x 1.8-2.6 (2.1) 1.9-2.3 (2.1) x 1.6-2.3 (1.8) 
EI068 040511.27 B. bassiana Hymenoptera Nelson/Tasman 2.1-2.8 (2.4) x 1.8-2.6 (2.2) 1.7-2.3 (2.1) x 1.6-2.2 (1.9) 
EI070 040511.17 B. bassiana Hymenoptera Nelson/Tasman 2.0-2.4 (2.2) x 1.7-2.3 (1.9) 1. 7 -2.0 (1.8) x 1.3-1.8 (1.6) 
E1l75 040511.24 B. bassiana Hymenoptera Nelson/Tasman 1.9-2.3 (2.1) x 1.8-2.2 (1.9) 1.9-2.3 (2.1) x 1.7-2.2 (2.0) 
EI057 040514.9 B. bassiana Hymenoptera Nelson/Tasman 2.0-2.6 (2.3) x 1.7-2.6 (2.1) 1.7-2.2 (1.9) x 1.5-2.0 (1.7) 



Table 3.11 continued. 

Isolate # Specimen # Species Host Region 
Conidia on y,. SDY A Conidia on host 
length x width length x width 

E1064 040514.6 B. bassiana Hymenoptera Nelson/Tasman 2.0-2.8 (2.3) x 1.7-2.6 (2.0) 1.9-2.5 (2.1) x 1.7-2.2 (1.9) 
E1065 040510.10 B. bassiana Hymenoptera Nelson/Tasman 2.0-2.8 (2.3) x 1.7-2.5 (2.0) 1.7-2.4 (2.0) x 1.5-2.2 (1.8) 
E1067 040513.15 B. bassiana Hymenoptera Nelson/Tasman 2.2-2.8 (2.4) x 1.7-2.6 (2.1) 1.7-2.3 (2.0) x 1.5-2.2 (1.8) 
T884 000408.1 B. malawiensis Hymenoptera BrunnerlWestland 3.1-4.2 (3.7) x 1.3-1.9 (1.5) 3.0-3.7 (3.4) x 1.3-1.6 (1.5) 
E197 030506.13 B. malawiensis Hymenoptera Bay of Plenty 3.2-4.0 (3.6) x 1.2-1.6 (1.4) 2.9-3.5 (3.2) x 1.1-1.5 (1.3) 
E201 030509.4 B. malawiensis Hymenoptera Bay of Plenty 3.2-4.2 (3.5) x 1.3-1.8 (1.5) 2.9-3.5 (3.2) x 1.3-1.6 (1.4) 
E206 030509.12 B. malawiensis Hymenoptera Bay of Plenty 3.0-3.8 (3.3) x 1.2-1.8 (1.5) 3.0-3.7 (3.3) x 1.2-1.6 (1.3) 
E207 030509.14 B. malawiensis Hymenoptera Bay of Plenty 3.0-3.9 (3.4) x 1.3-1.8 (1.4) 3.0-3.8 (3.4) x 1.2-1.6 (1.4) 

E208 030509.16 B. malawiensis Hymenoptera Bay of Plenty 3.2-4.1 (3.7) x 1.2-1.9 (1.6) 3.0-4.0 (3.5) x 1.2-1.6 (1.4) 
E210 030509.26 B. malawiensis Hymenoptera Bay of Plenty 3.0-3.6 (3.2) x 1 .2-1.8 (1.4) 3.0-3.6 (3.3) x 1.2-1.6 (1.4) 

Vl E215 030509.35 B. malawiensis Hymenoptera Bay of Plenty 3.1-4.3 (3.3) x 1.2-1.7 (1.4) 2.9-3.7 (3.4) x 1.2-1.8 (1.5) ...... 
E1059 040511.18 B. malawiensis Hymenoptera Nelson/Tasman 3.1-4.4 (3.6) x 1.3-2.0 (1.5) 3.0-3.8 (3.3) x 1.1-1.6 (1.4) 
E1060 040511.20 B. malawiensis Hymenoptera Nelson/Tasman 3.0-4.3 (3.5) x 1.3-1.8 (1.5) 3.1-3.9 (3.5) x 1.2-1.7 (1.4) 
E1066 040511.19 B. malawiensis Hymenoptera Nelson/Tasman 3.2-4.2 (3.7) x 1.2-1.8 (1.5) 3.0-3.8 (3.4) x 1.1-1.5 (1.3) 
E1084 040510.10 B. malawiensis Hymenoptera Nelson/Tasman 3.0-4.0 (3.3) x 1.1-1.7 (1.4) 2.9-3.4 (3.1) x 1.2-1.6 (1.4) 
E1176 040511.38 B. malawiensis Hymenoptera Nelson/Tasman 3.1-4.2 (3.6) x 1.3-1.8 (1.6) 3.1-3.9 (3.5) x 1.2-1.7 (1.4) 
NC210 060509.8 B. malawiensis Hymenoptera Nelson/Tasman 3.2-4.2 (3.5) x 1.2-1.7 (1.4) 2.9-3.7(3.2) x 1.3-1.7 (1.5) 
NC215 060511.4 B. malawiensis Hymenoptera BrunnerlWestland 3.1-4.3 (3.6) x 1.2-1.7 (1.4) 3.0-3.7 (3.4) x 1.3-1.8 (1.5) 
E202 030509.5 B. malawiensis Hymenoptera Bay of Plenty 3.0-4.1 (3.5) x 1.2-1.7 (1.4) 3.1-3.7 (3.3) x 1.2-1.5 (1.3) 
E203 030509.6 B. malawiensis Hymenoptera Bay of Plenty 3.1-4.0 (3.5) x 1.2-1.7 (1.5) 3.1-4.0 (3.6) x 1.2-1.6 (1.3) 
E211 030509.27 B. malawiensis Hymenoptera Bay of Plenty 3.0-4.1 (3.4) x 1.2-1.6 (1.4) 3.0-3.6 (3.4) x 1.2-1.6 (1.4) 
E213 030509.29 B. malawiensis Hymenoptera Bay of Plenty 3.2-4.0 (3.5) x 1.2-1.7 (1.5) 3.0-3.5 (3.2) x 1.2-1.7 (1.5) 
E214 030509.30 B. malawiensis Hymenoptera Bay of Plenty 3.0-4.0 (3.5) x 1.2-1.8 (1.4) 2.9-3.4 (3.2) x 1.1-1.6 (1.3) 
E216 030509.2 B. malawiensis Hymenoptera Bay of Plenty 3.1-4.2 (3.5) x 1.3-1.8 (1.6) 2.9-3.8 (3.3) x 1.1-1.8 (1.4) 
T885 000408.5 B. malawiensis Hymenoptera BrunnerIW estland 3.1-4.1 (3.6) x 1.2-1.7 (1.4) 3.1-4.1 (3.6) x 1.3-1.7 (1.6) 



Table 3.11 continued. 

Isolate # Specimen # Species Host Region 
Conidia on ~ SDY A Conidia on host 
length x width length x width 

NC222 060512.5 B. malawiensis Hymenoptera Nelson/Tasman 3.1-4.3 (3.7) x 1.3-2.0 (1.7) 3.2-4.0 (3.6) x 1.2 1.7 (1.5) 
NCl07 050408.11 B. bassiana Orthoptera Tongariro/Rangitikei 1.9-2.6 (2.3) x 1.7-2.2 (2.0) 1.7-2.1 (1.9) x 1.4-1.9 (1.6) 
Ell39 040510.1 B. bassiana Orthoptera Nelson/Tasman 1.9-2.8 (2.3) x 1.7-2.4 (2.1) 1.8-2.3 (2.1) x 1.6-2.1 (1.9) 
NC219 0605012.1 B. bassiana Orthoptera BrunnerIW estland 2.2-2.9 (2.6) x 2.0-2.6 (2.4) 1.7-2.3 (2.1) x 1.5-1.9 (1.8) 
NC83 050412.1 B. malawiensis Orthoptera BrunnerIW estland 3.1-4.2 (3.5) x 1.3-1.7 (1.5) 3.0-3.8 (3.2) x 1.2-1.5 (1.4) 
NC220 060512.2 B. malawiensis Orthoptera BrunnerIW estland 3.3-4.2 (3.7) x 1.3-1.7 (1.5) 3.0-3.7 (3.3) x 1.2-1.8 (1.4) 
NC43 050405.8 B. bassiana Phasmatodea TongarirolRangitikei 1.9-2.5 (2.2) x 1.7-2.5 (2.0) 1.6-2.1 (1.9) x 1.5-2.0 (1.7) 
TE445 n.a. B. malawiensis Phasmatodea BrunnerIW estland 3.3-4.2 (3.7) x 1.2-1.7 (1.5) n.a. 
NC96 050510.8 B. bassiana n.d North Canterbury 1.9-2.7 (2.2) x 1.7-2.5 (2.0) 1.9-2.3 (2.1) x 1.7-2.2 (1.9) 
NC99 050418.1 B. bassiana n.d. North Canterbury 2.0-2.6 (2.4) x 1.8-2.3 (2.1) 1. 7 -2.0 (1.9) x 1.4-1.8 (1.5) 

Ul NCIOO 050510.1 B. bassiana n.d. North Canterbury 1.9-2.6 (2.2) x 1.7-2.6 (2.0) 1.8-2.2 (2.1) x 1.6-2.2 (1.9) 
tv 

NC101 050418.5 B. bassiana n.d North Canterbury 2.1-2.9 (2.5) x 1.8-2.8 (2.2) 1.6-2.1 (1.8) x 1.4-2.0 (1.6) 

NC104 050418.6 B. bassiana n.d. North Canterbury 2.0-2.7 (2.3) x 1.6-2.4 (1.9) 1.8-2.2 (2.0) x 1.5-1.9 (1.7) 
NC82 050320.2 B. bassiana n.d. North Canterbury 1.8-2.3 (2.0) x 1.6-2.3 (1.9) 1.7-2.1 (2.0) x 1.5-1.9 (1.7) 
NC88 050320.10 B. bassiana n.d. North Canterbury 1.8-2.5 (2.1) x 1.6-2.1 (1.9) 1.7-2.2 (1.9) x 1.5-1.9 (1.7) 
NC92 050320.14 B. bassiana n.d. North Canterbury 2.0-2.7 (2.3) x 1.9-2.5 (2.1) 1.8-2.1 (1.9) x 1.3-2.0 (1.7) 
EI083 040510.15 B. bassiana n.d. Nelson/Tasman 2.2-2.9 (2.5) x 2.0-2.6 (2.3) 1.9-2.3 (2.1) x 1.6-2.0 (1.8) 
E1l74 040511.22 B. bassiana n.d. Nelson/Tasman 2.0-2.7 (2.3) x 1.8-2.5 (2.0) 1.6-2.1 (1.9) x 1.5-2.0 (1.6) 
NC41 050408.1 B. bassiana n.d. TongarirolRangitikei 2.0-2.6 (2.2) x 1.8-2.5 (2.1) 1.7-2.2 (2.0) x 1.6-2.2 (1.8) 

NC110 050408.5 B. bassiana n.d Tongariro/Rangitikei 2.0-2.9 (2.3) x 1.8-2.6 (2.1) 1.7-2.1 (1.9) x 1.5-2.0 (1.7) 
NCl19 050408.4 B. bassiana n.d. TongarirolRangitikei 1.9-2.9 (2.4) x 1.8-2.6 (2.1) 1.7-2.2 (2.0) x 1.6-2.1 (1.7) 
NC44 050408.12 B. caledonica n.d. TongarirolRangitikei 2.8-4.3 (3.3) x 1.1-1.7 (1.4) 2.4-3.1 (2.7) x 1.1-1.4 (1.2) 
E1077 040511.15 B. malawiensis n.d. Nelson/Tasman 3.0-4.1 (3.6) x 1.1-1.7 (1.4) 3.0-4.0 (3.4) x 1.2-1.5 (1.4) 

n.a., not available; n.d., not determined 
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Figure 3.1 A·G Beauveria bassiana on various hosts: A Hymenoptera, 040511.27; 
B Coleoptera, 050406.34; C Blattodea, 050215.2; D Coleoptera, 040510.1; E Orthoptera, 
040510.1; F Hemiptera, 050408.2; G Hemiptera, 020417.6. H Beauveria brongniartii on 
Sphaerotheriida, 060510.1. 
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Figure 3.2. A-D Beauveria bassiana: A conidia, 050408.22 (clade A); B conidia, 
040511.24 (clade C); CaD conidiogenous cells, 040511.24. E-F Beauveria brongniarlii: 
E conidia, 060510.1; F conidiogenous cells, 060510.1. Scale bars indicate 5 )lm 
in A, S, C, E; and 10 )lm in D, F. 
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Figure 3.3. A·H Beauveria malawiensis: A 030509.4, B 000408.1 on Hymenoptera; C 
030506.1, on Coleoptera; D 030509.15, E 060415.27, F 030507.1, on Hemiptera; G 
060508.3, H 060511.3, on Coleoptera. 
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Figure 3.4. A·D Beauveria malawiensis: A conidia, 060512.5; B conidiogenous 
cells, 060511.4; C-D conidiogenous cells, 060415.51. Scale bars indicate 10 Ilm 
inA, 8; 51lm in C, D. 
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Figure 3.5. A-F Beauveria caledonica: A 030422.2, B 030509.18, C 060415.3, D 
050406.4, on Coleoptera; E 050408.2, on Hemiptera; F 040513.17, on Dermaptera. 
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Figure 3.6. A-F Beauveria caledonica: A conidia, 30422.2, B conidia from 1/4 SDYA 
culture NC94,C-F conidiogenous cells,060415.3. 
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3.3.3 Phylogenetic analyses 

Sequences from the ITSl-5.8S-ITS2 region using primers AB28 and TW81 were approximately 

534 nucleotides in length. Sequences were trimmed at each end to match the shortest Genbank 

sequences included in the analyses. The final ITS dataset consisted of 506 aligned positions, of 

which 52 were parsimony-informative sites. The optimal tree from the neighbour-joining 

analysis of the full ITS dataset is shown in Fig. 3.7. Maximum parsimony (MP) analysis of the 

smaller ITS dataset yielded 902 equally parsimonious trees with a length of 89 steps. Bayesian 

likelihood analysis was conducted using the GTR+I+G model (general time reversible model 

with a gamma distribution and a proportion of invariable sites). The consensus tree from 

Bayesian analysis showed no significant conflict with the trees from MP analysis. One of the 

most parsimonious trees from the maximum parsimony analysis of the ITS region is shown in 

Fig. 3.8 with MP bootstrap values (BS) and posterior probabilities (PP) from the Bayesian 

analysis. 

Partial EF I-a sequences obtained usmg the pnmers 1777F and 2218R consisted of 

approximately 529 nucleotides. These were trimmed in the final alignment to match the shortest 

included Genbank sequence. The final EFl-a dataset had 470 aligned positions with 30 

parsimony-infonnative sites. The optimal tree from the neighbour-joining analysis of the full 

EF1-a dataset is shown in Fig. 3.9. Maximum parsimony analysis of the smaller EF1-a dataset 

yielded 1012 equally parsimonious trees with a length of 61 steps. Bayesian likelihood analysis 

was conducted using the GTR+I+G model. The consensus tree from Bayesian analysis showed 

no significant conflict with the trees from MP analysis. One of the most parsimonious trees from 

the maximum parsimony analysis ofEF1-a is shown in Fig. 3.10 with MP bootstrap values (BS) 

and posterior probabilities (PP) from the Bayesian analysis. 

Neighbour-joining, maximum parsimony and Bayesian analyses of the EF1-a dataset generally 

supported the results from the ITS analyses, but usually with lower branch support for the 

tenninal clades. However, the ITS and EFl-a phylogenies showed significant conflict in their 

grouping of several B. caledonica isolates and the datasets were not considered suitable for 

combined analysis. 

In most cases analysis of the ITS and partial EF I-a regions tended to confinn speCIes 

identifications based on conidial morphology. Beauveria bassiana isolates clustered in the two 

main lineages (clades A and C) identified by Rehner and Buckley (2005). Differing levels of 

support for clade C were provided by EF1-a (84% NJ BS, 75% MP BS, 53% PP) and ITS (98 % 

NJ BS, 69% MP BS, unsupported in Bayesian). Analyses of the EF1-a region showed limited 
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support (54% NJ BS, 32% MP BS, 53% PP) for clade A compared with ITS (95% NJ BS, 71 % 

MP BS, 100% PP). 

