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Abstract 

Metarhizium strains associated with grass grub (Costelytra giveni) in New 

Zealand, and their potential as biocontrol agents 

 

by 

Nghia Thi Nguyen 

 

Grass grub (Costelytra giveni) (Coleoptera: Scarabaeidae), an endemic pest of improved pasture in 

New Zealand, is a damaging root herbivore which lives in soils for most of its life cycle. The pest is 

resistant to most microbes, but larvae are susceptible to some strains of the fungi belonging to the 

genus Metarhizium. However, fungal diseases are rarely sufficient to control the pest naturally. It has 

been shown that other microbes can influence infection by the fungal propagules, but it is not known 

if this is due to specific species of microbes, and the mode of action of microbial interactions is yet to 

be elucidated. Plant and soil type can also influence the effectiveness of fungal entomopathogens, as 

they release compounds which can directly and indirectly affect soil microbial communities and 

potentially the infection process. Also, the abundance of Metarhizium in pasture soils and the host 

range of Metarhizium to New Zealand insect pests is unknown for most strains.  

In this project, the goal was to find Metarhizium strains with the potential to be used as a biocontrol 

agent of grass grub in New Zealand and to assess the effect of microbial interactions with 

Metarhizium on the control achieved. Metarhizium spp. were isolated from the environment, 

identified through molecular approaches, and bioassays conducted against second and third instar 

grass grub larvae to determine relative virulence.  

A number of Metarhizium strains were isolated from infected grass grub larvae, soil and obtained 

from existing collections. At one field site, Metarhizium spp. were infecting around 5% of field-

collected larvae. These isolates were shown to belong to the species, M. anisopliae, M. 

novozealandicum, M. robertsii. M. guizhouense, M. pemphigi, M. brunneum, M. frigidum and M. 

pinghaense. Among these isolates M. novozealandicum (C14), M. novozealandicum (F99), M. 

anisopliae (M2), M. anisopliae (F672) and M. pinghaense (JK) caused high grass grub larval mortality 

after 35 days in bioassays (Chapter 2). M. novozealandicum (C14) caused the highest larval mortality 

in second and third instar grass grub in both semi-sterilised and non-sterilised soil. The soil type did 
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not affect the pathogenicity of Metarhizium. The LT50 and LC50 values of M. novozealandicum (C14) 

were lower than for other Metarhizium isolates. M. novozealandicum (C14) at 107 conidia/ml (LC50 < 

2.5 x 107 conidia/ 10 g soil after 28 days) was effective against both second and third instar grass 

grub (nearly 100% larval mortality after 35 days) (Chapter 3).  

Interactions between M. novozealandicum (C14) and another potential deterrent of grass grub, the 

grass endophyte Epichloë, were investigated.  M. novozealandicum (C14) applied at a rate of 105 

conidia/ml had no interaction with meadow fescue endophyte (Epichloë uncinatum) and could not be 

detected as an endophyte inside grass tissues. However, M. novozealandicum (C14) established as an 

endophyte inside meadow fescue when soil was inoculated with 107 conidia/ml.  After surface 

sterilisation and culturing M. novozealandicum (C14) was isolated from inside colonised plants, and 

inhibition of other endophytic fungi was found when isolating on MSM medium. Fungal hyphae were 

seen inside plant tissue using fluorescent microscopy, but could not specifically be confirmed as M. 

novozealandicum (C14) (Chapter 4).  

A range of bacteria were isolated from soil and dead field collected grass grub larvae to examine the 

effect on M. novozealandicum (C14) infection and larval mortality, as a proxy for bacteria- fungal 

interactions. Most selected bacteria had a synergistic interaction with M. novozealandicum (C14) 

against the second instar larvae but there was no synergism against the third instar larvae. Isolate 6-1 

(Yersinia enterocolitica) when combined with M. novozealandicum (C14) was more effective than the 

other bacterial isolates. This bacterial isolate also produced more chitinase than other bacteria 

tested but not proteinase. Isolate Yersinia enterocolitica 6-1 produced volatiles that inhibited the 

growth of M. novozealandicum (C14) when not in direct contact, but did not show direct antagonism 

against M. novozealandicum (C14) on PDA medium. There is potential to combine isolate Yersinia 

enterocolitica 6-1 with M. novozealandicum (C14) for the biocontrol of grass grub (Chapter 5).  

The host range of Metarhizium was assessed for some New Zealand insect pests in bioassays. M. 

novozealandicum (C14) had high pathogenicity against two insect pests, Helicoverpa armigera 

(Lepidoptera) and Tenebrio molitor (Coleoptera) while there was less effective against three insect 

pests, Plutella xylostella, Wiseana sp. and Myzus persicae (Chapter 6).  

The distribution of Metarhizium in pasture soil from three sites (Lincoln, Oxford and West Coast) was 

also investigated. Both M. novozealandicum and M. anisopliae were isolated, but M. 

novozealandicum was dominant at all three sites. At the Lincoln site there were high Metarhizium 

CFU counts and relatively low grass grub larval counts while the Oxford site had low CFU counts and 

high grass grub larval counts, but the West Coast site produced low counts of both. Although a 

correlation between high Metarhizium abundance and low grass grub abundance at Lincoln and the 
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opposite at Oxford site was indicated, the number of samples was low, and this study needs to be 

repeated with further replicates to provide more robust data (Chapter 7). 

Overall, the results obtained in this thesis have provided essential biological evidence to help 

understand the potential of M. novozealandicum (C14) as a biocontrol agent against grass grub in 

New Zealand. Combining M. novozealandicum (C14) with bacteria, such as Y. enterocolitica, may 

achieve even better control than with M. novozealandicum (C14) alone. M. novozealandicum (C14) 

can also colonise meadow fescue endophytically, which may have implications for other modes of 

action, although no evidence of additional effects were found in this study. M. novozealandicum 

(C14) was also able to infect other insect pest species. A wide host range could be beneficial 

depending on impacts on natural enemies. The correlation between the presence of Metarhizium 

and decreasing populations of grass grub at two sites was shown, but this result needs to be 

replicated over more areas.  In conclusion, M. novozealandicum (C14) has the potential to become a 

biocontrol agent against grass grub in New Zealand. 

 

Keywords: Grass grub, Costelytra giveni, Metarhizium spp., CFUs, Yersinia enterocolitica, Fluorescent 
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Chapter 1 

Introduction 

1.1 Background 

Pastures, consisting mainly of grasses and clovers, play a very important role in the New Zealand 

economy because New Zealand exported dairy products worth around $NZ 19.7 billion in 2020, 

accounting for 42% of GDP (Anon, 2020). Insect pest infestation and plant diseases are a constant 

threat facing pastoral farmers, particularly in improved grasslands. One such pest is the New Zealand 

grass grub, Costelytra giveni White (previously called C. zealandica)(Coleoptera: Scarabaeidae) which 

is one of the only few native insects that have become a major pest in New Zealand pastures (Scott, 

1984; Grimont et al., 1988; Glare, 1994; Richards et al., 1997; Johnson et al., 2001; Townsend et al., 

нллпΤ hΩ/ŀƭƭŀƎƘŀƴ ŀƴŘ DŜǊŀǊŘΣ нллрΤ ²ǊƛƎƘǘ et al., 2005; Marshall et al., 2008; Coca-Abia & Romero-

Samper, 2016). This insect has been observed feeding on the roots of native tussocks which are 

believed to have been their main food source prior to European settlement (Kelsey, 1957). Post 

European settlement, converted pastures provided new habitats for C. giveni (Yeates, 1991). This 

has lead to major infestations in livestock pastures across wide geographic ranges with significant 

ŜŎƻƴƻƳƛŎ ŘŀƳŀƎŜ ǘƻ ǘƘŜ ǇŀǎǘǳǊŜ ƛƴŘǳǎǘǊȅ όhǎōƻǊƴŜ ϧ .ƻȅŘΣ мфтпΤ DƭŀǊŜΣ мффпΤ hΩ/ŀƭƭŀƎƘŀn & 

Gerard, 2005; Marshall et al., 2008; Lefort, 2013).  