A single isolate identified from morphology as B. bassiana grouped with B. brongniartii in the 

NJ and MP analyses of ITS (99% NJ BS, 90% MP BS) and EF1-a (84% NJ BS, 64% MP BS). 

Bayesian analysis of each region failed to resolve B. brongniartii, with the three included 

sequences forming a polytomy at a basal node. The identification of B. malawiensis was strongly 

supported from analysis of both ITS (99% NJ BS, 99% MP BS, 100% PP) and EF1-a (94% NJ 

BS, 88% MP BS, 98% PP). In the ITS phylogeny New Zealand B. caledonica isolates formed 

two distinct well-supported clades. One group corresponded with Scottish (ARSEF 2567) and 

Swiss (ARSEF 1567) isolates of B. caledonica (97% NJ BS, 90% MP BS, 98% PP) while the 

other group was closer to a South American isolate ARSEF 2251 (89% NJ BS, 70% MP BS, 

55% PP). In contrast, partial EF1-a sequences grouped all of the New Zealand B. caledonica 

with ARSEF 2251 (62 % NJ BS, 71% MP BS, 65% PP) while ARSEF 1567 and ARSEF 2567 

formed a distinct and strongly supported (67% NJ BS, 82% MP BS, 95% PP) clade. 

60 



S. cf. bassiana 
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NC209 Hemiptera 
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E1057 Hymenoptera 
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E1175 Hymenoptera 
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B. caledonica 
S. caledonica 

97 NC48 Hemiptera ....----1 E94 Coleoptera 

63 
E222 Coleoptera 
NC95 Coleoptera 
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99 S. cf. caledonica 2251 Brazil 
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E1079 Dermaptera 

1----- S. vermiconia 
1--___ ~99-1 S. amorpha 2641 Brazil 

S. amorpha 1969 Peru 
B. brongniartii JE276 Switzerland 

B. brongniartii 4362 Japan 
NC225 Sphaerotheriida 

S. malawiensis ... ,,&&.,~,"'" 
E188 Coleoptera 
NC202 Coleoptera 
NC214 Coleoptera 
E96 HemiRtera 
E190 Hemiptera 
E219 Hemiptera 
E221 Hemiptera 
NC78 HemlRtera 
NC168 Hemiptera 

99 TE672 Hemiptera 
...-______ --1 E195 Hymenoptera 

E201 Hymenoptera 
E213 Hymenoptera 
E1066 Hymenoptera 
E1084 Hymenoptera 
E1176 Hymenoptera 
NC210 Hymenoptera 
NC222 Hymenoptera 
T884 Hymenoptera 
T885 Hymemoptera 
NC83 Orthoptera 
NC220 Orthoptera 
TE445 Phasmatodea 

69 Cordyceps cf. staphylinidicola 7044 
'--___ -I Cordyceps sCl1rl1baeicoia 5689 China 

94 Cordyceps cf. scarabaeicola EFCC252 
S. bassiana 1153 Morocco 
S. basslana 300 Australia 

65 S. bassiana 344 USA 
B. bassiana 1811 Morocco 
bassiana 296 USA 

T875 Diptera 
B. bassiana 652 China 
S. bassiana 751 Vietnam 
S. bassiana 1848 Belgium B. bassiana 

E1069 Hymenoptera Clade A 
95 NC123 Hemiptera 

E1063 Hymenoptera 
S. bassiana 1802 Greece 
S. bassiana 326 Australia 
S. bassiana 843 Costa Rica 

NC25 /saria cicadae 
...... ---------------------9::':9' Cordyceps cf. takaomontana BCC28612 

f----------j 

0.005 

Figure 3.7 Optimal tree from neighbour-joining analysis of ITS sequences from Beauveria isolates. 
Genbank accession numbers for overseas isolates (in red) are given in Table 3.3. Bootstrap values 
(1000 replicates) and posterior probabilities 2:50% from Bayesian likelihood analysis are labelled at 
each branch, respectively. 
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57/54 

99/100 

99/100 
E221 Hemiptera 
NC220 Orthoptera 

,...------i TE445 Phasmatodea 

E1057 Hymenoptera 
NC87 Araneae 

69/- E11390rthoptera 
NC43 Phasmatodea 
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NC84 Blattodea 
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Cordyceps cf. takaomontana BCC28612 
100/100 NC25 Isaria cicadae 

Figure 3.8 One of the shortest trees from maximum parsimony analysis of ITS sequences from 
Beauveria isolates. Genbank accession numbers for overseas isolates (in red) are given in Table 3.3 
Bootstrap values (1000 replicates) and posterior probabilities ::0:50% from Bayesian likelihood analysis 
are labelled at each branch, respectively. 
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Figure 3.9 Optimal tree from neighbour-joining analysis of EFl-a sequences from Beauveria 
isolates. Genbank accession numbers for overseas isolates (in red) are given in Table 3.3. Bootstrap 
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overseas isolates (in red) are given in Table 3.3. 
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3.3.4 Tenebrio molitor bioassays 

Bioassays confirmed that all tested strains of B. bassiana and B. malawiensis isolated from 

coleopteran, hemipteran, and hymenopteran hosts were pathogenic towards T. molitor larvae. All 

Beauveria strains caused significant mortality of T. molitor when compared to the controls after 

12 days. Control mortality ranged between 0% and 5% after 12 days (Fig 3.11A-C). Mortality 

trends were similar across all of the tested fungi with most larvae dying between 5 and 12 days. 

Coleopteran isolates 

Mean mortality caused by isolates from Coleoptera ranged from 93% to 100% after 12 days (Fig. 

3.11A). Mean LTso values ranged from 5.14 to 7.49 days with a total mean LTso of 6.12 days. 

Isolate NC106 (B. bassiana) had significantly higher LTso values compared to all other isolates 

(Fig 3.l2A). Total means for each species were 6.17 days for B. bassiana and 6.03 days for B. 

malawiensis. No significant difference was found between the total mean LTso values from each 

speCIes. 

Hemipteran isolates 

Mean mortality caused by isolates from Hemiptera ranged from 63% to 100% after 12 days (Fig. 

3.11B). Mean LTso values ranged from 6.43 to 10.8 days with a total mean of7.54 days. Isolate 

TE672 (B. malawiensis) had significantly higher LTso values compared to all other isolates (Fig 

3.l2B). Total means for each species were 7.09 days for B. bassiana and 7.98 days for B. 

malawiensis. Total mean LTso values were significantly higher for B. malawiensis. 

Hymenopteran isolates 

Mean mortality caused by isolates from Hemiptera ranged from 67% to 100% after 12 days (Fig. 

3.11C). Mean LTso values ranged from 6.98 to 11.13 days with a total mean of 8.38 days. 

Isolates EI057 and EI069 (both B. bassiana) had significantly higher LTso values compared to 

all other isolates (Fig. 3.12C). Total means for each species were 8.85 days for B. bassiana and 

7.91 days for B. malawiensis. Total mean LTso values were significantly higher for B. bassiana. 
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Figure 3.11 Cumulative mortality of Tenebrio molitor larvae after inoculation with Beauveria species 
isolated from A) Coleoptera; B) Hemiptera; C) Hymenoptera. Each graph shows means (n=60) from two 
replicate bioassays. 
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67 



3.3.5 Vespula vulgaris bioassay 

Bioassays confirmed that all tested strains of B. bassiana and B. malawiensis were pathogenic 
towards V. vulgaris larvae. All isolates caused significant mortality when compared to the 
controls after 10 days. Mortality ranged from 93 to 100% after 10 days (Fig. 3.13A). There was 
no mortality in control larvae. Mean LT50 values ranged from 4.7 days to 6.02 days with a total 
mean of 5.46 days. A significant difference was found between the most virulent (B. bassiana 

EI067) and least virulent (B. malawiensis EI066) isolates (Fig. 3.13B). Total means for each 
species were 5.13 days for B. bassiana and 5.79 days for B. malawiensis. Total mean LT50 values 
were significantly higher for B. malawiensis. 
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Figure 3.13 A) Cumulative mortality of Vespula vulgaris larvae after inoculation with 
Beauveria species; B) Mean LT50 values from Vespula vulgaris bioassay. Means with the 
same letter are not significantly different at P < 0.05. 
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3.4 Discussion 

Beauveria species were common in New Zealand native forests and were collected from sites in 

all of the five main regions in this study (Tables 3.4, 3.6, 3.7). Insects were the most frequent 

hosts, with collections including representatives from Blattodea, Coleoptera, Dermaptera, 

Hemiptera, Hymenoptera, Orthoptera and Phasmatodea. Members of Hymenoptera (mainly 

Vespula spp.) were the most commonly collected hosts (33%), followed by species in Coleoptera 

(24%) and Hemiptera (16%, mainly Cicadidae). Beauveria species were also found on two non

insect arthropods in Aranaea and Diplopoda (Table 3.S). Beauveria bassiana and B. malawiensis 

appeared to be the main Beauveria species in native forest, with each sharing a broad host range. 

Fewer collections of B. brongniartii and B. caledonica were made, which may reflect more 

stringent host requirements of these species. 

Beauveria bassiana, B. malawiensis, and B. caledonica could be readily distinguished by their 

conidial morphology (Tables 3.8-3.11), with sequence data from the ITS and EFl-a regions 

(Figs. 3.7-3.10) generally supporting identifications based on conidial form. However, conidial 

morphology did not fully indicate the phylogenetic affiliations of all isolates. Two previously 

reported phylogenetic species within B. bassiana were identified but could not be reliably 

separated by morphological data. Similarly, a B. brongniartii isolate (NC22S) did not show the 

typical morphology of this species and could only be identified from molecular data. These 

results confirm the necessity of molecular-level characterisation for unambiguous identification 

of Beauveria species. 

Beauveria bassiana was isolated from insect hosts in Blattodea, Coleoptera, Hemiptera, 

Hymenoptera, Orthoptera, and Phasmatodea. Several collections represent new host records for 

B. bassiana in New Zealand: Stethaspsis suturalis (Coleoptera), Phaulacridium marginale 

(Orthoptera), and Cetatoblatta spp. (Blattodea). B. bassiana has not been previously reported in 

this country from any Blattodean or Orthopteran hosts. A single collection of a spider infected 

by B. bassiana represents an uncommon host association for this species. Most records of B. 

bassiana from arachnids are associated with mites (Chandler et at. 2000; Li 1998), and only one 

previous record of the species infecting spiders could be found (Petch 1931). 

Specimens identified as B. bassiana typically had globose to subglobose conidia (Fig. 3.2A), 

measuring from 1.6-2.6 x 1.3-2.4 flm on the host and 1.8-3.0 x 1.6-2.8 flm in culture. Conidial 

sizes were comparable to those recorded for New Zealand (Glare et at. 1996a; Glare & Inwood 

1998; Townsend et al. 1995) and overseas isolates (e.g. de Hoog 1972; Mugnai et al. 1989; 

Rehner & Buckley 200S). No significant correlation was found between conidial size and host. 
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Sequences from the ITS and EF1-a region separated B. bassiana isolates into the two 

phylogenetic species (clade A and clade C) identified by Rehner & Buckley (2005), confirming 

an earlier report that both taxa are present in New Zealand (Reay et al. 2007). Generally, 

representatives of each group were morphologically indistinguishable (e.g. Fig. 3.2A-B) and had 

overlapping ranges of conidial size. However, one clade A isolate (NC123) had slightly larger 

conidia than B. bassiana species identified as clade C in the phylogenetic analyses. Rehner & 

Buckley (2005) also reported larger conidia in this clade, although similarly the difference was 

not consistently shown in all isolates. 

Beauveria bassiana isolates that grouped in clade C showed no variation in ITS sequences and 

were identical with the European and North American representatives included in the analyses. 

Slightly more variation was seen in the EF1-a region, but differences were limited to changes at 

only one or two nucleotide positions. Clade A isolates were more variable in both ITS and EF1-

a sequences. Isolates E1063, E1069 and NC123 had similar ITS and EF1-a sequences, while 

T875 was more divergent and differed by a total of seven nucleotides over the two regions. 

These differences suggest that the two groups of isolates have different origins in New Zealand 

and may reflect the outcome of separate historical dispersal events (see Rehner & Buckley 2005; 

Rehner et al. 2006b). Sequences from isolate T875 consistently grouped with those from a 

Chinese isolate (ARSEF652) in the ITS and EF1-a phylogenies, suggesting a close relationship 

and shared evolutionary history of these isolates. 

Currently, little information is available concerning the distribution of the two B. bassiana clades 

in New Zealand. The presence of both groups in native forests was first demonstrated by Reay et 

al. (2007) in association with Platypus spp. (Curculionidae: Coleoptera). In the present study, 

while representatives of both clades were also found in native forests, the majority of isolates 

grouped in clade C. In contrast, B. bassiana isolates from New Zealand pine plantations were all 

found to belong to clade A (Reay et al. 2008). These findings suggest that clade C may be 

restricted to undisturbed habitats in New Zealand. Populations of entomopathogenic fungi are 

thought to be particularly sensitive to disturbance effects from human land use (Barker & Barker 

1998; Hywel-Jones 2001; Samson et al. 1988). Molecular characterisation of B. bassiana isolates 

from other modified environments (e.g. agricultural settings) in New Zealand may provide 

further information on any habitat preferences shown by each clade. 

A Beauveria specimen (NC225) from the pill millipede Procyliosoma tuberculatum (Diplopoda) 

was initially identified as B. bassiana and formed globose-subglobose conidia (Fig. 3.2E) 

measuring 2.0-2.6 x l.8-2.2 )Jm on the host and 2.1-3.0 x l.9-2.7 )Jm in culture. However, 
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phylogenetic analysis identified the isolate as B. brongniartii, with ITS and EF1-a sequences 

each differing at a single nucleotide position from sequences of the closest overseas strain. While 

this species has generally been differentiated from B. bassiana by larger (>3 /lm long) ellipsoidal 

conidia (de Hoog 1972; Glare & Inwood 1998), in some cases strains that formed ellipsoidal 

conidia on the hosts were shown to produce only spherical conidia in culture (Mugnai et al. 

1989; Townsend et al. 1995). In other studies, strains forming ellipsoidal conidia in culture were 

identified as B. bassiana based on DNA sequence data (Aquino de Muro et al. 2005; Rehner & 

Buckley 2005). Isolate NC225 provides another example of the difficulties associated with 

applying morphological criteria to distinguish between these two species. No other collections of 

B. brongniartii were made in this study and the species appears to be rare in native forests, 

despite earlier records of the fungus infecting a wide range of hosts in these habitats (Anon 

2001-2009; Glare et al. 1993b). 

Although millipedes (Diplopoda) are commonly infected by biotrophic fungal parasites in 

Laboulbeniales (Rossi & Weir 1998; Weir & Beakes 1995), there are few records of true fungal 

pathogens from these hosts. Beauveria brongniartii has not been previously recorded as infecting 

diplopods, although Petch (1931) collected B. bassiana from a millipede in Ceylon. Verticillium 

griseum (Gams 1971) and an undescribed Lecanicillium species (Kurihaya et al. 2008) have also 

been reported from millipedes. Significantly, two surveys aimed at finding potential biocontrol 

agents for millipede pests failed to find any entomopathogenic fungi among their natural enemies 

(Baker 1985; Brito 1994). Diplopods are known to secrete defence compounds with antifungal 

properties (Sierwald & Bond 2007), which could explain the lack of pathogenic fungi found in 

association with these invertebrates. 

Beauveria malawiensis is recorded infecting insects in New Zealand for the first time. The 

species was easily distinguished from other Beauveria species by the characteristic straight, 

cylindrical conidia (Fig. 3.4A-C). Conidia from cultures of New Zealand isolates were of slightly 

different dimensions (3.0-4.8 x 1.1-2.0 /lm) to those recorded in the original description of B. 

malawiensis (3.7-4.5 x 1.3-1.9 /lm), but shared the typical globose conidiophores (Fig. 3.4C-D) 

and pink conidia in culture described for this species (Rehner et al. 2006a). No significant 

correlation was found between conidial size and host. ITS sequences were identical to those from 

the type specimen, as were most partial EF I-a sequences, apart from two isolates from 

Hemiptera which differed at a single nucleotide position. A previous report identified an isolate 

from a New Zealand pine forest soil as B. malawiensis based on analysis of a partial EF1-a 

sequence (Reay et al. 2008). Another New Zealand soil isolate identified variously as B. 
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brongniartii (Glare 2004) and Cordyceps scarabaeicola (Reay et al. 2007), also represents B. 

malawiensis based on the ITS sequence available for this isolate (Genbank DQ385618). 

Rehner et al. (2006a) described B. malawiensis from a single culture isolated from the 

coleopteran species Phoracantha semipunctata (Cerambycidae) and there have been no 

subsequent records of this species from other hosts. The present study significantly extends the 

known host range of B. malawiensis. In native forests, the species was collected on hosts in at 

least ten different families in Coleoptera, Hemiptera, Hymenoptera, Orthoptera and 

Phasmatodea. Hymenopteran. Vespula species were particularly common as hosts of B. 

malawiensis, and large numbers of wasps killed by this species were observed at sites in Nelson 

and the Bay of Plenty. 

Beauveria malawiensis was first described from an isolate which had been originally identified 

as B. brongniartii (Rehner et al. 2006a). The apparent rarity of B. brongniartii in native forests 

observed in this study suggests that many earlier records of this species in these habitats may 

have actually been B. malawiensis. This conclusion is also supported by the wide host range 

previously recorded for B. brongniartii in this country (Anon 2001-2009; Glare et al. 1993b), 

which tends to correlate with that of B. malawiensis. Examination of PDD herbarium specimens 

originally identified as B. brongniartii confirmed that these are all B. malawiensis or B. 

bassiana. Based on conidial morphology, the only PDD specimen likely to represent B. 

brongniarti is PDD25211 (received as B. teneZla). However, the material examined consisted of 

a dried agar culture, and any identification must remain tentative considering previous reports of 

the variability of B. bassiana and B. brongniartii in culture (Aquino de Muro et al. 2005; Mugnai 

et al. 1989; Rehner & Buckley 2005; Townsend et al. 1995). While B. brongniartii seems to be 

rare in native forests, several isolates from scarabaeid hosts in New Zealand pastures appear to 

be 'authentic' B. brongniartii based on morphological and molecular data (Glare & Inwood 

1998), so the species may be more common in agricultural habitats. 

To investigate host specificity in B. malawiensis and B. bassiana, laboratory bioassays were 

conducted to examine the pathogenicity of strains isolated from various hosts towards the 

coleopteran species Tenebrio molitor. B. bassiana and B. malawiensis isolates from Coleoptera, 

Hymenoptera and Hemiptera were all shown to be pathogenic towards T. molitor larvae (Fig. 

3.11). All of the isolates tested caused significantly higher mortality than the controls after 12 

days. These results would seem to indicate that the examined strains of both B. malawiensis and 

B. bassiana are generalists with no strict host preference. However, differences in virulence as 

expressed by LT50 times were observed among isolates from each host group. Although isolates 
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from non-coleopteran hosts generally had similar virulence to those derived from Coleoptera, 

single isolates of B. bassiana from the hemipteran group and B. malawiensis from the 

hymenopteran groups each caused significantly lower mortality (Fig. 3.11) and had higher LT 50 

times (Fig. 3.12). Although this could suggest a degree of specialisation towards the hosts from 

which they were originally isolated, they could instead represent strains that are simply less 

virulent towards insects in general. Further studies testing comparative virulence towards a wide 

range of insect species are needed to more fully investigate any specific host preferences shown 

by individual isolates of these species. 

The potential of B. bassiana and B. malawiensis strains for control of Vespula wasps was also 

examined. The latter species has not been previously tested against these insects. B. bassiana and 

B. malawiensis strains isolated from wasp hosts all caused significant mortality compared with 

the controls when tested against V. vulgaris larvae (Fig. 3.13A). Isolates varied in virulence 

towards V. vulgaris. Shorter LT50 times were shown by B. bassiana isolates indicating that these 

strains may make the best candidates for wasp control (Fig. 3.13B). Further characterisation of 

the efficacy of these strains against Vespula species is suggested. 

Beauveria caledonica was also isolated from insects in native forests. The species has only been 

previously recorded in New Zealand in association with Coleoptera in pine plantations (Glare et 

al. 2008; Reay et al. 2008). While most collections of B. caledonica from native forest were also 

from Coleoptera, single collections of an infected cicada and a dermapteran (earwig) species 

were also made. The species has not been previously recorded from non-coleopteran hosts. 

Morphologically, B. caledonica specimens were characterised by ellipsoidal to cylindrical 

conidia, measuring 2.2-3.3 x 1.1-1.6 )lm on the host (Fig. 3.6A) and 2.8-5.1 x1.0-2.1 )lm in 

culture (Fig. 3.6B), closely matching the description by Bisset & Widden (1988). While conidial 

dimensions tend to overlap those of B. malawiensis, conidia of B. caledonica were often 

distinctively flattened on one side or slightly curved, sometimes with an almost reniform 

appearance. Conidia of B. amorpha also have a similar shape but are larger, measuring 3.5-5 x 

1.5-2.0 )lm on the host and 5-6 x 1.5-1.7 )lm in culture (Samson & Evans 1982). In the ITS 

phylogeny, New Zealand isolates of B. caledonica formed two separate lineages. One group had 

identical ITS sequences Scottish (ARSEF 2567) and Swiss (ARSEF 1567) strains of B. 

caledonica while those of the other group were identical to a South American strain, ARSEF 

2251. In contrast, EF I-a sequences grouped all of the New Zealand isolates with ARSEF 2251. 

No consistent morphological differences were observed between the two groups. Glare et al. 

(2008) also reported New Zealand B. caledonica isolates with ITS identical to ARSEF 2567 and 

73 



ARSEF 1567, and EF1-a identical to ARSEF2251. Rehner & Buckley (2005) suggested that 

ARSEF 2251 may represent a separate species from B. caledonica based on its differing ITS and 

EF1-a sequences and a slight difference in conidial size. However, until the taxonomic status of 

this strain is clarified it seems advisable to classify all of the New Zealand strains discussed here 

as B. caledonica. 

Glare et al. (2008) suggested that B. caledonica may have been introduced to New Zealand from 

Britain with Hylastes ater and Hylurgus ligniperda, based on the occurrence of the fungus on 

similar hosts in both countries. In this case, the present study shows that B. caledonica has now 

become established in native forest, possibly through migration of infected hosts from pine 

forests. The discovery of two distinct ITS haplotypes in New Zealand strains suggests that two 

separate introductions of B. caledonica have taken place. 

Increasing molecular evidence has shown that many elements of the New Zealand biota (see 

McDowall 2007; Perrie & Brownsey 2007), including fungal species (Moncalvo & Buchanan 

2008; Moyersoen et al. 2003) have originated in New Zealand through long distance dispersal. 

This is particularly relevant to explaining geographically disjunct distributions of fungal taxa, as 

fungal spores have been shown to travel for thousands of kilometres on wind currents (Brown & 

Hovmoller 2002; McKenzie 2000). Entomopathogenic fungi may also migrate via living, 

infected insects; or through accidental transportation of diseased insects by human activities 

(Bidochka & Small 2005). Future studies using additional, higher resolution molecular markers 

(e.g. Rehner et al. 2006b) may provide insight into the phylogeographic history and likely 

origins of Beauveria species in New Zealand. 
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CHAPTER FOUR: THE GENUS ISARIA IN NATIVE FORESTS 

4.1 Introduction 

The genus Isaria has had a complex taxonomic history. The name Isaria was first used by Hill in 

1791 for three species that are now recognised as representing a myxomycete, a basidiomycete 

and a rust (Petch 1934). Throughout the nineteenth and early twentieth century, many species 

were added to the genus, which ultimately came to include over 200 species of mainly 

entomopathogenic and mycoparasitic fungi (Hodge et a1. 2005). Generally, species were 

classified in Isaria based on the presence of simple or branched synnemata producing one-celled 

hyaline conidia, with no consideration given to differences in conidiogenous structures (Mains 

1955). Petch (1934) also noted that in some cases species were also included in the genus solely 

on the basis of their association with insects. 

Members of Isaria were later redistributed amongst diverse fungal groups, with 

entomopathogenic species transferred to several genera including Akanthomyces, Gibellu1a, 

Hirsutella, Hymenostilbe and Spicaria (e.g. Speare 1920; Petch 1932a, 1932b, 1936, 1937; 

Mains 1950). Clements & Shear (1931) proposed the entomopathogenic Isaria farinosa as the 

type species for Isaria, and this decision was also supported by Mains (1955). However, Petch 

(1934) reviewed the early nomenclatural history and identified varying concepts of the genus 

among early authors, leading to confusion over the correct typification. Petch suggested that 

Isaria should not be used as a generic name and followed Vuillemin who had earlier regarded 1. 

farinosa as a member of Spicaria (Brown & Smith 1957). 

The genus Spicaria was formerly used to accommodate species with verticillate conidiophores 

and phialides, bearing chains of conidia. However, as noted by Vuillemin (1912) and Owen 

(1919), these characteristics differed from the original description of the genus which had been 

misinterpreted by subsequent authors. Hughes (1951) suggested that because of this taxonomic 

confusion Spicaria should be abandoned and transferred two species to the similar but little 

known genus Paecilomyces, established by Bainier in 1907 for the thermophilic species P. 

variotii. Paecilomyces was described as resembling Penicillium but is primarily distinguished by 

short cylindrical phialides tapering into long thin necks (Pitt & Hocking 1985). The genus was 

monographed by Brown & Smith (1957), who followed Hughes (1951) and included many 

species previously classified in Spicaria and Isaria. Onions & Barron (1967) also included 

species with solitary phialides in Paecilomyces, but most of these were later transferred to 

Acremonium (Gams 1971). 
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Samson (1974) restricted Paecilomyces to speCIes with verticillate conidiophores producing 

divergent whorls of branches and phialides. Phialides were characterised by a cylindrical or 

inflated base and a long distinct neck, bearing chains of hyaline, one-celled conidia. Several 

species classified in Paecilomyces by Brown & Smith (1957) with deviating conidiogenous 

structures (e.g. awl-shaped phialides or basitonous branching) were assigned to other genera. 

Samson also separated Paecilomyces into two sections: sect. Paecilomyces and sect. Isarioidea. 

Section Paecilomyces included P. variotii and other thermophilic or thermotolerant fungi, many 

of which are commonly found as food spoilage organisms. Paecilomyces farinosus and other 

invertebrate-pathogenic species were placed in section Isarioidea which included all species 

with flask shaped phialides and catenate conidia formerly classified in Isaria. Several new 

species from insects collected in tropical forests in Ghana (see Evans 1974) were also included 

in this section. In addition to being ecologically distinct, the two sections within Paecilomyces 

recognised by Samson (1974) were also characterised by disparate teleomorphic affiliations, 

indicating that the genus was polyphyletic and did not reflect a natural taxonomic group. Species 

in section Paecilomyces were known to produce teleomorphs in the eurotialean genera 

Byssochlamys, Talaromyces and Thermoascus (Brown & Smith 1957; Samson 1974; Stolk & 

Samson 1972) , while entomopathogenic species in section Isarioidea had been linked with the 

hypocrealean genera Cordyceps and Torrubiella (e.g. Kobayasi 1941; Mains 1949; Petch 1937). 

The phylogenetic placement of Paecilomyces section Isarioidea within the Hypocreales was 

confirmed for one member of the section, P. tenuipes, from analysis of 18S (Fukatsu et al.1997) 

and 28S rDNA sequences (Nikoh & Fukatsu 2000; Suh et al. 1998,). Obomik et al. (2001) 

analysed 28S sequences from four invertebrate-pathogenic species in sect. Isarioidea and 

demonstrated that this section was polyphyletic. Phylogenetic relationships based on 18S 

sequences among a larger group of Paecilomyces species were examined by Luangsa-ard et al. 

(2004) who included representatives from both sections. The genus was found to be polyphyletic 

at the order level; species in section Paecilomyces were shown to form a group within the 

Eurotiales, while those in section Isarioidea grouped in Hypocreales. The authors concluded that 

the genus Paecilomyces should be used only for eurotialean taxa related to the type species P. 

variotii and with a Byssochlamys teleomorph. The 18S phylogeny also confirmed the 

polyphyletic status of section Isarioidea. Luangsa-ard et al. (2005) further examined 

relationships in this group using ITS and ~-tubulin tubulin sequences. Species in section 

Isarioidea were separated into four monophyletic groups. Significantly, a distinct clade of 

entomopathogenic species based around P. farinosus was recognized. These species were 

reclassified in Isaria (see Table 4.1) following a thorough review of the nomenclatural history 
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and proposal to conserve the genus as typified by 1. farinosa (Hodge et al. 2005; Gams et al. 

2005). Luangsa-ard et al. (2005) suggested that two additional species placed in section 

Isarioidea by Samson (1974), (P. ramosus and P. xylariiformis) probably also belong in Isaria, 

although cultures were not available for molecular analyses. It seems likely that other 

entomopathogenic Paecilomyces species with comparable morphology such as P. breviramosus 

(Bisset 1979b) and P. rariramus (Liang et al. 2003) should also be included in the genus. 

Although a close phylogenetic affiliation with Cordyceps has been well established by molecular 

evidence (e.g. Luangsa-ard et al. 2004,2005; Nikoh & Fukatsu 2000, 2001; Stensrud et al. 2005; 

Sung et al. 2007a), few specific teleomorph connections are known for the species currently 

assigned to Isaria. A link with Cordyceps was originally suggested in the mid-nineteenth century 

by Tulasne who stated that 1. farinosa was the te1eomorph of Cordyceps militaris (Gray 1858). 

This connection was later refuted by Petch (1936) who determined from ascospore isolations 

that C. militaris produces a 'Cephalosporium' anamorph (now included in Lecanicillium; Zare & 

Gams 2001). Isaria farinosa has also been associated with the spider-pathogenic species 

Torrubiella gonylepticida (Petch 1937) and T. pulvinata (Mains 1949). Both species were 

described with Spicaria anamorphs that were synonymised with P. farinosus by Samson (1974). 

More recently, Pacioni & Frizzi (1978) demonstrated from cultural studies that Isariafarinosa is 

the conidial state of the rarely collected species Cordyceps memorabilis. However, the direct 

association of 1. farinosa with a teleomorphic state has not been confirmed by any subsequent 

authors. The most convincingly demonstrated anamorph-te1eomorph connection in Isaria 

appears to be that between 1. tenuipes and Cordyceps takaomontana. The association was first 

made by Kobayasi (1941) who observed that C. takaomontana produced perithecial stromata 

concurrently with an 1. tenuipes conidial state when grown on a rice medium and also 

occasionally on the host. A close relationship between the two taxa was also suggested from 

analysis of 18S rDNA sequences (Nikoh & Fukatsu 2001). The relationship was further 

substantiated by Luangsa-ard et al. (2005) who found that a Thai isolate provisionally identified 

as C. takaomontana grouped with 1. tenuipes in both p-tubulin and ITS-based phylogenies. 

Isaria species show varying degrees of host specificity (Table 4.1). The broadest host range is 

seen in 1. farinosa and 1. fumosorosea. Both species are most commonly associated with 

Lepidoptera but each also infects hosts in several insect orders (see Zimmermann 2008). Both 

species are known to infect mites (Acari) (Chandler et al. 2000), with 1. farinosa also occurring 

on other arachnids including spiders (Aranaea), harvestmen (Opiliones) and pseudoscorpions 

(Chelonethida) (Cokendolpher 1993; Leatherdale 1970; Samson 1974; Samson & Evans 1977; 
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Sosnowska et al. 2004). Other members of the genus appear to have more restricted host ranges 

and in some cases are only found in association with a single host order or family. For example, 

1. ghanensis and 1. coleopterorum have only been recorded as pathogens of Lepidoptera and 

Coleoptera, respectively, while 1. cicadae is restricted to immature stages of the single family 

Cicadidae in Hemiptera. 

Table 4.1. Host ranges of species accepted in Isaria by Luangsa-ard et al. (2005). 