Safe and effective control of C. giveni in New Zealand pastures is a significant goal of the pasture 

industry. Control options for grass grub include insecticides, management practices such as tillage 

and crop rotation, and biological control. The insecticide diazinon coated onto ryegrass seed has 

been used to establish new dairy pastures (Zydenbos et al., 2016), and diazinon, fensulfothion and 

lindane have provided very cost effective control (Pfeffer and Heath, 2010). However, those 

insecticides have potential negative effects on human health over time (Anon, 2011; Jackson, 1990). 

Phenol has been used as an aggregation attractant for the adult males of grass grubs (Henzell & 

Lowe, 1970; Henzell et al., 1970; Chapman, 1975; Lauren, 1979). Starlings are predators of grass 

grub in pasture (East & Pottinger, 1975). A heavy roller was used on pasture to control grass grub, 

and a 61% larval mortality was achieved (Stewart & Toor, 1983). The use of microorganisms such as 

viruses (Dearing et al., 1980; Glare, 1992a), bacteria (Fowler, 1974; East & Willoughby, 1983; Trought 

et al., 1982; Klein, 1992) protozoa (Miln, 1978; Hanula & Andreadis, 1992), fungi (Glare, 1992b) and 

nematodes (Jackson & Trought, 1982) to control grass grub have all been studied. Biological control 

agents, such as parasitic nematodes, bacteria, viruses, fungi and microsporidia (Villalobos-
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Hernandez, 1994; Lacey et al., 2001; Hajek, 2004) are generally safe to mammals and natural 

enemies of the target pests and are ecologically non-disruptive (Roberts & St Leger, 2004). Not all 

biocontrol agents have been successful in controlling grass grub. In particular, the use of parasitic 

nematodes as a biocontrol agent against grass grub was difficult because of the high production cost 

involved in formulation. On the other hand, the bacterium Serratia entomophila has been 

successfully used as a biopesticide to control grass grub (Jackson, 1990). Among the potential 

biocontrol agents, fungi are known pathogens of grass grub (Glare et al., 1993b; Bourner et al., 1996) 

and have previously been developed into biopesticides for other pest insects around the world 

(Mazid et al., 2011). Other promising entomopathogens can be found in the Fungi kingdom. The 

fungi Beauveria and Metarhizium spp. are mostly distributed in the soil environment and infect hosts 

through the cuticle (Hajek & St Leger, 1994; Inyang et al., 1998; Lacey et al., 2001; Meyling & 

Eilenberg, 2007; Cory & Ericsson, 2010; Safavi, 2010). They have been reported as pathogens of C. 

giveni (Latch, 1965; Bourner et al., 1996). Unlike bacteria or viruses, fungi penetrate directly and do 

not require ingestion for infection. Insect pest species are targeted by epidermal contact with the 

fungal pathogen which means all life stages are potentially infected (Zimmermann, 1993; Roberts & 

St Leger, 2004; Meyling & Eilenberg, 2007; St Leger, 2008; Behie et al., 2015; Keyser, 2015; 

Steinwender et al., 2015).  

The aim of this study was to investigate: (I) the biocontrol potential of Metarhizium against C. giveni; 

(II) the interaction of Metarhizium and the Epichloë endophyte of meadow fescue; and (III) any 

interactions between Metarhizium spp. and common soil bacteria, and the effect of these 

interactions on the ability of Metarhizium spp. to control C. giveni infestations in New Zealand 

pastures. 

1.2 Grass grub 

1.2.1 Life cycle 

The life cycle of grass grub has four stages (egg-larvae-pupae-adult) (Cottier, 1962; Villalobos-

Hernandez, 1994; Lefort, 2013) (Figure 1.1). Adults are dark brown in colour and present in October 

and November (Cottier, 1962). They feed on grasses and clovers, on the foliage of stone fruit trees, 

and a wide range of other plants and trees. The female lays eggs below the soil surface with 3 to 40 

eggs in each cluster (Cotter, 1962). Eggs are light-coloured, oval in shape, and coated with a clear 

sticky fluid to make them adhere closely until they hatch. The young larvae are crescent-shaped, 

white and begin to feed on roots (Cottier, 1962). The larvae go through three larval instars before 

pupation, emerging from January to September (Cottier, 1962; Villalobos-Hernandez, 1994; Lefort, 
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2013) (Figure 1.1) when they cause damage to pasture (Cottier, 1962). The pupal stage occurs in 

October and takes about 4-6 weeks (Cottier, 1962).  

 

Figure 1.1. Life cycle of Costelytra giveni with permission from Lefort (2013). 

1.2.2 Distribution and damage of Costelytra giveni  

Abundance of C. giveni larvae and damage varies among pastures and years. Density of C. giveni 

larvae is generally low in new pastures while it is high in 3-6 year old pastures (Villalobos-Hernandez, 

1994). Ferguson et al. (2019) have estimated the economic damage by grass grub to be between 

NZ$215 - $585M/year across New Zealand. Economic loss occurs when larval densities increase 

above 150 larvae/m2 for drought-prone pastures and 200 larvae/m2 in irrigated pastures in 

Canterbury, New Zealand (Townsend & Jackson, 1997), reaching 50% of pasture area damaged at a 

density of about 300-400 larvae/m2 (Villalobos-Hernandez, 1994). This can change in other places 

depending on regional conditions; for example, massive damage of pasture with 430 larvae/m2 and 

maximum number over 2200 larvae/m2 was found in the Amuri irrigation scheme in Canterbury, 

while the number was about 700 larvae/m2 on the North Island volcanic plateau (Jackson et al., 

2012) (Figures 1.2 and 1.3) . 
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Figure 1.2 Pasture damaged by Costelytra giveni larvae at the Lincoln University Dairy Research 
Farm (May, 2019) 

 

Figure 1.3 Costelytra giveni larvae dug up at the Lincoln University Dairy Research Farm (May, 
2019) 
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1.3 Potential approaches to control of grass grub 

1.3.1 Meadow fescue (Festuca pratensis) 

In New Zealand, meadow fescue is a minor pasture species. Most of the meadow fescue grown in 

New Zealand contains a natural endophyte (Epichloë uncinata). Loline alkaloids produced by E. 

uncinata were effective against insect pests such as argentine stem weevil (Patchett et al., 2008a, 

Popay et al., 2009; Popay & Hume, 2011), Japanese beetle (Patterson et al., 1991), and grass grub 

(Patchett et al., 2008b). In meadow fescue infected with Epichloë uncinata, the concentration of 

loline alkaloids increased in younger plant tissue after insect damage (Gonthier et al., 2008, Zhang et 

al., 2009). Loline concentrations in the root of meadow fescue of more than 450 µg/g affected the 

larval weight of grass grub (Patchett et al., 2011).  