Species 

1. amoenerosea 

Host range 

Chelonethida, Coleoptera, 
Lepidoptera, Hemiptera, 
Hymenoptera 

I. cateniannulata Coleoptera, Diptera, 
Lepidoptera, Hymenoptera 

1. cateniobliqua Lepidoptera 
1. cicadae Hemiptera (Cicadidae) 
1. coleopterorum Coleoptera 

1. farinosa Acari, Aranea, Coleoptera, 
Chelonethida, Diptera, 
Hemiptera, Hymenoptera, 
Lepidoptera, Opiliones, 

1. jillnosorosea 

1.javanica 

1. ghanensis 
I. tenuipes 

Thysanoptera. 
Acari, Blattodea, Coleoptera, 
Diptera, Hemiptera, 
Hymenoptera, Isoptera, 
Lepidoptera, N europtera, 
Thysanoptera. 
Coleoptera, Lepidoptera, 
Aranaea 
Lepidoptera 
Coleoptera, Lepidoptera 

References 

Samson 1974; Samson & Evans 1977 

Liang 1981; Shimazu 2001 

Liang 1981 
Samson 1974; Liang et al. 2005 
Samson 1974; Samson & Evans 1977 

see Zimmermann 2008 

see Zimmermann 2008 

Samson 1974; Samson & Evans 1977; 
Luangsa-ard et al. 2005 
Samson 1974; Samson & Evans 1977 
Mains 1955; Samson 1974; 
Luangsa-ard 2004 

Currently the genus Isaria is poorly known in New Zealand. Two species recorded from this 

country, 1. sulphurea and 1. jelina, appear to be saprophytic fungi and are not included in the 

current circumscription of Isaria. Among species now included in the genus, 1. cicadae is the 

most frequently reported in New Zealand. The species was first recorded in this country by 

Taylor (1855) and has been known under several synonyms including Sphaeria basili, 

Cordyceps sinclairii and Isaria sinclairii. Although 1. farinosa was first reported (as Spicaria 

farinosa) from New Zealand early last century (Kirk 1909), there have been few subsequent 

records (see Anon 2001-2009; Glare et al. 1993b) and information on the host range of the 

78 



species in this country is limited. Other Isaria species which are relatively common in other 

parts of the world have been only rarely collected in this country, with 1. tenuipes, 1. javanica, 

and I. jitmosorosea each represented by a single New Zealand collection (Anon 2001-2009). 

This chapter discusses the morphological and molecular characterisation of Isaria species 

collected and isolated from arthropod hosts in native forests. 
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4.2 Methods 

4.2.1 Morphological characterisation 

Isaria species were collected and isolated from native forest as described in chapter two. 

Specimens and corresponding cultures were identified as Isaria according to Samson (1974) and 

Luangsa-ard et at. (2005). Material was identified as Isaria based on conidiogenous structures 

i.e. verticillately branched conidiophores bearing dense whorls of phialides with a swollen base 

and distinct neck, producing conidia in chains. For species determination, measurements were 

made from conidia taken directly from infected hosts and from cultures grown at 25°C for 14 

days in darkness on 2% malt extract agar (MEA: 20g/L malt extract, 15g/L agar). For each 

specimen and culture, length and width of 25 conidia was recorded. Length and width of 25 

phialides was measured directly from host material. Methods used to obtain measurements are 

given in chapter two. Species were determined by comparing phialide and conidial morphology 

with the descriptions given by Samson (1974). To determine any significant relationship 

between host affiliation and conidia/philaide size within Isaria jarinosa, mean conidia and 

phi ali de sizes were square-root transformed and analysed by ANOV A. Means were separated by 

Tukeys test. Statistical analyses were performed using SPSS version 11.00 

4.2.2 Molecular characterisation 

To confirm species identifications and examine phylogenetic relationships in New Zealand 

Isaria, representative isolates were selected for sequencing based on the range of morphological 

diversity and host affiliations observed. All methods used for DNA extraction, PCR, sequencing, 

and phylogenetic analysis are given in Chapter Two. 

For initial phylogenetic analysis the entire ITS region was amplified and sequenced using the 

primers ITS4 and ITS5 (White et at. 1990). Sequences were aligned with Isaria sequences from 

Genbank. Cordyceps cardinalis and Cordyceps pseudomilitaris were used as outgroup taxa 

based on their basal relationship to Isaria species in the phylogeny of Sung et at. 2007a. 

Phylogenetic analysis was conducted using maximum parsimony and Bayesian likelihood 

inference. To provide further support for phylogenetic groups indicated from the ITS phylogeny, 

a subset of isolates was selected for analysis of ~-tubulin and EF1-a gene regions. Primers and 

PCR conditions are described in chapter two. For each region sequences were aligned with 

Isaria sequences from Genbank. As few sequences from the Bt2a/Bt2b region for were 

available, Paecitomyces lilacinus and Cordyceps cylindrica were selected as the closest usable 

outgroup taxa for the ~-tubulin analysis. Sil11plicilliu1111anosoniveum and Simplicillium 
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lamellicola were selected as the closest usable outgroup taxa for the EF1-a analysis. 

Phylogenetic analysis for ~-tubulin and EFl-a was conducted as above. Genbank accession 

numbers and strain details for overseas isolates are shown in Table 4.2. 
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Table 4.2 Genbank sequences included in phylogenetic analysis of Isaria species. 

Species Strain Country ITS p-tubulin EF1-a Reference 
Isaria amoenerosea CBS 107.73 AY624168 AY624207 Luangsa-ard et al. 2005 

Isaria amoenerosea CBS 729.73 Ghana AY624169 AY624208 Luangsa-ard et al. 2005 

Isaria eateniannulata CBS 152.83 China AY624172 AY624211 Luangsa-ard et al. 2005 

Isaria eateniobliqua CBS 153.83 China AY624173 AY624212 Luangsa-ard et al.2005 

Isaria eateniobliqua RCEF189 China AF368799 Huang et al. unpublished 

Isaria deadae IF033061 Japan AB086630 Yokoyama et al. 2004 

Isaria deadae RCEF200 China AF368801 Huang et al unpublished 

Isaria farinosa CBS 111113 Denmark AY624181 AY624219 Luangsa-ard et al. 2005 

Isaria farinosa CBS 541.81 Galapagos Is. AY624180 AY624218 Luangsa-ard et al. 2005 

Isaria farinosa CBS 262.58 United Kingdom AY624 I 79 AY624217 Luangsa-ard et al. 2005 

Isaria farinosa CBS 240.32 The Netherlands AY624178 Luangsa-ard et al. 2005 

Isaria farinosa IF08108 Japan AB080087 Yokoyama et al. 2004 

00 Isaria farinosa RCEF632 China AF368788 Huang et al. unpublished 
tv 

Isaria farinosa OSCl11005 United States EF469065 Sung et al. 2007a 

Isaria farinosa OSC 111006 United States DQ522348 Sung et al. 2007 a 

Isaria ef farinosa OSC 111004 United States EF468780 Sung et al. 2007 a 

Isaria fumosorosea CBS 375.70 Japan AY624183 AY62422I Luangsa-ard et al. 2005 

Isaria jilmosorosea CBS 244.31 Ireland AY624 I 82 AY624220 Luangsa-ard et al. 2005 

Isaria ghanensis CBS 105.73 Ghana AY624185 AY624223 Luangsa-ard et al. 2005 

Isaria javaniea CBS 134.22 Indonesia AY624186 Luangsa-ard et al. 2005 

Isaria javaniea CM1 China EF990131 Huang et al. unpublished 

Isaria tenuipes ARSEF 5135 North America AY624196 AY624234 Luangsa-ard et al. 2005 

Isaria tenuipes CBS 994.73 The Netherlands AY624 I 95 AY624233 Luangsa-ard et aL 2005 

Isaria tenuipes BCC 2787 Thailand AY624200 Luangsa-ard et al. 2005 

Isaria tenuipes BCC2918 Thailand FJ472845 Luangsa-ard & Ridkaew unpublished 

Isaria tenuipes OSC 111007 United States DQ522349 Sung et al. 2007a 

Cordyeeps eylindriea BCC2102 Thailand EF411266 Luangsa-ard et al. unpublished 



00 
U-l 

Table 4.2 continued 

Species 
Cordyceps cardinalis 

Cordyceps pseudomilitaris 

Paecilomyces lilacinus 
Simplicillium lanosoniveum 

Simplicillium lamellicola 

Strain 
BCMUCCOI 
NHJ6 
CBS284.36 
CBS 704.86 
CBS 116.25 

Country ITS p-tubulin EFt-a Reference 
Japan AB237660 Yokoyama et al. unpublished 

Thailand AJ786589 Stensrud et al. 2005 

AY624227 Luangsa-ard et al. 2005 

DQ522358 Spatafora et al. 2007 

DQ522356 Spatafora et al. 2007 



4.3 Results 

4.3.1 Isaria collections 

Table 4.3 Total numbers of Isaria specimens collected from different host orders and regions. 

Brunner/ 
Nelson/Tasman 

North Bay of Tongariro/ 
Total 

Westland Canterbury Plenty Rangitikei 

Acari 1 1 
Aranaea 2 2 
Coleoptera 1 1 
Hemiptera 14 2 14 30 
Hymenoptera 1 2 1 4 
Lepidoptera 17 5 1 1 12 36 
Opiliones 1 1 
Unidentified 1 2 1 4 8 
Total 35 13 2 1 32 83 

Table 4.4 Host associations of !saria species. 

1.farinosa I. cf farinosa 1. tenuipes 1. cicadae 1. cf cicadae 

Acari 1 
Aranaea 2 
Coleoptera 1 
Hemiptera 1 29 
Hymenoptera 4 
Lepidoptera 17 5 12 2 
Opiliones 1 
Unidentified 8 
Total 34 5 12 29 3 

Table 4.5 Regional collections of Isaria species. 

1.farinosa 1. cf farinosa 1. tenuipes 1. cicadae 1. cf cicadae 

Brunner/Westland 6 4 11 14 
Nelson/Tasman 12 1 
North Canterbury 2 
Bay of Plenty 1 
Tongariro/Rangitikei 14 1 14 3 
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Table 4.6 Isaria specimens collected and examined in this study. Specimen numbers include collection date as yy/mm/dd.x. 

Isolate # Specimen # Locality Species Host Host stage Region 

E1044 040513.8 Snowdens Bush Scenic Reserve, Brightwater 1.farinosa Acari adult Nelson/Tasman 

E1094 040610.1 Lake Kaniere Walkway, Hokitika 1.farinosa Araneae adult BrunnerlW estland 

NC177 060415.39 Lake Kaniere Walkway, Hokitika 1.farinosa Araneae adult BrunnerlW estland 

NC122 050405.14 Paengaroa Scenic Reserve, Mataroa 1. cf cicadae Coleoptera adult TongarirolRangitikei 

NC221 060508.7 Charming Creek Walkway, Westport 1. cicadae Hemiptera: Cicadidae nymph Nelson/Tasman 

NC20 050406.11 Mangawhero Forest Walk, Mount Ruapehu 1. cicadae Hemiptera: Cicadidae nymph Tongariro/Rangitikei 

NC22 050406.13 Mangawhero Forest Walle, Mount Ruapehu 1. cicadae Hemiptera: Cicadidae nymph TongarirolRangitikei 

NC24 050406.15 Mangawhero Forest Walk, Mount Ruapehu 1. cicadae Hemiptera: Cicadidae nymph TongarirolRangitikei 

NC25 050406.16 Mangawhero Forest Walk, Mount Ruapehu 1. cicadae Hemiptera: Cicadidae nymph TongarirolRangitikei 

NC26 050406.17 Mangawhero Forest Walle, Mount Ruapehu 1. cicadae Hemiptera: Cicadidae nymph TongarirolRangitikei 

NC27 050406.18 Mangawhero Forest Walk, Mount Ruapehu 1. cicadae Hemiptera: Cicadidae nymph Tongariro/Rangitikei 
00 NC29 050406.20 Mangawhero Forest Walk, Mount Ruapehu 1. cicadae Hemiptera: Cicadidae nymph TongarirolRangitikei Vl 

NC30 050406.21 Mangawhero Forest Walle, Mount Ruapehu 1. cicadae Hemiptera: Cicadidae nymph TongarirolRangitikei 

NC31 050406.22 Mangawhero Forest Walk, Mount Ruapehu 1. cicadae Hemiptera: Cicadidae nymph TongarirolRangitikei 

NC33 050406.24 Mangawhero Forest Walk, Mount Ruapehu 1. cicadae Hemiptera: Cicadidae nymph TongarirolRangitikei 

NC34 050406.25 Mangawhero Forest Walk, Mount Ruapehu 1. cicadae Hemiptera: Cicadidae nymph TongarirolRangitikei 

NC35 050408.15 Mangawhero Forest Walk, Mount Ruapehu 1. cicadae Hemiptera: Cicadidae nymph Tongariro/Rangitikei 

NC121 050408.9 Mangawhero Forest Walle, Mount Ruapehu 1. cicadae Hemiptera: Cicadidae nymph TongarirolRangitikei 

NC128 050408.16 Mangawhero Forest Walk, Mount Ruapehu 1. cicadae Hemiptera: Cicadidae nymph TongarirolRangitikei 

NC7 050302.2 Pororari River Track, Punakaiki 1. cicadae Hemiptera: Cicadidae nymph BrunnerlW estland 

NC8 050302.3 Pororari River Track, Punakaiki 1. cicadae Hemiptera: Cicadidae nymph BrunnerlW estland 

NC9 050302.4 Pororari River Track, Punakaiki 1. cicadae Hemiptera: Cicadidae nymph BrunnerlW estland 

NC10 050302.5 Pororari River Track, Punakaiki 1. cicadae Hemiptera: Cicadidae nymph BrunnerlW estland 

NC12 050302.6 Pororari River Track, Punakaiki 1. cicadae Hemiptera: Cicadidae nymph BrunnerlW estland 

NC14 050302.10 Pororari River Track, Punakaiki 1. cicadae Hemiptera: Cicadidae nymph BrunnerlW estland 



Table 4.6 continued. 

Isolate # Specimen # Locality Species Host Host stage Region 

NC15 050302.11 Pororari River Track, Punakaiki 1. cicadae Hemiptera: Cicadidae nymph BrunnerlW estland 
NC16 050302.12 Pororari River Track, Punakaiki 1. cicadae Hemiptera: Cicadidae nymph BrunnerlW estland 
NC17 050302.13 Pororari River Track, Punakaiki 1. cicadae Hemiptera: Cicadidae nymph BrunnerlW estland 
NC18 050302.14 Pororari River Track, Punakaiki 1. cicadae Hemiptera: Cicadidae nymph BrunnerlW estland 

NC19 050302.15 Pororari River Track, Punakaiki 1. cicadae Hemiptera: Cicadidae nymph BrunnerlW estland 
NC37 050302.8 Pororari River Track, Punakaiki 1. cicadae Hemiptera: Cicadidae nymph BrunnerlW estland 

NC38 050302.9 Pororari River Track, Punakaiki 1. cicadae Hemiptera: Cicadidae nymph BrunnerlW estland 
NC6 050302.1 Truman Track, Punakaiki 1. cicadae Hemiptera: Cicadidae nymph BrunnerlW estland 
E1051 040510.6 Snowdens Bush Scenic Reserve, Brightwater 1.farinosa Hemiptera adult Nelson/Tasman 
TE443 020417.10 Lake Kaniere Walkway, Hokitika 1.farinosa Hymenoptera adult BrunnerlW estland 
NC126 050408.17 Mangawhero Forest Walle, Mount Ruapehu 1.farinosa Hymenoptera adult Tongariro/Rangitikei 

00 EI048 040514.3 Loop Track, Lake Rotoiti 1.farinosa Hymenoptera: Vespidae adult Nelson/Tasman 
0\ 

E1054 040513.7 Rolling Creek, Wangapeka Valley 1.farinosa Hymenoptera: Vespidae adult Nelson/Tasman 
NCl12 050406.7 Mangawhero Forest Walk, Mount Ruapehu 1. cf cicadae Lepidoptera pupa Tongariro/Rangitikei 
NCl27 050406.35 Mangawhero Forest Walle, Mount Ruapehu 1. cf cicadae Lepidoptera pupa Tongariro/Rangitikei 
TE02 010420.1 Lake Kaniere Walkway, Hokitika 1.farinosa Lepidoptera larva BrunnerlW estland 
NC76 050302.16 Truman Track, Punakaiki 1.farinosa Lepidoptera adult BrunnerlW estland 

NC1l7 050408.25 Mangawhero Forest Walk, Mount Ruapehu 1.farinosa Lepidoptera larva Tongariro/Rangitikei 
NC124 050408.13 Mangawhero Forest Walk, Mount Ruapehu 1.farinosa Lepidoptera larva Tongariro/Rangitikei 
NC131 050408.7 Mangawhero Forest Walk, Mount Ruapehu 1.farinosa Lepidoptera larva Tongariro/Rangitikei 
NC63 050405.11 Paengaroa Scenic Reserve, Mataroa 1.farinosa Lepidoptera larva Tongariro/Rangitikei 
EI049 040510.14 Snowdens Bush Scenic Reserve, Brightwater 1.farinosa Lepidoptera pupa Nelson/Tasman 
E1056 040510.13 Snowdens Bush Scenic Reserve, Brightwater 1.farinosa Lepidoptera pupa Nelson/Tasman 
E1053 040514.7 Loop Track, Lake Rotoiti 1.farinosa Lepidoptera pupa Nelson/Tasman 

NC203 060508.5 Charming Creek Walkway, Westport 1.farinosa Lepidoptera pupa Nelson/Tasman 

NC94 050510.7 Devils Punchbowl Track, Arthurs Pass 1.farinosa Lepidoptera pupa North Canterbury 



Table 4.6 continued. 