1.3.2 Entomopathogens  

Several microorganisms could be used for biocontrol of insect pests (Bourner et al., 1996; Inglis et 

al., 2001; Lacey et al., 2001). Flock house virus (FHV), protozoan parasites (Nosema spp.), bacteria 

(Paenibacillus popilliae, Serratia entomophila and Serratia proteamaculans) and nematodes (e.g. 

Steinernema spp.) were found to attack grass grub larvae (Miln, 1978; Wigley & Miln, 1982; Jackson, 

1990). The fungi M. anisopliae sensu lato and Beauveria spp. are known entomopathogenic fungi 

with the potential to control grass grub (Latch & Kain, 1983; Glare, 1994; Bourner et al., 1996).  

1.3.2.1 Metarhizium spp. 

The fungi Metarhizium, which belong to the order Hypocreales, and the family Clavicipitaceae, are 

globally distributed. There are between 750-1000 insect species known to be attacked by 

Metarhizium (Lacey et al., 2001; Meyling & Eilenberg, 2007; Schneider et al., 2011; Vega et al., 2012; 

Keyser, 2015). Metarhizium has been isolated directly from soil and from infected insects. The 

ŦǳƴƎǳǎ ǿŀǎ ƎƛǾŜƴ ǘƘŜ ŎƻƳƳƻƴ ƴŀƳŜ άƎǊŜŜƴ ƳǳǎŎŀǊŘƛƴŜέ ōŀǎŜŘ ƻƴ ǘƘŜ ŀǇǇŜŀǊŀƴŎŜ ƻŦ ŘŜŀŘ ƛƴǎŜŎǘǎ 

carrying green fungal conidia (Roberts & St Leger, 2004). Metarhizium spp. have been found largely 

in U.S. pasture soils at a depth of 2-6 cm, at a concentration of up to 106 conidia/g (St Leger, 2008). 

M. anisopliae sensu lato has been used for over 100 years for controlling insect pests (Roberts & St 

Leger, 2004).  It was an original broadly defined species with a large host range.  Subsequently, M. 

anisopliae has been divided into a number of species. However, the taxonomy has been modified 

and it is likely that it was M. brunneum and M. robertsii infecting more than seven insect orders 

rather than the originally described M. anisopliae, which is now restricted to a few hosts (Veen, 

1968; Zimmermann, 1993). Many Metarhizium species are morphologically similar, and 

identification is difficult using morphological attributes alone. There are currently ten species within 
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the M. anisopliae complex (viz., M. anisopliae, M. acridum, M. brunneum, M. globosum, 

M.guizhouense, M. lepidiotae, M. majus, M. pingshaense, M. robertsii and M. indigotica). The other 

major species complex, M. flavoviride was resolved into five species based on sequencing (viz., M. 

flavoviride, M. koreanum, M. minus, M. pemphigi, and M. frigidum) (Kepler et al., 2014). The species 

complex M. anisopliae have been used to control species of Acari (Ixodidae, Tetranychidae), 

Blattodea (Blattidae, Blattellidae), Coleoptera (Curculionidae, Nitidulidae, Scarabaeidae), Diptera 

(Ephydridae, Mycetophilidae, Sciaridae, Tipulidae), Hemiptera (Aphididae, Cercopidae, Cicadellidae, 

Delphacidae, Miridae, Pentatomidae), Isoptera (Kalotermitidae, Rhinotermitidae, Termopsidae), 

Hymenoptera (Formicidae), Lepidoptera (Crambidae, Noctuidae), Orthoptera, Siphonaptera 

(Pulicidae), Thysanoptera (Thripidae) in many countries all over the world (Faria & Wraight, 2007). 

Some strains of Metarhizium have been isolated for use as biological control agents to manage 

insect pests like locusts, termites, spittlebugs and white grubs (Nishi et al., 2013).  

1.3.2.2 Metarhizium in New Zealand 

Metarhizium species have been recorded as pathogens of insect pests in New Zealand (Glare et al., 

1993a). M. anisopliae has been isolated from Coleoptera and M. novozealandicum from Lepidoptera 

and Coleoptera (Driver et al., 2000). M. novozealandicum have been isolated from pinhole borer 

(Platypus sp.) in New Zealand (Reay et al., 2007). Studies have reported that M. anisopliae, M. 

brunneum, M. frigidum, M. guizhouense, M. novozealandicum, M. pemphigi, M. rileyi and M. 

robertsii were endemic in New Zealand while M. acridum, M. majus, M. pingshaense and M. 

lepidiotae are present only in recognised collections (Glare, pers. comm., 2018).  

1.3.2.3 Metarhizium on scarabs 

M. anisopliae has been isolated from insects belonging to the order Coleoptera and was used to 

successfully control the scarab Adoryphorus couloni in pasture in Tasmania (Rath, 1992; Hajek & St 

Leger, 1994). M. anisopliae strain CLO 53 has been used successfully to control white grub (Hoplia 

philanthus) (Ansari et al., 2004b). There was also a synergistic interaction between M. anisopliae 

strain CLO 53 and the nematodes Heterorhabditis megidis and Steinernema glaseri at a high fungus 

spore concentration (2 x 1012 and 2 x 1013 conidia/ha) (Ansari et al., 2004a). M. anisopliae has also 

been used to control black vine weevil (Ansari et al., 2008, 2010), red palm weevil (Wakil et al., 

2017) and sugarcane whitegrubs (Dermolepida albohirtum) in Australia (Samson et al., 2001). 

However, these fungi are not always particularly effective against scarabs as the larvae might have 

developed resistance because they are constantly exposed to conidia in the soil. For example, in a 

laboratory experiment using seventeen Beauveria spp. and two Metarhizium spp. strains isolated 

from different sites in Mexico from white grub, Phyllophaga polyphylla (Scarabaeidae), mortality was 
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less than 50% (Carrillo-Benitez et al., 2013). Similarly, there was no significant difference between 

Beauveria spp. and Metarhizium spp. strains when P. polyphylla larvae were infected and larval 

mortality did not exceed 20% (Guzman-Franco et al., 2012).  

1.3.2.4 Metarhizium, soil microbial communities, soil insects and plant interactions 

Metarhizium spp. have been isolated from roots of different plants species. M. robertsii is mostly 

associated with grass roots, whereas M. guizhouense is found in roots of trees and M. brunneum has 

been isolated from the roots of woody plants and strawberry and blueberry plants. Switchgrass and 

haricot bean plants treated with M. robertsii had increased root hair growth (Keyser et al., 2015). 

Additionally, M. brunneum, M. anisopliae and M. robertsii populations have been shown to promote 

the growth of some plants apart from their role as entomopathogens. Some strains of M. robertsii 

(strain 2575), M. brunneum (strain 3738), and M. anisopliae (strain 8248) have the ability to boost 

seedling growth based on their rhizosphere competence in maize roots (Liao et al., 2014). Moreover, 

increased plant growth has been observed on some crops such as soybean, tomato and maize 

(Keyser, 2015), as the yield of maize was increased after seed was treated with M. brunneum (Keyser 

et al., 2014). Additionally, nitrogen transported directly from soil insects to the plant through the 

interaction between the plant endophyte and insect pathogen (Metarhizium robertsii) promoted 

plant growth (Behie et al., 2012; Sasan & Bidochka, 2013).  