Isolate # Specimen # Locality Species Host Host stage Region 

NC125 050404.18 Mangawhero Falls Walk, Mount Ruapehu 1.farinosa Lepidoptera pupa TongarirolRangitikei 

NC55 050408.8 Mangawhero Forest Walk, Mount Ruapehu 1.farinosa Lepidoptera pupa TongarirolRangitikei 

NC56 050408.11 Mangawhero Forest Walk, Mount Ruapehu 1.farinosa Lepidoptera pupa TongarirolRangitikei 

NC116 050408.21 Mangawhero Forest Walk, Mount Ruapehu 1.farinosa Lepidoptera pupa TongarirolRangitikei 

NC129 050408.19 Mangawhero Forest Walle, Mount Ruapehu 1.farinosa Lepidoptera pupa TongarirolRangitikei 

NC206 060509.2 Nikau Loop Walk, Karamea 1.farinosa Lepidoptera pupa BrunnerlW estland 

NC181 060415.42 Lake Kaniere Walkway, Hokitika 1. cffarinosa Lepidoptera pupa BrunnerlW estland 

NC184 060415.46 Lake Kaniere Walkway, Hokitika 1. cffarinosa Lepidoptera pupa BrunnerlW estland 

NC180 060415.41 Lake Kaniere Walkway, Hokitika 1. cf farinosa Lepidoptera pupa BrunnerlW estland 

NC212 060511.10 Nile River Valley Walle, Charleston 1. cffarinosa Lepidoptera pupa BrunnerlW estland 

NC108 050405.12 Paengaroa Scenic Reserve, Mataroa 1. cf farinosa Lepidoptera pupa TongarirolRangitikei 
00 E378 030506.6 Lindemann Loop Track, Katikati 1. tenuipes Lepidoptera pupa Bay of Plenty -....l 

TE677 020507.3 Cascade Valley, Haast 1. tenuipes Lepidoptera pupa BrunnerlW estland 

TE433 020417.0 Goldsborough (Shamrock) Track, Hokitika 1. tenuipes Lepidoptera pupa BrunnerlW estland 

TE434 020417.1 Goldsborough (Shamrock) Track, Hokitika 1. tenuipes Lepidoptera pupa BrunnerlW estland 

TE497 020509.1 Hapuka Estuary Walk, Okuru 1. tenuipes Lepidoptera pupa BrunnerlW estland 

E1095 040610.2 Lake Kaniere Walkway, Hokitika 1. tenuipes Lepidoptera pupa BrunnerlW estland 

E1096 040610.3 Lake Kaniere Walkway, Hokitika 1. tenuipes Lepidoptera pupa BrunnerlW estland 

NC182 060415.45 Lake Kaniere Walkway, Hokitika 1. tenuipes Lepidoptera pupa BrunnerlW estland 

TE435 020417.2 Lake Kaniere Walkway, Hokitika 1. tenuipes Lepidoptera pupa BrunnerlW estland 

TE436 020417.3 Lake Kaniere Walkway, Hokitika 1. tenuipes Lepidoptera pupa BrunnerlW estland 

E090 030421.1 Lake Kaniere Walkway, Hokitika 1. tenuipes Lepidoptera pupa BrunnerlW estland 

NC200 060508.1 Nile River Valley Walle, Charleston 1. tenuipes Lepidoptera pupa BrunnerlW estland 

E1045 040510.21 Snowdens Bush Scenic Reserve, Brightwater 1.farinosa Opiliones adult Nelson/Tasman 

NC80 050215.3 Devils Punchbowl Track, Arthurs Pass 1.farinosa n.d. n.d North Canterbury 
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Table 4.6 continued. 

Isolate # Specimen # 

TE437 020417.4 
EI046 040510.4 

EI047 040510.20 
NC54 050404.26 

NCI13 050406.8 

NC118 050406.27 
NC61 050405.5 

n.d. not determined. 

Locality 

Lake Kaniere Walkway, Hokitika 
Snowdens Bush Scenic Reserve, Brightwater 
Snowdens Bush Scenic Reserve, Brightwater 
Mangawhero Falls Walle, Mount Ruapehu 

Mangawhero Forest Walk, Mount Ruapehu 
Mangawhero Forest Walle, Mount Ruapehu 
Paengaroa Scenic Reserve, Mataroa 

Species Host Host stage Region 

Lfarinosa n.d. n.d. BrunnerIW estland 
Lfarinosa n.d. n.d. Nelson/Tasman 
Lfarinosa n.d. n.d. Nelson/Tasman 
Lfarinosa n.d. n.d TongarirolRangitikei 
Lfarinosa n.d. n.d. TongarirolRangitikei 

Lfarinosa n.d n.d. TongarirolRangitikei 
Lfarinosa n.d. n.d. TongarirolRangitikei 



4.3.2 Morphological characterisation 

/saria jarinosa 

Conidia from 1.farinosa were ellipsoidal to fusiform (Fig. 4.2A) and measured 2.0-2.9 x 1.1-1.9 

flm (average 2.4 x 1.4 flm) on the host. Conidia from cultures on MEA after 14 days measured 

2.1-3.2 x 1.1-2.0 flm (average 2.6 x 1.5 flm). Phialides from the host (Fig. 4.2C-E) measured 

3.8-9.8 x 1.9-3.5 flm (average 5.8 x 2.5 flm). Conidia and phialide sizes from different host 

orders are shown in Table 4.7. Conidia and phialides were significantly longer on non-insect 

(arachnid) hosts. 

Table 4.7 Conidia and phialide sizes of!. farinosa from different host orders. 

Conidia on host Conidia on MEA Phialides on host 
length x width length x width length x width 

Acari 2.1-2.6 (2.4) x 1.1-1.5(1.3) 2.5-3.1 (2.7) x 1.1-1.7 (1.3) 4.5-7.3 (6.0) x 2.4-3.1 (2.8) 

Aranaea 2.3-2.9 (2.7) x 1.3-1.8 (1.6) 2.3-3.0 (2.7) x 1.2-1.9 (1.6) 4.5-7.9 (6.1) x 2.0-2.9 (2.5) 

Hemiptera 2.3-2.6 (2.4) x 1.2-1.7 (1.5) 2.3-3.0 (2.6) x 1.3-1.8 (1.5) 3.9-7.0 (5.5) x 1.9-2.7 (2.2) 

Hymenoptera 2.1-2.9 (2.4) x 1.1-1.7 (1.4) 2.1-3.2 (2.6) x 1.2-1.9 (1.4) 4.1-7.2 (5.9) x 1.9-3.0 (2.5) 

Lepidoptera 2.0-2.9 (2.4) x 1.1-1.9 (1.4) 2.1-3.1 (2.6) x 1.1-2.0 (1.5) 3.8-8.3 (5.6) x 2.0-3.5 (2.5) 

Opiliones 2.3-2.9 (2.6) x 1.4-1.7 (1.6) 2.3-3.1 (2.7) x 1.1-1.7 (1.4) 5.4-9.8 (7.3) x 2.4-3.3 (2.9) 

Unidentified 2.0-2.9 (2.4) x 1.1-1.7 (1.4) 2.1-3.1 (2.6) x 1.1-1.9 (1.4) 4.1-8.7(5.8) x.1.9-3.2(2.5) 

Isaria cf. jarinosa 

Conidia were ellipsoidal to fusiform (Fig 4.2B) and measured 2.5-3.8 x 1.5-2.5 flm (average 3.1 

x 1.9 flm) on the host. Conidia from cultures on MEA after 14 days measured 2.6-4.0 x 1.8-2.7 

flm (average 3.2 x 2.0 flm). Phialides from the host (Fig 4.2F-H) measured 4.6-11.4 x 2.3-4.0 

(average 6.6 x 3.1 flm). 

/saria tenuipes 

Conidia were ellipsoidal to cylindrical, often slightly curved or allantoid (Fig 4.4A-C). Conidia 

measured 3.0-6.9 x 1.2-2.4 flm (average 4.7 x 1.7 flm) on the host. Conidia from cultures on 

MEA after 14 days measured 3.9-9.1 x 1.4-3.5 flm (average 6.0 x 2.0 flm). Phialides from the 

host (Fig. 4.4D-H) measured 3.6-7.2 x 2.5-5.3 flm (average 5.0 x 3.5 flm). 
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Isaria cicadae 

Conidia were cylindrical, usually highly curved (Fig. 4.6A), and measured 3.2-6.5 x 1.1-2.7 )lm 

(average 4.2 x 1.5 )lm) on the host. Conidia from cultures on MEA after 14 days measured 3.7-

12.3 x 1.4-2.7 )lm (average 7.1 x 2.0 )lm). Phialides from the host (Fig. 4.6C-D) measured 3.5-

6.6 x 2.4-5.1 )lm (average 4.9 x 3.4 )lm). 

Isaria cf. cicadae 

Conidia were cylindrical, curved (Fig. 4.6B), and measured 5.7-9.0 x 1.6-2.5 )lm (average 7.0 x 

2.0 )lm) on the host. Conidia from cultures on MEA after 14 days measured 6.2-13.7 x 1.4-3.0 

)lm (average 9.2 x 2.1 )lm). Phialides from the host (Fig. 4.6E-F) measured 4.4-6.9 x 3.2-5.4 )lm 

(average 5.7 x 4.2 )lm). 

90 



Table 4.8 Measurements of conidia from host material and 14 day old MEA cultures, and phialide measurements from host materiaL All 
measurements are given in /lm with averages (n=25) in brackets. 

Isolate # Specimen # Species Host 
Conidia on MEA Conidia on host Phialides on host 
length x width length x width length x width 

EI044 040513.8 Lfarinosa Acari 2.5-3.1 (2.7) x 1.1-1.7 (1.3) 2.1-2.6 (2.4) x 1.1-1.5(1.3) 4.5-7.3 (6.0) x 2.4-3.1 (2.8) 
EI094 040610.1 Lfarinosa Araneae 2.3-3.0 (2.7) x 1.2-1.9 (1.5) 2.3-2.8 (2.6) x 1.3-1.7 (1.5) 4.7-7.9 (6.5) x 2.4-2.9 (2.6) 
NC177 060415.39 Lfarinosa Araneae 2.3-3.0 (2.6) x 1.4-1.9 (1.6) 2.3-2.9 (2.7) x 1.4-1.8 (1.6) 4.5-7.0 (5.7) x 2.0-2.7 (2.3) 
NC122 050405.14 L ef deadae Coleoptera 6.2-10.9 (8.0) x 1.4-2.2 (1.8) 6.0-7.9 (6.8) x 1.6-2.5 (1.9) 4.4-6.9 (5.8) x 3.2-5.4 (4.2) 
NC221 060508.7 L deadae Hemiptera 3.7-10.8 (6.1) x 1.4-2.5 (1.8) 3.8-5.4 (4.5) x 1.4-1.9 (1.6) 3.7-6.4 (4.8) x 3.0-4.2 (4.8) 
NC20 050406.11 L deadae Hemiptera 4.1-10.0 (6.4) x 1.5-2.4 (1.9) 3.5-5.5 (4.3) x 1.2-1.7 (1.4) 4.0-5.6 (4.8) x 2.5-4.0 (3.0) 
NC22 050406.13 L deadae Hemiptera 4.0-11.9 (7.0) x 1.5-2.6 (2.1) 3.4-4.6 (3.8) x 1.3-1.7 (1.4) 4.2-6.1 (5.1) x 2.7-3.6 (3.3) 
NC24 050406.15 L deadae Hemiptera 4.0-10.9 (6.4) x 1.5-2.5 (2.0) 3.2-5.0 (4.0) x 1.2-2.0 (1.4) 4.2-6.1 (5.1) x 3.2-4.1 (3.6) 
NC25 050406.16 L deadae Hemiptera 3.8-9.7 (6.6) x 1.7-2.6 (2.1) 3.2-4.5 (4.0) x 1.1-1.7 (1.4) 3.5-5.3 (4.6) x 3.1-3.7 (3.3) 

'0 NC26 050406.17 L deadae Hemiptera 3.8-11.5 (7.3) x 1.6-2.6 (2.1) 3.5-5.0 (4.3) x 1.4-1.7 (1.6) 4.0-6.0 (4.9) x 3.0-4.1 (3.4) 
>--' 

NC27 050406.18 L deadae Hemiptera 4.1-11.4 (7.0) x 1.5-2.3 (2.0) 3.5-4.9 (4.0) x 1.2-1.8 (1.4) 3.7-5.8 (4.7) x 2.9-3.6 (3.1) 
NC29 050406.20 L deadae Hemiptera 4.2-11.2 (6.4) x 1.5-2.7 (2.1) 3.5-5.1 (4.2) x 1.2-1.8 (1.4) 4.4-5.8 (5.2) x 2.7-4.0 (3.5) 
NC30 050406.21 L deadae Hemiptera 3.7-9.4 (6.6) x 1.7-2.4 (2.1) 3.7-4.7 (4.1) x 1.4-1.8 (1.6) 4.1-6.1 (4.8) x 2.7-3.8 (3.4) 

NC31 050406.22 L deadae Hemiptera 3.8-10.8 (7.2) x 1.5-2.4 (1.9) 3.5-4.9 (4.1) x 1.3-1.8 (1.5) 3.7-5.4 (4.6) x 2.8-3.9 (3.4) 
NC33 050406.24 L deadae Hemiptera 3.9-11.4 (6.7) x 1.5-2.3 (1.8) 3.4-4.2 (3.7) x 1.2-1.6 (1.4) 4.1-6.0 (4.8) x 2.7-3.5 (3.1) 
NC34 050406.25 L deadae Hemiptera 4.1-11.9 (7.3) x 1.5-2.5 (2.1) 3.2-5.9 (4.0) x 1.4-1.9 (1.6) 4.2-5.5 (4.8) x 2.9-3.7 (3.3) 
NC35 050408.15 L deadae Hemiptera 4.0-10.0 (7.1) x 1.5-2.5 (2.0) 3.7-5.0 (4.3) x 1.4-1.8 (1.6) 4.1-5.3 (4.6) x 2.9-3.4 (3.1) 
NC121 050408.9 L deadae Hemiptera 3.9-11.5 (7.1) x 1.6-2.5 (2.0) 3.7-5.7 (4.3) x 1.4-2.1 (1.7) 4.1-5.7 (4.9) x 3.4- 4.5 (3.9) 
NC128 050408.16 L deadae Hemiptera 3.9-12.3 (7.0) x 1.5-2.5 (1.9) 3.5-5.0 (4.1) x 1.3-1.7 (1.5) 4.0-6.0 (5.2) x 2.7-4.0 (3.4) 
NC7 050302.2 L deadae Hemiptera 4.0-11.2 (6.6) x 1.5-2.5 (1.9) 3.4-4.5 (3.7) x 1.1-1.6 (1.4) 3.8-6.0 (4.8) x 2.5-4.2 (3.2) 
NC8 050302.3 L deadae Hemiptera 3.9-11.9 (8.2) x 1.4-2.5 (2.1) 3.7-5.1 (4.2) x 1.4-1.9 (1.6) 4.4-6.4 (5.1) x 2.7-3.7 (3.1) 
NC9 050302.4 L deadae Hemiptera 4.1-11.9 (7.8) x 1.5-2.6 (2.1) 3.8-6.5 (4.8) x 1.6-2.7 (2.0) 3.7-5.4 (4.5) x 2.4-3.6 (3.0) 
NCI0 050302.5 L deadae Hemiptera 4.1-11.5 (7.1) x 1.6-2.6 (2.1) 3.5-5.0 (4.2) x 1.3-1.7 (1.5) 4.1-6.3 (5.0) x 3.1- 5.1 (3.8) 
NC12 050302.6 L deadae Hemiptera 4.2-12.1 (8.7) x 1.5-2.5 (2.0) 3.5-5.5 (4.4) x 1.2-1.8 (1.5) 4.0-6.6 (5.0) x 3.1-4.0 (3.6) 



Table 4.8. continued. 

Isolate # Specimen # Species Host 
Conidia on MEA Conidia on host Phialides on host 
length x width length x width length x width 

NC14 050302.10 1. cicadae Hemiptera 4.5-10.3 (7.4) x 1.7-2.5 (2.1) 3.6-5.3 (4.4) x 1.2-1.7 (1.4) 4.2-5.9 (5.1) x 2.9-4.2 (3.6) 
NC15 050302.11 1. cicadae Hemiptera 3.8-11.8 (7.5) x 1.5-2.6 (2.0) 3.6-5.4 (4.4) x 1.1-1.8 (1.5) 4.2-5.8 (5.0) x 2.9-4.1 (3.6) 
NC16 050302.12 1. cicadae Hemiptera 3.5-11.3 (8.1) x 1.4-2.6 (2.0) 3.6-4.7 (4.1) x 1.2-1.7 (1.5) 4.1-6.1 (5.1) x 3.2-4.1 (3.6) 

NC17 050302.13 1. cicadae Hemiptera 3.9-11.3 (6.9) x 1.5-2.3 (2.0) 3.3-5.5 (4.2) x 1.4-1.8 (1.6) 4.2-5.8 (5.1) x 2.9-4.9 (3.6) 
NC18 050302.14 1. cicadae Hemiptera 3.9-10.3 (6.6) x 1.6-2.9 (2.2) 3.2-4.7 (3.8) x 1.3-1.9 (1.6) 3.9-5.8 (4.8) x 3.0-4.1 (3.5) 
NC19 050302.15 1. cicadae Hemiptera 3.9-10.7 (7.2) x 1.3-2.2 (1.9) 3.3-6.0 (4.3) x 1.3-1.9 (1.7) 4.4-6.4 (5.2) x 3.0-4.2 (3.5) 
NC37 050302.8 1. cicadae Hemiptera 3.6-10.3 (6.7) x 1.5-2.6 (2.0) 3.7-4.8 (4.2) x 1.3-1.8 (1.6) 3.9-6.1 (4.5) x 2.7-3.6 (3.3) 
NC38 050302.9 1. cicadae Hemiptera 3.8-10.1 (7.5) x 1.5-2.2 (1.8) 3.6-5.1 (4.3) x 1.2-1.7 (1.5) 4.0-5.1 (4.6) x 3.0-4.2 (3.5) 
NC6 050302.1 1. cicadae Hemiptera 4.2-11.2 (8.0) x 1.4-2.5 (2.0) 3.5-5.3 (4.3) x 1.2-1.8 (1.5) 3.9-5.6 (4.7) x 2.6-3.8 (3.2) 
E1051 040510.6 1.farinosa Hemiptera 2.3-3.0 (2.6) x 1.3-1.8 (1.5) 2.3-2.6 (2.4) x 1.2-1.7 (1.5) 3.9-7.0 (5.5) x 1.9-2.7 (2.2) 

\0 TE443 020417.10 1.farinosa Hymenoptera 2.2-2.9 (2.6) x 1.2-1.7 (1.5) 2.2-2.9 (2.5) x 1.2-1.7 (1.4) 5.5-7.1 (6.4) x 1.9-2.7 (2.3) tv 

NC126 050408.17 1.farinosa Hymenoptera 2.4-2.9 (2.7) x 1.2-1.6 (1.4) 2.1-2.5 (2.3) x 1.2-1.6 (1.4) 4.1-7.0 (5.3) x 2.0-2.8 (2.5) 
E1048 040514.3 1.farinosa Hymenoptera 2.3-3.2 (2.7) x 1.2-1.9 (1.4) 2.3-2.8 (2.5) x 1.1-1.7 (1.4) 5.6-7.2 (6.3) x 2.4-3.0 (2.6) 
E1054 040513.7 1.farinosa Hymenoptera 2.1-3.0 (2.5) x 1.2-1.6 (1.4) 2.2-2.7 (2.4) x 1.2-1.6 (1.4) 4.5-7.1 (5.6) x 2.3-3.0 (2.6) 
NCl12 050406.7 1. cf cicadae Lepidoptera 6.9-11.8 (9.4) x 1.7-2.9 (2.1) 5.7-7.8 (6.6) x 1.8-2.2 (2.0) 4.6-6.6 (5.6) x 3.4-4.8 (4.1) 
NC127 050406.35 1. cf cicadae Lepidoptera 7.2-13.7 (10.3) x 1.7-3.0 (2.3) 6.1-9.0 (7.7) x 1.7-2.5 (2.1) 5.1-6.7 (5.7) x 3.6-4.8 (4.2) 
NC76 050302.16 1.farinosa Lepidoptera 2.3-2.9 (2.6) x 1.1-1.4 (1.2) 2.1-2.7 (2.4) x 1.2-1.7 (1.4) 4.7-7.6 (6.0) x 2.2-3.0 (2.6) 
TE02 010420.1 1.farinosa Lepidoptera 2.3-2.1(2.8) x 1.2-1.6 (1.4) 2.1-2.8 (2.3) x 1.1-1.6 (1.3) 4.2-6.7 (5.6) x 2.3-3.4 (2.9) 
NC117 050408.25 1.farinosa Lepidoptera 2.2-2.8 (2.5) x 1.3-1.7 (1.5) 2.2-2.6 (2.4) x 1.3-1.7 (1.5) 4.6-7.1 (5.6) x 2.1-3.0 (2.6) 
NC124 050408.13 1.farinosa Lepidoptera 2.1-2.8 (2.4) x 1.2-1.7 (1.5) 2.1-2.6 (2.3) x 1.1-1.6 (1.4) 4.3-6.4 (5.4) x 2.2-2.8 (2.5) 
NC131 050408.7 1.farinosa Lepidoptera 2.4-3.0 (2.7) x 1.4-2.0 (1.7) 2.0-2.5 (2.3) x 1.1-1.5 (1.3) 4.5-6.4 (5.4) x 2.0-2.8 (2.4) 
NC63 050405.11 1.farinosa Lepidoptera 2.1-2.8 (2.4) x 1.1-1.6 (1.4) 2.0-2.7 (2.3) x 1.2-1.6 (1.4) 4.3-6.9 (5.4) x 2.3-2.9 (2.5) 
E1049 040510.14 1.farinosa Lepidoptera 2.2-2.9 (2.6) x 1.2-1.6 (1.4) 2.0-2.5 (2.3) x 1.2-1.7 (1.4) 4.5-7.9 (5.8) x 2.1-3.1 (2.6) 
E1056 040510.13 1.farinosa Lepidoptera 2.2-3.1 (2.6) x 1.2-1.7 (1.5) 2.1-2.6 (2.3) x 1.2-1.6 (1.4) 5.9-7.9 (6.6) x 2.5-3.2 (2.8) 
E1053 040514.7 1.farinosa Lepidoptera 2.3-2.9 (2.7) x 1.2-1.8 (1.5) 2.2-2.7 (2.4) x 1.3-1.6 (1.5) 4.8-8.3 (5.8) x 2.4-3.3 (2.8) 



Table 4.8. continued. 

Isolate # Specimen # Species Host 
Conidia on MEA Conidia on host Phialides on host 
length x width length x width length x width 

NC203 060508.5 Ifarinosa Lepidoptera 2.3-3.1 (2.6) x 1.3-1.7 (1.5) 2.2-2.8 (2.4) x 1.3-1.7 (1.5) 4.7-6.9 (5.5) x 2.5-3.5 (2.9) 
NC94 050510.7 Ifarinosa Lepidoptera 2.5-2.9 (2.7) x 1.2-1.7 (1.5) 2.1-2.6 (2.3) x 1.2-1.6 (1.4) 3.8-7.2 (5.4) x 2.0-2.9 (2.3) 
NC125 050404.18 Ifarinosa Lepidoptera 2.1-2.6 (2.4) x 1.2-1.7 (1.5) 2.1-2.7 (2.4) x 1.2-1.5 (1.3) 4.1-6.9 (5.5) x 2.1-2.9 (2.5) 
NC55 050408.8 Ifarinosa Lepidoptera 2.1-2.8 (2.5) x 1.2-1.7 (1.5) 2.1-2.7 (2.4) x 1.1-1.6 (1.4) 4.4-6.9 (5.7) x 2.0-3.1 (2.4) 
NC56 050408.11 Ifarinosa Lepidoptera 2.3-3.0 (2.6) x 1.2-1.7 (1.4) 2.2-2.7 (2.4) x 1.4-1.8 (1.6) 4.7-7.1 (5.9) x 2.2-3.2 (2.5) 
NCl16 050408.21 Ifarinosa Lepidoptera 2.2-2.8 (2.5) x 1.2-1.7 (1.5) 2.2-2.7 (2.4) x 1.2-1.7 (1.5) 4.2-6.5 (5.6) x 2.2-2.9 (2.5) 
NC129 050408.19 Ifarinosa Lepidoptera 2.5-3.1 (2.8) x 1.2-1.7 (1.4) 2.2-2.9 (2.6) x 1.2-1.6 (1.4) 4.2-6.9 (5.8) x 2.0-2.9 (2.3) 
NC206 060509.2 Ifarinosa Lepidoptera 2.4-3.0 (2.7) x 1.5-1.9 (1.6) 2.2-2.9 (2.6) x 1.2-1.9 (1.5) 3.8-7.2 (5.4) x 2.0-2.9 (2.3) 
NC181 060415.42 I cffarinosa Lepidoptera 2.8-3.9 (3.2) x 1.8-2.5 (2.1) 2.6-3.6 (3.0) x 1.6-2.2 (1.9) 4.9-8.1 (6.3) x 2.6-4.0 (3.3) 
NC184 060415.46 I cffarinosa Lepidoptera 2.6-3.6 (3.2) x 1.8-2.3 (2.0) 2.5-3.5 (2.9) x 1.8-2.3 (2.0) 5.1-8.5 (6.6) x 2.3-3.1 (2.8) 

\.0 NC180 060415.41 I cffarinosa Lepidoptera 2.7-3.8 (3.2) x 1.8-2.7 (2.1) 2.7-3.5 (3.2) x 1.5-2.0 (1.7) 4.7-7.6 (5.9) x 2.4-3.2 (2.9) w 

NC212 060511.10 I cffarinosa Lepidoptera 2.9-4.0 (3.3) x 1.7-2.5 (2.0) 2.5-3.8 (3.1) x 1.7-2.5 (2.1) 4.6-8.6 (6.7) x 2.9-4.0 (3.4) 
NC108 050405.12 I cffarinosa Lepidoptera 2.8-3.6 (3.3) x 1.8-2.4 (2.0) 2.7-3.5 (3.1) x 1.8-2.3 (2.0) 5.4-11.4 (7.6) x 2.7-3.8 (3.4) 
E378 030506.6 I tenuipes Lepidoptera 4.8-7.7 (6.1) x 2.1-3.2 (2.5) 3.8-5.2 (4.4) x 1.3-1-8 (1.5) 3.6-5.8 (4.7) x 2.7-3.8 (3.4) 
TE677 020507.3 I tenuipes Lepidoptera 4.6-7.8 (5.7) x 1.9-2.7 (2.2) 3.2-5.1 (3.9) x 1.3-1.8 (1.5) 4.0-6.5 (5.1) x 3.0-4.0 (3.5) 
TE433 020417.0 I tenuipes Lepidoptera 5.1-8.0 (6.4) x 1.5-2.5 (1.9) 4.0-5.4 (4.5) x 1.4-1.8 (1.6) 4.4-6.2 (5.3) x 3.0-4.1 (3.5) 
TE434 020417.1 I tenuipes Lepidoptera 4.0-8.3 (6.1) x 1.4-2.3 (1.9) 3.7-5.3 (4.3) x 1.5-1.9 (1.7) 4.0-6.6 (5.0) x 3.0-5.0 (3.4) 
TE497 020509.1 I tenuipes Lepidoptera 4.2-8.5 (5.7) x 1.4-2.5 (1.9) 4.0-5.3 (4.5) x 1.4-1.9 (1.6) 4.0-5.9 (4.8) x 2.8-4.0 (3.3) 
E1095 040610.2 I tenuipes Lepidoptera 3.9-8.0 (5.4) x 2.0-3.1 (2.3) 4.0-6.2 (5.3) x 1.2-1.9 (1.6) 4.4-6.1 (5.1) x 2.5-3.6 (3.2) 
E1096 040610.3 I tenuipes Lepidoptera 4.2-7.9 (5.6) x 1.9-3.5 (2.3) 4.1-6.6 (5.4) x 1.2-1.9 (1.6) 4.0-6.5 (5.2) x 3.0-4.0 (3.4) 
NC182 060415.45 I tenuipes Lepidoptera 4.5-8.1 (6.1) x 1.7-2.9 (2.3) 4.0-6.9 (5.6) x 1.5-2.3 (1.9) 4.7-7.2 (5.7) x 3.5-5.3 (4.1) 
TE435 020417.2 I tenuipes Lepidoptera 4.6-9.1 (5.9) x 1.9-2.5 (2.1) 4.7-6.6 (5.5) x 1.5-2.0 (1.7) 3.9-5.8 (4.8) x 2.9-3.9 (3.4) 
TE436 020417.3 I tenuipes Lepidoptera 4.5-8.0 (6.1) x 1.4-2.3 (1.8) 3.5-5.0 (4.2) x 1.4-1.9 (1.6) 4.1-6.0 (4.9) x 3.1-3.8 (3.5) 
E090 030421.1 I tenuipes Lepidoptera 4.9-9.0 (6.7) x 1.9-3.0 (2.4) 3.0-4.9 (4.2) x 1.3-1.9 (1.5) 4.3-5.9 (5.3) x 3.0-4.4 (3.7) 
NC200 060508.1 I tenuipes Lepidoptera 4.4-7.7 (6.2) x 2.0-3.2 (2.6) 3.7-5.3 (4.5) x 1.7-2.4 (2.0) 4.0-5.5 (4.5) x 2.8-4.2 (3.5) 



Table 4.8. continued. 