Soil microbial species have key roles in maintaining the broad potential of the soil ecosystem 

function (Alvarez-Martin et al., 2016) through the processes of soil structure formation, 

decomposition of organic matter, toxin removal and the cycling of carbon, nitrogen, phosphorus, 

and sulphur (Kong et al., 2006; Zhong et al., 2010). Moreover, these microorganisms also contribute 

to controlling some soil borne diseases of plants and promoting plant growth (Garbeva et al., 2004; 

Batten et al., 2006). In the rhizosphere, plants, fungi, protozoa, bacteria, nematodes and 

invertebrates interact in numerous ways (Liao et al., 2014), such as in transporting some nutrients 

(N, P and Fe) and auxins for plant growth (Batten et al., 2006).  There are multitrophic interactions 

among plants, insect pests and entomopathogens that could help or hinder the efficacy of 

entomopathogens (Shikano, 2017).  

Metarhizium spp. have provided a model system for the study of such interactions, with a lot of 

potential benefits of interaction between fungus, insect and plant in agriculture. Maize yield was 

increased significantly with treatment using M. anisopliae (Liao et al., 2014). Some studies suggest 

that B. bassiana and M. anisopliae interact directly with the plant (Meyling & Eilenberg, 2007) 

through the absorption of nitrogen from insects by the plant (Behie et al., 2012; Behie & Bidochka, 

2014). The relationships between the soil microbial community with Metarhizium, grass grub and 
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the plant are likely to involve multi-trophic interactions with a lot of potential benefits for studying 

entomopathogenic fungi for controlling grass grub.  

1.3.2.5 Bacterial pathogens of Costelytra giveni larvae  

A common disease of grass grub, called amber disease, is caused by the bacteria Serratia 

entomophila (Jackson et al., 1983; Grimont et al., 1988; Allardyce et al., 1991; Jackson et al., 1999) 

and Serratia proteamaculans (Glare et al., 1993b; Grkovic et al., 1995; Glare et al., 1996; Jackson et 

al., 1997; Hurst et al., 2007). A survey indicated that up to 86% of grass grub larvae populations had 

symptoms of amber disease in some paddocks in Canterbury (Trought et al., 1982). Hurst et al. 

(2004) reported that amber disease symptoms were associated with a 155-kb plasmid, pADAP which 

carries the genes sepA, sepB and sepC. Milky disease caused by Paenibacillus popilliae is a less 

common disease of grass grub in New Zealand (Jackson, 1990; Glare et al., 1993a). The bacterium 

Yersinia entomophaga has been isolated from infected larvae and is a pathogen of grass grub (Hurst 

et al., 2011; Hurst et al., 2014).  

1.3.2.6 Combination of bacteria and Metarhizium to control insect pests 

Studies have shown potential interactions between bacteria and Metarhizium for control of insect 

pests. A combination of M. anisopliae and S. entomophila had a synergistic effect on control of early-

instar grass grub but not in older instar grass grub (Glare, 1994). Jackson & Chinn (1993) also 

reported that the combination of M. guizhouense and S. entomophila could produce a synergistic 

effect to control the grass grub. Mantzoukas et al. (2019) showed that a significantly higher larval 

mortality was observed in both 2nd and 4th instar larvae of tomato leafminer due to the synergy 

between M. anisopliae and Bacillus thuringiensis compared to each single pathogen alone. This 

synergy was reported against the larval stage of Colorado potato beetle (Kriukov et al., 2009). In 

addition, the synergistic effects of M. robertsii and B. thuringiensis were noted in both 2nd and 4th 

instar larvae of H. armigera (Mantzoukas, 2019); 4th instar larvae of the Colorado potato beetle 

Leptinotarsa decemlineata (Yaroslavtseva et al., 2017); on larvae of Sesamia nonagrioides 

(Mantzoukas et al., 2012) and in insect pests of aubergine such as the jassid, Amrasca bigutulla, and 

the aphid, A. gossypii (Jugno et al., 2018).  

1.4 Aims and objectives of the present study 

This study aims to better understand the interactions between entomopathogenic fungal species of 

the genus Metarhizium, the host (C. giveni), members of the soil microbial community, and the grass 

plant. This knowledge could be applied to improve the biocontrol potential of Metarhizium spp. 

species against grass grub in pasture soils in New Zealand. 
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I hypothesised that:  

1) Some isolated and identified Metarhizium strains will have the potential to control C. giveni  

2) Soil type influences the pathogenicity of Metarhizium to C. giveni  

3) Soil microbial community alters the infectivity and pathogenicity of Metarhizium spp. against soil 

dwelling insects 

4) Interactions between common soil bacteria and Metarhizium influence the biological control of C. 

giveni.  

The objectives of this study were to 

Objective 1: Isolate and identify Metarhizium spp. pathogenic to C. giveni  

Objective 2: Establish the pathogenicity of Metarhizium against grass grub in different soil types 

Objective 3: Determine the effect of the presence of the meadow fescue (Festuca pratensis) 

endophyte (Epichloë uncinatum) on the pathogenicity of Metarhizium novozealandicum C14 to grass 

grub (C. giveni) 

Objective 4: Investigate the effect of selected soil bacteria on the virulence of M. novozealandicum 

C14 to grass grub larvae 

Objective 5: Explore the host range of the grass grub-active M. novozealandicum C14 

Objective 6: Determine the field distribution of Metarhizium in several regions of the South Island of 

New Zealand 
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Chapter 2 

Isolation and identification of Metarhizium spp. pathogenic to 

Costelytra giveni  

2.1 Introduction 

Metarhizium spp. are entomopathogenic fungi with broad host ranges (Trizelia et al., 2017) and have 

been isolated from infected insects and agricultural and non-agricultural soils across every continent 

except Antarctica (Vanninen, 1996; Bidochka et al., 1998; Keller et al., 2003; Bruck, 2004; Silva et al., 

2004; Becerra-Velásquez et al., 2007; Quesada-Moraga et al., 2007; Derakhshan, 2009; Sahayaraj 

and Borgio 2009; Goble et al., 2010; Hussein et al., 2010; Meyling et al., 2011; Weisi et al, 2012; Shin 

et al., 2013; Sowmya, 2016; Kryukov et al., 2017; Nishi and Sato, 2017; Brunner-Mendoza et al., 

2018; Islam 2018; Kilic, 2019; Tkaczuk, 2019; Mongkolsamrit et al., 2020). Within this genus, M. 

anisopliae sensu lato has been found worldwide (see above references) and is one of several 

entomopathogenic fungi used extensively in commercial biocontrol products that are available 

worldwide (Brunner-Mendoza et al., 2018). Complicating this however, Bischoff et al. (2009) 

recognized M. anisopliae sensu lato as a species complex and split it into nine different species: M. 

anisopliae, M. acridum, M. brunneum, M. globosum, M. guizhouense, M. lepidiotae, M. majus, M. 

pingshaense and M. robertsii. Mongkolsamrit et al. (2020) recently added two more: M. clavatum 

and M. sulphureum. Because of this, species identifications in this group can be ambiguous in the 

literature from before 2009, and/or that uses morphological features for identification.  

In New Zealand, Metarhizium has been collected widely (Glare et al., 1993a and references therein; 

Barker & Barker, 1998; Brownbridge et al., 2010). Glare et al. (1993a) complied a checklist of 

entomopathogenic species in New Zealand, which lists M. anisopliae sensu lato isolated from 

Coleoptera and Lepidoptera and M. flavoviride isolated from Coleoptera. Metarhizium species have 

been recorded as pathogens of insects considered serious agriculture pests in New Zealand (Glare et 

al., 1993a). Recently, several Metarhizium species, including M. anisopliae sensu stricto, M. 

brunneum, M. frigidum, M. guizhouense, M. novozealandicum, M. pemphigi, M. rileyi (syn: 

Nomuraea rileyi) and M. robertsii, were found occurring naturally in New Zealand, while M. acridum, 

M. majus, M. pingshaense and M. lepidiotae were identified only from recognised collections (Glare, 

pers. comm., 2018). M. rileyi appears to be rare. Metarhizium novozealandicum and M. pemphigi 

were previously considered variants of M. flavoviride. Metarhizium guizhouense strain AgRF16 

(previously identified as M. anisopliae) was isolated from dead larvae of the grass grub and this 
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fungus was used to attempt control of this pest in New Zealand pasture, but had little impact (Latch, 

1965; Glare et al., 1994). Using AgRF16, Glare et al. (1994) found that the strain was not effective 

due to lack of activity at a soil temperature less than 16хC.  

This chapter aims to report on:   

1) Isolation and identification of Metarhizium spp. from infected C. giveni larvae and from three 

different soil types, Wakanui, Templeton and Temuka, in the Canterbury region of New Zealand. 

2) The occurrence of Metarhizium from infected larvae collected in pasture soil.  

3) The pathogenicity of selected Metarhizium isolates against C. giveni in bioassays.  

2.2 Material and methods 

2.2.1  Metarhizium Selective Media (MSM) 

Potato Dextrose Agar (PDA-Merck) with antibiotics (Streptomycin sulphate and Chlortetracycline, 

concentrations listed in Appendix A.2.1.1) was used for isolating Metarhizium from soil and infected 

larvae.  

2.2.2  Isolation from infected larvae 

Spores were harvested from infected larvae of C. giveni with green fungal conidia (Figure 2.1C), 

collected from a field at Lincoln University, and transferred to a tube with 10 ml of sterile 0.01% 

Triton X-100 (TX-100) solution. Spore suspensions were mixed well, and serial dilutions of 10-1, 10-2, 

10-3 and 10-4 were prepared. One hundred µl of each dilution was spread over the surface of an 

MSM plate using disposable hockey sticks. Plates were incubated at 25°C with a light regime of 16h 

light/8h dark and observed daily for 6-7 days after which Metarhizium colonies were identified and 

transferred to fresh PDA medium (Oxoid) for further development. Conidia were observed using a 

Leica DM2500 microscope with an Olympus SC100 camera.  

2.2.3  Isolation from field soils 

Metarhizium were isolated from each of the three collected soil types (Templeton, Temuka and 

Wakanui; see Chapter 3 for a description of soil characteristics). Four replicates of 10 g soil (for a 

total of 40 g per soil type) were used. The samples were taken from established dairy pastures at 0-

15 cm soil depth. Ninety ml of sterile 0.01% TX-100 was added to each 10 g soil sample. These 

suspensions were then homogenised using a Stuart (Staffordshire, UK) flask shaker at 300-400 rpm 

for 30 min. The initial soil suspension was considered 100, from which further dilutions were 
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prepared.  Serial dilutions from 10-1 to 10-4 were made by taking 1 ml of each dilution and adding to 9 

ml of sterile 0.01% TX-100. Each dilution was plated on MSM with two plates per dilution. One 

hundred µl of each dilution was spread over the surface of a MSM plate and incubated at 25°C with a 

16h light/8h dark photoperiod. The inoculated plates were observed daily for 6-7 days after which 

Metarhizium colonies were identified based on their morphology and transferred to fresh PDA 

medium for development. Conidia were observed using a Leica DM2500 microscope with an 

Olympus SC100 camera.  

2.2.4  Molecular identification of strains 

All putative Metarhizium isolates were identified (including those from existing collections) using 

polymerase chain reaction (PCR) followed by Sanger sequencing (Kepler et al., 2014). Elongation 

factor 1 -alpha (ECмʰύΣ ŀƴŘ ƛƴǘŜǊƴŀƭ ǘǊŀƴǎŎǊƛōŜŘ ǎǇŀŎŜǊ όL¢{ύ ǊŜƎƛƻƴǎ ό.ƛǎŎƘƻŦŦ et al., 2009; Kepler et 

al., 2014) were used as barcodes for fungal identification. For DNA extraction, a small sample was 

cut from the growing edge of a culture and transferred to a micro centrifuge tube with 500 µl of a 

5% Chelex suspension following the method of Alizadeh et al. (2017). These sample tubes were 

mixed thoroughly and incubated for 12 minutes at 100°C. After cooling to room temperature, 

samples were centrifuged for 20 minutes at 16,000 × g to separate the aqueous and particulate 

phase. The clear top layer (up to 200 µl) was transferred to a new tube and stored in a - 20°C freezer 

until further analysis.  

Prior to PCR, DNA concentration (ƴƎκ˃ƭ) was estimated for each sample using spectrophotometry 

(Nanodrop 3.0.0 spectrophotometer; Nanodrop Technologies Inc., Delaware, USA). PCR reactions 

were carried out using 5 µl of 5× MyTaq Reaction Buffer (5 mM dNTPs, 15 mM MgCl2, stabilizers and 

enhancers; Bioline), 1 µl of each primer (10 µM), 0.25 µl MyTaq HS DNA Polymerase (Bioline), 

approximately 100-300 ng genomic DNA and ddH2O up to a final volume of 25 µl. The same reaction 

mixture with no template DNA added was included in each PCR reaction as a negative template 

control. Primers used are listed in Table 2.1. For amplification, a Kyratec thermal cycler was used, 

starting with an initial denaturation of 5 min at 95°C, followed by 40 cycles of 45 sec at 95°C, 45 sec 

at 55°C and 2 min at 72°C and concluding with a final extension of 7 minutes at 72°C. For 

problematic samples the annealing temperature was reduced to 52°C. The quality and size of the 

PCR products were assessed by agarose gel electrophoresis, using a 1% agarose gel in 1× TAE buffer 

(40 mM Tris-OH, 20 mM Acetic Acid, pH 7.8, 1 mM EDTA). Five microlitres of each PCR product along 

with loading dye were loaded in each lane of an agarose gel containing a DNA gel stain (RedSafeTM). 

A 1 kb plus DNA ladder (Hyperladder II, Bioline, USA) was used to estimate the lengths of PCR 

products. PCR products were separated by electrophoresis in 1×TAE buffer at 100 V for 45 minutes 
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and then visualised following exposure to UV light using the UVITEC Imaging Systems Model 3000 

(Bio-Rad, USA).  