Isolate # Specimen # Species Host 
Conidia on MEA Conidia on host Phialides on host 
length x width length x width length x width 

EI045 040510.21 I.farinosa Opiliones 2.3-3.1 (2.7) x 1.1-1.7 (1.4) 2.3-2.9 (2.6) x 1.4-1.7 (1.6) 5.4-9.8 (7.3) x 2.4-3.3 (2.9) 
NC80 050215.3 I.farinosa n.d. 2.3-3.1 (2.6) x 1.3-1.6 (1.4) 2.1-2.8 (2.4) x 1.1-1.6 (1.4) 4.2-7.7 (5.8) x 2.0-2.9 (2.4) 
TE437 020417.4 I.farinosa n.d. 2.2-3.0 (2.5) x 1.1-1.5 (1.3) 2.2-2.6 (2.4) x 1.2-1.7 (1.5) 4.2-7.1 (5.3) x 2.1-3.0 (2.6) 
EI046 040510.4 I.farinosa n.d. 2.2-3.1 (2.7) x 1.3-1.9 (1.5) 2.1-2.8 (2.4) x 1.2-1.6 (1.4) 4.5-8.7 (6.3) x 1.9-3.2 (2.5) 
E1047 040510.20 I.farinosa n.d. 2.3-3.1 (2.7) x 1.2-1.9 (1.5) 2.3-2.9 (2.5) x 1.3-1.7 (1.5) 5.1-7.2 (6.2) x 2.3-3.0 (2.6) 
NC54 050404.26 I.farinosa n.d. 2.1-2.8 (2.5) x 1.3-1.7 (1.5) 2.0-2.6 (2.3) x 1.2-1.6 (1.4) 4.3-7.2 (5.4) x 2.3-2.8 (2.5) 
NCl13 050406.8 I.farinosa n.d. 2.1-2.8 (2.4) x 1.2-1.7 (1.4) 2.1-2.6 (2.4) x 1.3-1.7 (1.5) 4.7-7.4 (5.7) x 2.2-2.9 (2.7) 
NCl18 050406.27 I.farinosa n.d 2.2-2.9 (2.5) x 1.2-1.7 (1.4) 2.1-2.9 (2.4) x 1.2-1.7 (1.3) 4.1-7.0 (5.8) x 2.0-2.9 (2.5) 
NC61 050405.5 I.farinosa n.d. 2.3-3.0 (2.6) x 1.3-1.7 (1.5) 2.1-2.8 (2.3) x 1.2-1.6 (1.4) 5.2-6.9 (6.0) x 2.0-2.6 (2.3) 

n.d., not determined. 
1.0 
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Figure 4.1. A-G /saria farinosa: A 050408.17, 8 050413.7, on Hymenoptera; C 
040510.21 on Opiliones; D 050408.25, E 050408.21 on Lepidoptera; 
F 060415.39, on Aranaea; G 060508.5, on Lepidoptera. H: /saria cf. farinosa, 
060415.36 on Lepidoptera. 
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Figure 4.2. /saria farinosa: A conidia, 060415.39; CaE phialides, 040610.1. 
/saria ct. farinosa: B conidia, 060415.46; F-H phialides, 060511.10. Scale bars 
indicate 1 0 ~m. 
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Figure 4.3. A-F: Isaria tenuipes on lepidopteran pupae. A 060415.45, B 030421.1, 
C 020417.1, D 060508.1, E 040610.2, F 020417.2. 
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Figure 4.4. A-H: /saria tenuipes. A conidia, 060508.1; B conidia, 020417.0; C 
conidia, 040610.3; D-E phial ides, 030506.6; F phialides, 060415.45; G conidiophore 
and phialides, 060415.45; (H) conidiophore and phialides, 030506.6. Scale bars 
indicate 10llm, except E-F which are 5 Ilm. 
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Figure 4.5. A-D Isaria cicadae on cicada nymphs: A 050302.3, 050302.4; B 050302.10; 
C 060508.7; D 050408.16. E-F Isaria ct. cicadae: E 050406.7, on lepidopteran pupa; 
F 050405.14, on Coleoptera. 
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Figure 4.6. /saria cicadae: A conidia, 050406.16; CaD conidiophores and phialides 
050406.16. /saria cf. cicadae: B conidia, 050405.14; E-F conidiophores and phial ides, 
050406.35. Scale bars indicate 10 Ilm. 
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4.3.3 Phylogenetic analyses 

Sequences from the ITSl-5.8S-ITS2 region using primers ITS4 and ITS5 were approximately 

534 nucleotides in length. The final ITS alignment consisted of 456 aligned positions, of which 

63 were parsimony-informative sites. Maximum parsimony (MP) analysis of the ITS dataset 

generated 540 equally parsimonious trees with a length of 148 steps. Bayesian likelihood 

analysis was conducted using the GTR + I+G model. One of the most parsimonious trees from the 

maximum parsimony analysis of the ITS region is shown in Fig. 4.7 with MP bootstrap values 

(BS) and posterior probabilities (PP) from the Bayesian analysis indicating support for each 

clade. 

The ITS phylogeny generally supported species identifications based on morphology, with New 

Zealand Isaria isolates clustering in four main clades. Isolates identified as 1. farinosa grouped 

in a well supported basal clade (99% BS, 100% PP) with most overseas representatives of the 

taxon, but in a different clade from the type strain of 1. farinosa from Denmark (CBS 111113). 

Four isolates that were morphologically comparable to 1. farinosa but characterised by larger 

spores (designated here as 1. cf farinosa) formed a distinct clade (80% BS, 100% PP) that 

grouped strongly (95% BS, 100% PP) with CBS111113. New Zealand isolates of 1. cicadae-like 

fungi clustered with strains of 1. cicadae from China and Japan, although MP analysis showed 

only limited bootstrap support (67% BS) for this clade and it was not resolved in the Bayesian 

analysis. MP and Bayesian analyses indicated a distinction between New Zealand strains of 1. 

cicadae from cicadas and larger-spored strains (designated 1. cf cicadae) from non-cicada hosts, 

although again this was not strongly supported by bootstrap values (64%) or posterior 

probabilities (87%). New Zealand isolates of 1. tenuipes grouped in a well supported clade (90% 

BS, 100% PP) with overseas strains of the species. 

Partial sequences from the p-tubulin and EF1-a gene regions were analysed to further confirm 

the phylogenetic groupings indicated from ITS analysis. Sequences from the p-tubulin region 

using primers Bt2a and Bt2b were approximately 330 nucleotides in length. The final alignment 

had 299 aligned positions with 65 parsimony-informative sites. Maximum parsimony analysis of 

the ITS dataset yielded 106 equally parsimonious trees with a length of 142 steps. Bayesian 

likelihood analysis was conducted using the GTR+I model (general time reversible model with a 

proportion of invariable sites. One of the most parsimonious trees from maximum parsimony 

analysis of the partial p-tubulin region is shown in Figure 4.8A with MP bootstrap values (BS) 

and posterior probabilities (PP) from the Bayesian analysis indicating support for each clade. 
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Partial EFl-a sequences obtained usmg the primers 1777F and 221SR consisted of 529 

nucleotides. The final alignment had 493 positions, including lOS parsimony-informative sites. 

Maximum parsimony (MP) analysis of the EFl-a dataset generated 107 equally parsimonious 

trees with a length of ISO steps. Bayesian likelihood analysis was conducted using the GTR+G 

model (general time reversible model with a gamma distribution). One of the most 

parsimonious trees from maximum parsimony analysis of the EF1-a region is shown in Fig. 

4.SB with MP bootstrap values (BS) and posterior probabilities (PP) from the Bayesian analysis 

indicating support for each clade. 

Analysis of partial EF1-a and ~-tubulin regions also supported the distinction between the two 

groups of I farinosa-like strains. In the ~-tubulin phylogeny the larger spored isolates again 

formed a separate group (96% BS, 100% PP) in a clade with CBS 111113 (99% BS, 100% PP). 

The more typical 1. farinosa isolates were clearly separated in a different clade (SO% BS, 100% 

PP) with other overseas representatives. Although no sequence of CBSl11113 was available for 

comparison in the EF1-a analysis two distinct groups were again supported with the larger

spored isolates forming a separate clade (99% BS, 100% PP) from a similarly well-supported ( 

99% BS, 100% PP) group ofNZ and overseas Ifarinosa. 

No EF1-a or ~-tubulin sequences from overseas I cicadae were available for phylogenetic 

comparison with NZ strains. Analysis of the partial ~-tubulin region did not show any genetic 

variation among 1. cicadae-like isolates from different hosts. However, the EF1-a phylogeny 

indicated (69% BS) that 1. cicadae isolates from cicadas formed a distinct subgroup from the 

larger spored examples associated with Coleopteran and Lepidopteran hosts. However, as in the 

ITS analysis this distinction showed only limited bootstrap support (69% BS) in the MP analysis 

and was not resolved by Bayesian inference. 
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65/97 I. farinosa E1048 Hymenoptera 

Figure 4.7 One of the most parsimonious trees showing relationships of New Zealand 
Isaria species with overseas strains (in red). The numbers at each branch represent 
bootstrap values based on lOOO replicates and posterior probabilities from Bayesian 
analysis, respectively. Only values over 50% are shown. Phylogenetic distance is indicated 
by the scale bar at the base of the figure. 
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Figure 4.8 Relationships of New Zealand Isaria species with overseas strains (in red) based on 
analysis of (A) partial p-tubulin and (B) partial EFl-a sequences. Each tree is one of the shortest trees 
from maximum parsimony analysis with numbers at each branch denoting bootstrap values based on 
1000 replicates and posterior probabilities from Bayesian analysis, respectively. Only values over 50% 
are shown. Phylogenetic distance is indicated by the scale bar at the base of each figure. 
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4.4 Discussion 

Isaria species were found to be common in New Zealand native forests and were collected from 

sites in all of the five main regions in this study (Tables 4.3, 4.5, 4.6). Individual species varied 

in their host preferences and included generalist and host-specific pathogens. Insects were the 

most frequent hosts, primarily immature stages of Lepidoptera (42% of collections) and 

Hemiptera (36%). Several collections were also made from non-insect arthropods in Acari, 

Aranaea and Opiliones. (Tables 4.4, 4.6). Isaria farinosa and Isaria cicadae appeared to be the 

main Isaria species in native forest. 

Isaria farinosa was the most commonly collected Isaria species in this study. While the species 

was most frequently found in association with lepidopteran larva and pupae it was also found to 

infect adult Lepidoptera and several wasp species including the introduced Vespula vulgaris 

(Hymenoptera: Vespidae). Mites (Acari), spiders (Araneae) and a harvestman (Opilionidae) 

were also found as hosts. The wide host range of 1. farinosa among arthropods may reflect a role 

as an opportunistic pathogen capable of saprotrophic survival outside of the host. The species is 

often found in forest soils and litter (Domsch et al. 1980; Harney & Widden 1991b; Samson 

1974; Sosnowska et al. 2004; Vanninen 1996) and has been shown to actively decompose plant 

litter (Harney & Widden 1991a). 

Isaria farinosa often formed simple cylindrical to clavate synnemata on the host, generally with 

a yellowish or orange stipe and reaching lengths of up to 10 mm (Fig. 4.1A, D, E, G). However, 

in many cases synnemata were poorly differentiated (Fig. 4.1B) or not present (Fig. 4.1 C, F). 

Synnemata formation in 1. farinosa appears to be a response to environmental conditions rather 

than a genotypic trait associated with particular strains. Chew et al. (1998) found no correlation 

between genetic groups of 1. farinosa and presence or absence of synnemata. While Mains 

(1955) suggested that synnemata size was influenced by the size of the host, the specific 

microhabitat of the host seems to be a major factor in determining synnematal form. In native 

forests the synnemata were associated with hosts buried in soil or encased in leaves. Infected 

arthropods collected from more exposed positions (e.g. attached to trees or on the forest floor) 

generally lacked prominent synnemata. Samson & Evans (1977) noted that 1. jil1nosorosea 

normally only produced synnemata on concealed hosts and that synnematal production in culture 

was influenced by specific light conditions. Similarly, the spider pathogen Nomuraea atypicola 

forms synnemata on burrow-dwelling trapdoor spiders but only produces mononematous 

conidiophores on hunting and aerial web-building hosts (Coyle et al. 1990). As the obvious 

function of synnemata is to elevate conidiophores to a position favourable for dispersal of 

105 



conidia (Evans 1982), their production has become an ecological requirement for species which 

infect hosts that are buried or otherwise hidden (Samson & Evans 1977). 

Isaria farinosa was primarily distinguished from other members of the genus examined in this 

study by its ellipsoidal to fusiform conidia (Fig. 4.2A) measuring 2.0-2.9 x 1.1-1.9 /lm on the 

host and 2.1-3.2 x 1.1-2.0 /lm in culture. Phialides had ellipsoidal bases which tapered to a thin 

neck (Fig. 4.2C-E), and measured 3.8-9.8 x 1.9-3.5 /lm. Although phialides and conidia were 

significantly longer on non-insect hosts, this was not demonstrated in measurements from 

cultures. This may suggest the differences are related to variation in the nutritional composition 

of the two groups of hosts. Morphological characteristics of New Zealand representatives 

matched closely with the description of Paecilomyces farinosus by Samson (1974) who 

recorded conidia as measuring 2.0- 3.0 x 1.0- 1-8 /lm and phialides as 5.0-15.0 x 1.2-2.5 /lm. 

Isaria farinosa was first described as Ramaria farinosa by Holm from Denmark in 1780, 

although none of his original specimens were preserved (Hodge et al. 2005). In the recent 

establishment of I farinosa as the type species for Isaria, Hodge et al. (2005) designated Holm's 

original illustration as the lectotype for the species. However, as the figure lacks microscopic 

detail and could easily also represent I tenuipes, a specimen and corresponding culture of I 

farinosa from Denmark were selected as an epitype. A sequence from the epitype culture was 

included in the ITS phylogeny of Luangsa-ard et al. (2005), but did not group closely with other 

included representatives of the species, demonstrating that I farinosa is not monophyletic within 

Isaria. 

In the ITS phylogeny presented in this study, New Zealand isolates identified as I farinosa 

grouped with examples of the species from various countries, forming a well-supported clade at 

a basal position in the tree that was distinct from the epitype strain (CBS 111113). Analysis of 

partial B-tubulin sequences also clustered New Zealand isolates with overseas strains of I 

farinosa in a different clade from the type. New Zealand isolates again grouped with overseas 

strains of I farinosa in the EF1-a analysis, although a sequence from the type culture was not 

available for comparison. The majority of New Zealand ITS sequences were identical to most 

sequences from overseas strains, although others diverged by several nucleotides. Three isolates 

(NC76, NC177, NC203) formed a well supported subclade in the ITS and EF1-a phylogenies 

but this did not correlate with any differences in conidial size or host affiliation. All B-tubulin 

sequences from examined isolates ofNZ Ifarinosa were identical. 

Four isolates from lepidopteran pupae (NC108, NC180, NC184, NC212) were morphologically 

similar to I farinosa with ellipsoidal to fusiform conidia (Fig. 4.2B), but conidia were found to 
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be larger, measuring 2.5-3.8 x 1.5-2.5 !lm on the host material and 2.6-4.0 x 1.8-2.7 !lm in 

culture. The arrangement of conidiogenous structures was similar to that observed in specimens 

identified as 1. jarinosa, although phialides typically had a wider base, ranging from 2.3-4.0 !lm 

(Fig 4.2F-H). All of the collected material was characterised by the production of simple white 

synnemata on the host (Fig. 4.1H). Molecular analyses placed these apart from other isolates in 

a distinct clade which was well-supported in the ITS, EF1-a, and p-tubulin phylogenies. A close 

affiliation with the epitype strain of 1. jarinosa (CBS 111113) was shown from analysis of the 

ITS and p-tubulin regions. Both morphological and molecular data clearly indicates that these 

isolates should be placed in a separate species from the more commonly encountered 1. farinosa 

with smaller spores. However, the taxonomic status of "1. jarinosa" seems uncertain and 

molecular data from this study and from Luangsa-ard et at. (2005) indicates that the strain 

selected as the type may not be an ideal representative of the species. Currently, the taxon 

appears to be a species complex that requires further phylogenetic revision. 

Isaria tenuipes was collected and isolated from lepidopteran pupae buried under moss or in leaf 

litter. The species appeared to be less common than 1. jarinosa or 1. cicadae, which may explain 

the scarcity of previous New Zealand records. Typically, the species produced characteristic 

synnemata which were highly branched with bright yellow stipes, extending up to about 20 mm 

from the host (Fig. 4.3). Synnemata of 1. tenuipes have often been described as resembling 1. 

farinosa (Bissett 1979a; Mains 1955; Samson 1974). However, as also noted by Petch (1937), 

the examined specimens had conidial heads that were composed of distinct terminal branches 

and were less compact than in 1. jarinosa, giving a characteristic plumose appearance. This was 

especially pronounced in older specimens that had lost most of their conidia. 

Conidia of 1. tenuipes were ellipsoidal to cylindrical, often slightly curved or allantoid (Fig. 