All amplified products were sequenced at the Lincoln University Sequencing Unit (Lincoln, NZ) and 

the sequences generated were edited and assembled using ChromasPro software 

(http://www.technelysium.com.au/ChromasPro.html) before being compared to the nucleotide 

GenBank database (Alizadeh et al., 2017).  

Table 2.1 Primers used for identification 

 

 

 

Figure 2.1 A) A heavy Costelytra giveni infestation in a Canterbury pasture soil. B) A cell culture 
plate used for maintaining individual larvae in the laboratory at 15°C with carrot as food. C) C. 
giveni larvae cadavers showing green spore mats typical of Metarhizium infection. 

2.2.5 Collection of larvae for bioassays and mortality levels in field collected 
Costelytra giveni 

Larvae were collected from the Research Dairy Farm at Lincoln University (Figure 2.1A). Second and 

third instar larvae were present in soil from January mid-March, and from February to mid-

September, respectively. Third instar larvae have a larger head capsule than the second instar larvae 

(Cottier, 1962; Lefort, 2013). Based on morphology and collection time, second and third instar 

larvae were collected from the field and pretested for feeding activity as well as health (i.e., ability to 

feed) upon return to the laboratory. Each larva was placed in a separate compartment of a 12-well 

cell culture plate with a carrot cube as food (figure 2.1B). Plates were incubated at 20°C for 14 days 

from the 14th to 28th of March, 2018. Mortality and incidence of Metarhizium in the natural 

population, identified by the presence of green fungal spores growing from the cadaver (Figure 

A 

http://www.technelysium.com.au/ChromasPro.html
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2.1C), was then recorded. After this, actively feeding second and third instar larvae were selected for 

the bioassay experiment on the 14th day after setting up the carrot feeding plates. Only larvae from 

compartments with clear evidence of feeding, i.e., bite marks on the carrot cube, were selected for 

use in bioassays.  

2.2.6 Comparing the virulence of nine Metarhizium strains against second and 
third instar Costelytra giveni larvae 

2.2.6.1 Preparation of inoculum 

The virulence of eight Metarhizium strains from existing collections (Table 2.3), along with one strain 

collected for this study, in total representing six species, was tested against C. giveni larvae. All 

strains were grown on PDA plates at room temperature (20oC). After 15 days, fungal conidia of each 

strain were harvested directly from the plates and placed into 9 ml of sterile 0.01% v/v TX-100 

solution (Autoclaved Milli-Q water plus Triton X-100). Conidial density was estimated using the 

original solution in a haemocytometer counting chamber and a Leica DM2500 microscope. Serial 

dilutions from 10-2 to 10-4 were made by adding 1 ml of each dilution to 9 ml of sterile 0.01% Triton X 

-100. Two hundred µl from the 10-4 dilution was used to estimate conidial density in a counting 

chamber, and the original solutions were adjusted to a concentration of 108 conidia/ml by the 

formula presented in Appendix A.2.1.2. and A.2.1.3.  

2.2.6.2 Bioassays 

Metarhizium virulence was tested in 10 g subsamples of dry Wakanui soil (oven dried, 90° C) placed 

in universal vials with screw-on lids. For the inoculated treatment, 108 conidia, suspended in 2 ml of 

sterile 0.01% Triton X-100 solution (1 ml 108 conidia/ml suspension plus 1 ml 0.01% TX-100), was 

added to each vial for a final concentration of 107 spores/g dry soil. For the non-inoculated controls, 

2 ml of 0.01% TX-100 was added. All vials were shaken to mix soil and suspensions thoroughly before 

the larvae were placed in the vial. One C. giveni larva was added per vial, and a carrot cube was 

placed in each vial as food. The experiment was laid out in a randomized complete block design 

(RCBD) with 10 treatments (9 strains plus a control) with either four vials each for second instar 

larvae, or twenty vials each for third instar larvae which were more abundant in the larva collections. 

Vials were incubated at 22°C in environmental cabinets (16-h photoperiod). Data on larval mortality 

were taken 1, 3, 5, 7, 10, 14, 21, 28 and 35 days after inoculation. This experiment had 10 

treatments, nine Metarhizium strains and one control, with five replicates per treatment and with 4 

larvae in each replicate (total =20 larvae per treatment). 
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2.2.6.3 Data analyses 

Mortality of larvae was compared as a binary state variable: each larva was either dead (0) or live (1) 

at the time of data recording. The data were corrected foǊ ŎƻƴǘǊƻƭ ƳƻǊǘŀƭƛǘȅ ōȅ ǳǎƛƴƎ !ōōƻǘǘΩǎ 

formula (Abbott, 1925). The results were analysed by a general ANOVA in GenStat®, 19th edition by 

comparison of mean values of the treatments ǳǎƛƴƎ CƛǎƘŜǊΩǎ ǳƴǇǊƻǘŜŎǘŜŘ ƭŜŀǎǘ ǎƛƎƴƛŦƛŎŀƴŎŜ 

difference.  

2.3 Results 

2.3.1 Isolation of Metarhizium strains 

Eleven Metarhizium strains were isolated from C. giveni larvae, and one each from a Wiseana sp. 

larva, Wiseana sp. pupa and Wakanui soil, after 6-7 days of observation. Species determinations of 

all the samples used in this study are presented in Table 2.2. Individual gene alignments were used 

for species identification. Seven M. anisopliae isolates and seven M. novozealandicum isolates were 

identified using the internal transcribed spacer (ITS) region of the rDNA. Seven of eleven fungal 

strains isolated from infected C. giveni larvae were identified as M. anisopliae while the four 

remaining strains isolated from infected Wiseana sp. larva and pupa, and Wakanui soil were 

identified as M. novozealandicum.  

Table 2.2 Species identification of the new Metarhizium strains isolated in this study. 

Isolate 

code 

Metarhizium 

Species 

Gene 

region 
Isolation source Origin  

M1 

anisopliae 

ITS 

Costelytra giveni larva 

(Coleoptera) 

Field Research Centre, 

Lincoln  University, 

Canterbury 

M2 

M3 

M3 

M4 

M5 

M6 

M7 

M8 

novozealandicum 

Wiseana sp. pupa (Lepidoptera) 

Research Dairy Farm, Lincoln  

University, Canterbury 

M9 Wiseana sp. larva (Lepidoptera) 

M10 

Costelytra giveni larva 

(Coleoptera) 

M11 

M12 

M13 
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M14 Wakanui soil 

Field Research Centre, 

Lincoln University, 

Canterbury 

 

Table 2.3 Metarhizium strains obtained from existing collections and used in the bioassays. 

 

Species identities and relevant information on Metarhizium species from existing collections used 

this study are presented in Table 2.3. Individual gene alignments were used for species 

identification. Four (one M. novozealandicum, one M. anisopliae, one M. robertsii and one M. 

pingshaense) were identified using the ITS region because those isolates produced a clear band in 

gels following PCR. Four more species were identified (one M. pemphigi, one M. brunneum, one M. 

frigidum and two M. novozealandicumύ ǳǎƛƴƎ ǘƘŜ 9Cмʰ ƎŜƴŜ ǊŜƎƛƻƴ ŀǎ L¢{ ŘƛŘ ƴƻǘ ŀƳǇƭƛŦȅ ŎƭŜŀƴƭȅΦ 
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2.3.2 Mortality levels in field collected grass grub 

 

Figure 2.2 Percentage mortality, including incidence of Metarhizium infection, and survival in field-
collected Costelytra giveni from Lincoln University, Canterbury. 