4.4A-C). Conidial dimensions showed some variation on the host, with conidia of most 

specimens ranging from 3.2-5.4 x 1.2-2.4 !lm, while several collections had conidia up to 6.9 

!lm long. In culture, conidia measured 3.9-9.1 x 1.4-3.5 !lm. Samson (1974) recordedP. tenuipes 

strains as having two distinct types of conidia: either one-celled and measuring 3-7.5 x 2.0-2.5 

!lm or 6-12 !lm long with one or two cells. No two-celled conidia were seen in the New Zealand 

isolates. Phialides generally measured 3.6-6.6 x 2.7-5.3 !lm and had a globose-subglobose base, 

tapering abruptly or gradually to a short, thin neck (Fig. 4.4D-F). Metulae were typically 

globose-subglobose and borne on swollen, densely branched conidiophores (Fig. 4.4G-H). 

Morphology closely matched the description of the species in Samson (1974). ITS sequences of 

the New Zealand isolates showed no variation and were identical to sequences from overseas 

strains, including a culture derived from the type locality in North America (ARSEF5135). 
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All Isaria species on cicada nymphs collected in native forest were identified as Isaria cicadae. 

The species was often observed in large numbers, and at one site over 50 individual specimens 

were counted in an area covering about 25 square metres. In most cases 1. cicadae could be 

easily identified before microscopic examination due to its specific host and characteristic stout, 

branched synnemata which reached up to 70 mm long with conidia aggregated in compact, 

cauliflower-like heads (Fig. 4.5A-D). Conidia from host material were cylindrical and usually 

highly curved (Fig. 4.6A), measuring from 3.2-6.5 x 1.1-2.7 ).tm, which corresponds closely 

with 1. cicadae according to Samson (1974). Conidia in culture were extremely variable; some 

were similar in size and shape to those from the host while others were cylindrical and straight 

or irregularly curved, sometimes with a tunicate (hook-shaped) or sigmoid appearance, and 

measuring up to 12.3 ).tm long. As shown by Kobayasi (1939, 1941), Kobayasi & Shimizu 

(1963), and Samson (1974), conidiogenous structures (Fig. 4.6C-D) strongly resembled those of 

1. tenuipes, with both species producing phialides with a globose-subglobose base and a short, 

thin neck from globose-sub globose metulae and densely branched, highly swollen 

conidiophores. 

Three isolates (NC122, NC112, NC127) from hosts other than cicadas (lepidopteran pupae and a 

coleopteran species) produced cylindrical, curved conidia (Fig. 4.6B) measuring 5.7-9.0 x 1.6-

2.5 ).tm on the host and 6.2-13.7 x 1.4 -3.0 ).tm in culture. Phialides were similar to those 

observed on cicada specimens (Fig. 4.6E-F). While these also tend to fit with Samson's 

description of 1. cicadae they were clearly different from the New Zealand specimens described 

from cicada nymphs. Although one specimen had similar synnemata to those produced on 

cicadas, the other collections had greatly reduced synnemata that extended only a few 

millimeters from the host (Fig. 4.5E-F). Analysis ofITS and EF1-a sequences also supported the 

distinction between the two groups of New Zealand 1. cicadae-like isolates, although differences 

were limited to two nucleotides in each region. 

Isaria cicadae was first described by Miquel in 1838 for a fungus infecting buried cicada 

nymphs in Brazil (Petch 1933). The species received little attention until it was considered by 

Petch to be an earlier synonym of Isaria sinclairii which had been originally described from 

New Zealand material as Cordyceps sinclairii by Berkeley (1855). Although the original 

description of C. sinclairii did not include a figure the species was later illustrated in Berkeley 

(1857) and also (in more detail) by Gray (1858). Berkeley (1855) recorded the fungus as 

occurring on an "orthopterous insect"; however Gray (1858) was more definite in stating that the 

host was a cicada. Torrubia caespitosa, described from cicadas by Tulasne in 1865, was 

apparently based on the same set of specimens examined by Berkeley (Cooke 1892; Lloyd 
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1915). A fungus illustrated by Taylor (1855) from New Zealand and (invalidly) named as 

Sphaeria basili also appears to be the same species. The host was given by Taylor as a "locust", 

a term often used in the nineteenth century to describe cicadas (Kritsky 2001). 

Massee (1895) and Cunningham (1921) both noted that C. sinclairii had never been shown to 

produce perithecia and the species was accordingly recombined in Isaria by Lloyd (1923). The 

description by Berkeley (1855) of Cordyceps sinclairii gave little detail of microscopic 

characters, although spores were given as about 7 /lm long and oblong-shaped. Petch (1924) 

provided the first detailed description of Isaria sinclairii from specimens collected in Ceylon. 

Conidia were described as oblong-oval measuring 8.0-10.0 x 2.0-3.0 /lm. Petch (1933) later 

examined specimens of 1. sinclairii from New Zealand and Mexico, and deciding that these were 

the same as the species earlier described by Miquel, synonymised 1. sinclairii and several other 

species with 1. cicadae. Kobayasi (1939) however, disagreed with Petch and preferred to retain 

the name 1. sinclairii, stating that 1. cicadae was "obscurely known with inadequate description 

based on the sterile and dried specimen". Conidia of 1. sinclairii were recorded from Japanese 

material by Kobayasi (1939, 1941) and Kobayasi & Shimizu (1963) as ovoid, elongate

ellipsoidal, or fusiform; frequently curved; and measuring 5.0-9.0 x 2.0-3.0 /lm. 

In transferring entomopathogenic Isaria species to Paecilomyces, Samson (1974) followed Petch 

(1933) and made the combination Paecilomyces cicadae, giving spore dimensions as 3.5-8.0 x 

1.5-3.5 /lm. Samson examined specimens from various countries including a New Zealand 

collection of Cordyceps sinclairii from Berkeley'S herbarium. Samson (1974 fig. 20) illustrated 

three sets of conidia for P. cicadae: two groups equate to the large cylindrical-ellipsoidal conidia 

as described for 1. sinclairii from Ceylon (Petch 1924) and Japan (Kobayasi 1939), while the 

third set are identical to the smaller, highly curved conidia observed for New Zealand 1. cicadae 

in the present study. Although Samson does not reference these conidial types to any particular 

specimen it seems likely that the smaller conidia illustrated are from the New Zealand specimens 

he examined. 

It is suggested that New Zealand strains identified as Isaria cicadae, with conidia measuring 3.2-

6.5 x 1.1-2.0 /lm may represent a separate species to similar fungi with larger conidia recorded 

from cicadas in other parts of the world. New Zealand isolates with large conidia from hosts 

other than cicadas appear to be an allied species that may be more closely related to overseas 1. 

cicadae. The morphological distinction between the two groups is also supported to a limited 

extent by phylogenetic data, although a lack of available sequences prevented a detailed 

molecular comparison with strains from other countries. Further examination of New Zealand 
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and overseas isolates using both morphology and multiple, high-resolution molecular markers is 

clearly necessary to clarify the taxonomy of this species. 
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CONCLUSIONS 

Species of Beauveria and Isaria were found to be frequently occurring in native forests and must 

function as important natural regulators of arthropod populations in these habitats. The two 

recognized phylogenetic species (clades A and C) within Beauveria bassiana were both found to 

be present in native forests. Clade C has not been identified from disturbed habitats in this 

country and it is suggested that the group is restricted to natural forests in New Zealand. 

Beauveria malawiensis, previously only known from coleopteran hosts, was found to have a 

broad host range in native forests, infecting representatives of the insect orders Hemiptera, 

Hymenoptera, Orthoptera and Phasmatodea. It is suggested that many previous records of 

Beauveria brongniartii in this country may have been B. malawiensis. Insect bioassays generally 

indicated that individual strains of B. malawiensis and B. bassiana are not highly host-specific 

and demonstrated the potential of the both species for the biological control of Vespula wasps. 

Beauveria caledonica, previously known only from pine forests in New Zealand, was also found 

to be established in native forests. The species was also recorded for the first time from non

coleopteran hosts. Isaria farinosa and 1. tenuipes, although poorly recorded in New Zealand, 

were both present in native forests. Molecular data supported previous findings that 1. farinosa is 

not monophyletic and may consist of an assemblage of morphologically similar species. Two 

distinct groups of 1. cicadae-like fungi were identified in native forests. It is suggested that 

species from cicada nymphs in New Zealand previously classified as I. cicadae may represent a 

separate, possibly endemic species. 

Molecular analyses presented in this study have indicated several unique lineages in New 

Zealand representatives of Beauveria and Isaria species. Future studies using additional 

molecular markers are necessary to provide further insight into the diversity and 

phylogeographic origins of these species in New Zealand. 
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APPENDIX: Authorities for generic and specific fungal names used in the text 

All authorities below were obtained from Mycobank entries (Robert, Stegehuis & Stalpers 2005. 
The MycoBank engine and related databases. http://www.mycobank.org). 

Acremoniu111 Link 1809 

Akanthomyces Lebert 1858 

Aschersonia Endlicher 1842 

Aschersonia duplex Berkeley 1855 

Beauveria Vuillemin 1912 

Beallveria alba (Limber) Saccas 1948 

Beauveria amorpha (Hahnel) Samson & H.C. Evans1982 

Beallveria bassiana (Balsamo-Crivelli) Vuillemin 1912 

Beallveria brongniartii (Saccardo) Petch 1926 

Beallveria caledonica Bissett & Widden 1988 

Beallveria densa (Link) F. Picard 1914 

Beallveria malawiensis S.A. Rehner & Aquino de Muro 2006 

Beallveria ten ella (Saccardo) Siemaszko 1954 

Beallveria velata Samson & H.C. Evans 1982 

Beallveria vermiconia de Hoog & V. Rao 1975 

Botrytis P. Micheli ex Haller 1768 

Botrytis bassiana Balsamo-Crivelli 1835 

Botrytis paradoxa Balsamo-Crivelli 1835 

Botrytis ten ella (Saccardo) Delacroix 1891 

Byssochlamys Westling 1909 
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Cephalosporium Corda 1839 

Clavaria sobolifera Hill ex Watson 1763 

Coelomomyces opifexi Pillai & lM.B. Smith 1968, 

Conoideocrella D. Johnson, G.H. Sung, Hywel-Jones & Spatafora 2009 

Cordyceps Fries 1833 

Cordyceps bassiana Z.Z. Li, C.R. Li, B. Huang & M.Z. Fan 2001 

Cordyceps brongniartii Shimazu 1988 

Cordyceps cardinalis G.H. Sung & Spatafora Sung, G.H. & Spatafora, J.W 2004, 

Cordyceps cylindrica Petch 1937 

Cordyceps memorabilis (Cesati) Cesati1861 

Cordyceps militaris (Linnaeus) Link 1833 

Cordyceps pseudomilitaris Hywel-Jones & Sivichai 1994, 

Cordyceps robertsii (Hooker) Berkeley 1855 

Cordyceps scarabaeicola Kobayasi 1976 

Cordyceps sinclairii Berkeley 1855 

Cordyceps sobolifera (Hill ex Watson) Berkeley & Broome 1875 

Cordyceps staphylinidicola Kobayasi & Shimizu 1982 

Cordyceps takaomontana Yakushiji & Kumazawa 1941 

Engyodontium de Hoog 1978 

Fusarium Link 1809 

Gibellula Cavara 1894 

Hirsutella Patouillard 1892 

Hirsutella thompsonii F.E. Fisher 1950, 
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Hymenostilbe Petch 1931 

Hypocrella Saccardo 1878 

Isaria Persoon 1794 

Isaria amoenerosea Hennings 1902 

Isaria amorpha Hohnel 1909 

Isaria cateniannlllata (Z.Q. Liang) Samson & Hywel-Jones 2005 

Isaria cateniobliqlla (Z.Q. Liang) Samson & Hywel-Jones 2005 

Isaria cicadae Miquel1838 

Isaria coleopterorllm (Samson & H.C. Evans) Samson & Hywel-Jones 2005 

Isaria farinosa (Holmskjold) Fries 1832 

Isaria felina (DeCandolle) Fries 1832 

Isaria fllmosorosea Wize 1904 

Isaria ghanensis (Samson & H.C. Evans) Samson & Hywel-Jones2 005 

Isariajavanica (Friedrichs & Bally) Samson & Hywel-Jones 2005 

Isaria orthopterorltm Petch 1933 

Isaria sinclairii (Berkeley) Lloyd 1923 

Isaria slllphllrea Fiedler 1859 

Isaria tenllipes Peck 1879 

Lecanicillillm W. Gams & Zare 2000 

Massospora.Peck 1879 

Metarhizillm Sorokin1879 

Metarhizillm anisopliae (Metschnikoff) Sorokin 1883 

Moelleriella Bresadola 1896 
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Nomuraea Maublanc 1903 

Nomllraea atypicola (Yasuda) Samson 1974 

Nomllraea rileyi (Farlow) Samson 1974 

Orbiocrella D. Johnson, G.H. Sung, Hywel-Jones & Spatafora 2009 

Ophiocordyceps Petch 1931 

Ophiocordyceps robertsii (Hooker) G.H. Sung, lM. Sung, Hywel-Jones & Spatafora 2007 

Ophiocordyceps sinensis (Berkeley) G.H. Sung, J.M. Sung, Hywel-Jones & Spatafora 2007 

Paecilomyces Bainier 1907 

Paecilomyces breviramoslls Bissett1979 

Paecilomyces cicadae (Miquel) Samson 1974 

Paecilomycesfarinoslls (Holmskjold) A.R.S. Brown & G. Smith 1957 

Paecilomyces lilacinus (Thorn) Samson 1974 

Paecilomyces ramOSliS Samson & R. C. Evans 1974 

Paecilomyces rariramlls Z.Q. Liang & B. Wang 2003 

Paecilomyces tenllipes (Peck) Samson 1974 

Paecilomyces variotii Bainier 1907 

Paecilomyces xylariiformis (Lloyd) Samson 1974 

Penicillium Link 1809 

Pselldellrotillm bakeri C. Booth 1961 

Pselldellrotium J.F.R. Beyma 1937 

Ram aria farinosa Holmskjold 1781 

Regiocrella Chaverri & K. T. Hodge 2005, 

Samuelsia P. Chaverri & K.T. Hodge 2008 

140 



Simplicillium lamellicola (F.E.V. Smith) Zare & W. Gams 2001 

Simplicillium lanosonivellm (J.F.R. Beymct) Zare & W. Gams 2001 

Sphaeria basili Taylor 1855 a 

Sphaeria Haller 1768 

Spicaria farinosa (Holmskjold) Vuillemin 1911 

Spicaria Harting 1846 

Sporotrichum Link 1809 

Sporotrichum globliliferlim Spegazzini 1880 

Strongwellsea A. Batko & Weiser 1965, 

Talaromyces C.R. Benjamin 1955, 

Teberdinia Sogonov, W. Gams, Summerbell & Schroers 2005 

Thermoasclls Miehe 1907 

Tolypocladium W. Gams 1971 

Tolypocladillm extingllens Samson & Soares 1984 

Torrllbia caespitosa Tulasne & C. Tulasne 1865 

Torrllbiella Boudier 1885 

Torrubiella gonylepticida (A. M011er) Petch 1937b 

Torrllbiella plilvinata Mains 1949 

Verticillilllll N ees 1817 

Verticillilllll grisellm (Petch) W. Gams 1971 

Verticillillm lecanii (Zimmermann) Viegas 1939 

a Date given incorrectly as 1844; b Date not given. 

141 



ACKNOWLEDGEMENTS 

Many thanks to my senior supervisor Dr Tony Cole for his patience throughout this project. 

Also thanks to Tony for giving me the initial opportunity to work in mycology. 

I am extremely grateful to Dr Travis Glare and AgResearch for funding and the use of laboratory 

facilities. 

Dr Peter Buchanan, Dr Peter Johnson, Dr Shaun Pennycook, Dr David Orlovich, Dr Jerry 
Cooper and others for organising the Landcare Fungal Forays. 

Dr Nigel Hywel-Jones for his warm hospitality in Thailand and ongoing advice. 

Matt Walters for his superb photography and help with digital imaging and printing. 

David Tattle, Rennie Bishop and Dr Gerhard Lang for field assistance. 

Tracey Nelson and Nicky Richards for their instruction in molecular techniques. 

Dr Michael Brownbridge and Dr Steve Reay for help with bioassays, and many useful 

discussions. 

Dr Cor Vink for his advice on phylogenetics. 

Dr Alexis Guerin and Manfred Ingerfeld for French and German translation, respectively. 

Dr Ermin Schadich for his kind assistance on various levels. 

I would also like to thank my family for their wonderful support and patience. 

142 