In total, 755 larvae were collected and observed to assess mortality levels (Figure 2.2). After 14 days, 

503 (66.6%) remained healthy and actively feeding, 36 (4.8%) Metarhizium infected larvae were 

identified by the presence of green fungal spores growing from the cadaver and 216 (28.6%) were 

observed without any evidence of Metarhizium infection, dead from unknown causes. These may 

have died for a number of reasons including handling damage, bacteria and/or other microbial 

attack.  

2.3.3 Comparison of the virulence of nine Metarhizium strains against second and 
third instar Costelytra giveni larvae 

Mortality in the Metarhizium treatments was first seen on day 14 of the trial in both instars. 

Metarhizium strain 15-T2-P-C14 (M. novozealandicum) consistently produced the highest mean 

larval mortality across the duration of the study for both second and third instar larvae (Figure 2.3). 

However, when compared to other high mortality-causing strains, it was significantly higher in only 

two instances: day 28 against 2nd instar larvae and day 14 against 3rd instar larvae. Mortality in strain 

F99 (M. novozealandicum) was second to 15-T2-P-C14, except on day 14 against 2nd instars, but in no 

instance was it significantly different from at least two other strains. On the other hand, mean 

mortality when inoculated with strains WetaMet #2 (M. frigidum), E1035 (M. novozealandicum) and 



 33 

E1037 (M. pemphigi) was consistently lower than other inoculated treatments against both instars. 

Against 2nd instar larvae, none of these strains produced significantly higher mortality than the 

control (which had no mortality), though this may have been due to a lower statistical power in 

those bioassays. By day 28, mortality in these treatments were significantly lower than the other 

Metarhizium treatments (except for strain AgR F672 (M. anisopliae) at day 28 against 2nd instar). 

Strains AgR F672, M2 (M. anisopliae), JB (K1-4) (M. pinghaense), FCC 447 (M. robertsii) all produced 

substantial mortality, at least greater than 50%. Although there were differences between these 

strains, they were not consistent across days or experiments. Overall, the general relative patterns 

between strains described above were consistent in both larval instars. 
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Figure 2.3 Mean proportional mortality and standard error of 2nd (above) and 3rd (below) instar 
larvae inoculated with one of nine Metarhizium strains at spore concentration of 107spores/g dry 
soil. Letters at the top of each graph indicate significance groupings based on Fisher's unprotected 
LSD test statistic: means with the same letters were not significantly different. 
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2.4 Discussion  

This research aimed to collect and identify Metarhizium strains occurring under pasture in three soil 

types, assess the abundance of Metarhizium naturally occurring therein at one site and identify 

strains with the potential to control C. giveni grass grub infestations in pasture soils for subsequent 

studies. Some Metarhizium strains collected from soil, infected larvae and from existing collections 

were further identified using sequencing of either the the ITS or 9Cмʰ ƎŜƴŜ ǊŜƎƛƻƴǎΣ ǘƻ ŘŜǘŜǊƳƛƴŜ ƻŦ 

the species of Metarhizium.  Metarhizium strains in this study were recovered from field collected 

grass grubs, a larva and a pupa of porina moth, (Wiseana sp., Lepidoptera, Hepialidae) and soil. All 

strains belonged to two species, M. novozealandicum and M. anisopliae, similar to previous reports 

which also found these species to be abundant (Glare et al., 1993; Glare, pers. comm., 2018). Glare 

et al. (1993a) and Liu et al. (2020) also reported isolation of M. novozealandicum from larvae of 

Wiseana sp.; M. anisopliae was previously also isolated from Crambus sp. (Lepidoptera), Mythimna 

separata, Persectania aversa, Scellodes cordalis, Heteronychus arator, Pericoptus truncatus, 

Listronotus bonariensis (Coleoptera) and unidentified wireworm larvae (Coleoptera).  

Five percent of field-collected larvae which died showed signs of Metarhizium infection, indicating 

that Metarhizium was at least partly responsible for their death. A further 29% of the deaths 

recorded were due to undetermined causes, indicating that Metarhizium spp. were unlikely to be 

the main cause of mortality in this field. Hussein et al. (2010) reported that 14% of mortality in field-

collected wax moth larvae was caused by M. anisopliae.  

One Metarhizium isolate was isolated from the Wakanui soil but not from the two remaining soil 

types (Templeton and Temuka). This may have been by chance because of the small sample size 

taken, so using larger samples may have increased the opportunity for detection. Molloy (1993) 

reported that Temuka, Templeton and Wakanui soils were important agricultural soils in Canterbury, 

but no information regarding pests status provided. 

Patterns of relative virulence between the Metarhizium strains remained similar in both 2nd and 3rd 

instar larvae, i.e., a strain that produced relatively high or low mortality in one instar did so in both 

instars. Although mortality appeared to be generally lower in the younger, 2nd instar larvae, instars 

could not be statistically compared to each other. For 2nd instar larvae, results showed that 15-T2-P-

C14 (shortened to C14) (M. novozealandicum) in particular generally produced greater virulence 

relative to the other strains. Both strains F99 (M. novozealandicum) and JB (K1-4) (M. pinghaense) 

were also effective, and after 35 days, mortality caused by these strains was not significantly 

different. For 3rd instar larvae, strain C14 again produced the highest mortality. In this case however, 
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F99 and M2 (M. anisopliae) performed equally early in the experiment, and by the end of the 

experiment JB (K1-4) and FCC 447 (M. robertsii) had also caught up to C14. Based on the growth 

morphology on PDA plates and virulence in both bioassays, strains C14, F99, M2, JB (K1-4) and AgR 

F672 (M. anisopliae) were considered to have potential as biocontrol agents against grass grub 

infection by C. giveni and were selected for the further study presented in Chapter 3.  
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Chapter 3 

Pathogenicity of Metarhizium against grass grub in different soil 

types 

3.1 Introduction 

Grass grub is susceptible to some soil-borne entomopathogenic fungi strains belonging to the genera 

Beauveria and Metarhizium (Jackson, 1990; Glare et al., 1993a). Metarhizium spp. have previously 

been considered as potential biological control agents against grass grub in New Zealand (Jackson, 

1990; Glare, 1994; Rivas-Franco et al., 2019) but no commercial products based on these fungi are 

yet available.  

Different soil factors such as soil texture, pH, organic matter and soil microbial community could 

influence the pathogenicity of Metarhizium to grass grub. Soil is a complex system and has an 

important role in providing microhabitats for the survival of organisms including fungi, bacteria, 

protozoa, nematodes and viruses (Nannipieri et al., 2003). Clifton (2013) has shown that soil type 

affected the presence of soil-borne entomopathogenic fungi, as organic soil was more suitable than 

non-organic soil for fungal growth. In addition, soil is an important source of diversity of microbial 

organisms, particularly bacteria and fungi, and interactions between fungi and bacteria occur in the 

soil ecosystem (Deveau et al., 2018). For example, Glare (1994) reported that the combination of M. 

guizhouense with the bacterial entomopathogen Serratia entomophila was synergistic against 

second instar grass grubs in laboratory conditions. Ansari et al. (2004) also demonstrated that 

combining the fungus M. anisopliae CLO 53 and entomopathogenic nematodes Heterorhabditis 

megidis and Steinernema glaseri caused additive and synergistic effects against third instar Hoplia 

philanthus larvae in both the laboratory and greenhouse. However, Medina et al. (2020) reported 

that there was antagonism between the fungus Trichoderma atroviride and Metarhizium robertsii on 

PDA medium and Trichoderma decreased the germination of M. robertsii conidia.  

Soil properties (soil texture, pH, organic matter, cation exchange capacity (CEC)) also have an 

important effect on the survival of Metarhizium. Generally, fungi can survive in soils across a wide 

pH range, with fungal growth increasing with decreasing pH between the ranges from 4.5 to 8.3, 

with pH 4.5 supporting optimal fungal growth (Rousk et al., 2009). Medo and Cagan (2011) reported 

that M. anisopliae was less common in fine-textured and high organic matter Slovakia soils than 

Beauveria bassiana. In addition, Jabbour and Barbercheck (2009) found that the presence of 
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Metarhizium was not related to soil mineral content (phosphorus, potassium, magnesium, calcium 

and also cation exchange capacity). There is little information about soil minerals and the occurrence 

of Metarhizium in pasture soils.   

The aim for this chapter was to use three soil types (Wakanui, Temuka and Templeton) to investigate 

the effect of soil types and their characteristics on Metarhizium, as well as to examine the 

pathogenicity of Metarhizium on grass grub in the three soils in the presence and absence of their 

natural soil-inhabiting microbes, using different spore concentrations of the Metarhizium isolates. 

3.2 Material and methods 

The semi-sterilised soil types experiment used second instar larvae while the non-sterilised soil 

experiment used third instar larvae because of time constraints which limited the experiments to 

one year of larval availability. 

3.2.1 The pathogenicity of Metarhizium against second instar grass grub in semi-
sterilised soils 

3.2.1.1 Hypothesis 

Soil type influences the pathogenicity of Metarhizium to grass grub. 

3.2.1.2 Soil preparation 

Three soil types (Templeton, Temuka and Wakanui) were collected from Lincoln University and 

Selwyn District, Canterbury for this project. Wakanui soil (silt loam) and Temuka soil (clay loam) 

were collected at Lincoln University from two sites (43.647872o S, 172.467853o E for Wakanui) and 

(43.648924o S, 172.468711o E for Temuka). Templeton soil (silt loam) was collected from a farm in 

the Selwyn District, Canterbury (43.647586o S, 172.458100o E) (Figure 3.1). Samples to a depth of 

about 15 cm were taken from the three sites with ten replicates of each soil type in the same 

paddock. For each soil type, 50 kg soil was collected from 10 different positions and mixed before 

they were transferred to the laboratory at the Bio-Protection Research Centre in February 2019 and 

kept in plastic bags in boxes at 4oC. A 500 g sample from each soil type was sent to Hill Laboratories 

(Hamilton, New Zealand) for determination of general chemical characteristics, including pH, 

contents of phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg) and sodium (Na); cation 

exchange capacity (CEC), total base saturation, organic matter and total carbon contents (Table 3.1).  
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Figure 3.1 Templeton soil collected from a farm in the Selwyn District, Canterbury in 2019 

Table 3.1 Characteristic of the three Canterbury soil types (Hill Laboratories, 2018) 
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3.2.1.3 Semi-sterilised soils 

A 10 kg sample from each soil type (Temuka, Templeton, and Wakanui) was sieved through a 2 mm 

mesh to remove plant debris and stones (Figure 3.2), homogenised by hand and placed in an oven at 

90oC for three days to semi-sterilise. The alternate soil sterilisation methods of autoclaving or 

gamma irradiation were not suitable or available for these experiments. The soil was semi-sterile, as 

not all microbes were eliminated by this method, but in general, few species remained and only in 

low numbers. All soils were checked for culturable microbes (including Metarhizium and bacteria) 

after sterilising by plating soil extracts on MSM and LB media (see recipes in Chapter 2 and Chapter 

5).   

3.2.1.4 Soil moisture content determination  

The soil moisture content (MC) was determined using the method of Rex et al. (2015) with some 

modifications. Briefly, 50 g soil (3 replicates) was placed in a Petri plate with a lid and oven-dried at 

90°C then weighed. The MC of the soil was determined as follows:  

MC (%) = [(Wet soil ς Dry soil)/Dry soil] × 100  

Where: - MC (%): Soil moisture content of the air-dried or field soil (%)  

- Wet soil: air-dried soil (g) or field soil (g)   

- Dry soil: Oven-dried soil (g) at 90°C 

 

Figure 3.2 Collected field soil samples were sieved through a 2 mm mesh. 
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3.2.1.5 Pre-screening of Costelytra giveni larvae 

This experiment used 2nd instar larvae that were pre-screened for feeding activity as an indicator of 

health as described in Chapter 2. 

3.2.1.6 Bioassays 

The experiment was set up to compare the effect of the three semi-sterilised soil types on the 

pathogenicity of Metarhizium against 2nd instar C. giveni larvae. For each soil type, 10 g sterilised soil 

was placed in each universal vial with a screw-on lid. Five Metarhizium isolates were tested: M. 

anisopliae (M2), M. novozealandicum (C14), M. anisopliae (F672), M. guizhouense (JK) and M. 

novozealandicum (F99), selected from the results in Chapter 2, with each Metarhizium isolate used 

at four spore concentrations. The preparation of the spore solution was described in Chapter 2. The 

spore solution were quantified using an improved Neubauer chamber, and adjusted to 106, 107, 108 

and 109 conidia/10 g sterilised soil, and used immediately. Each inoculated treatment received 1 ml 

of the Metarhizium solution added directly to the soil and 1 ml of 0.01% TX-100. For the non-

inoculated controls of the three soil types, 2 ml of 0.01% TX-100 was added. All vials were shaken to 

mix soil and solutions thoroughly before the larvae were added. Field collected larvae (see Chapter 

2) were placed individually in the soil with a carrot cube for food and incubated at 22°C (Glare, 1994) 

in environmental cabinets using a 16 light/8 h dark photoperiod from 30 January to 1 May 2019. 

Data on larval mortality were taken 1, 3, 5, 7, 10, 14, 21, 28 and 35 days after inoculation.  

3.2.1.7 Experimental design 

The experiment used a randomized complete block design (RCBD) with three soil types and with four 

spore concentrations of each of five Metarhizium strains, and with three extra non-inoculated 

controls for each Metarhizium isolate as the experiments were set up separately. For each 

Metarhizium isolate, there was 15 treatments, each treatment with five replicates, and each 

replicate with four larvae (one larva/vial) for a total of 300 larvae. 

3.2.2 The pathogenicity of Metarhizium against third instar grass grub in non-
sterilised soils 

3.2.2.1 Soil preparation 

All 3rd instar larval experiments used non-sterilised soils. Soil (6 kg) of each type (Temuka, 

Templeton, and Wakanui) was sieved through a 2 mm mesh to remove plant debris and stones 

(Figure 3.2), and air-dried at room temperature (20oC) for 14 days. The soil moisture content was 

determined (see 3.2.14) and based on the results (see Appendix 3.1), the spore suspension in 0.01% 

TX-100 was adjusted to 2 ml for each vial in bioassay 2. 
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