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Grass grubCostelytra giveni(Coleoptera: Scarabaeidae), an endemic pest of improved pasture in
New Zealand, is a damaging root herbivore which lives in soils for mostlié¢ itycle The pesis
resistant to most microbes, but larvae are susceptible to some strains of the fungi belonging to the
genusMetarhizium However, fungal diseases are rarely sufficient to control the pest naturally. It has
been shown that other microbes can influencéertion by the fungal propagules, but it i#ot known

if this is due to secific species of microbes, atfte mode of action of microbial interactions is yet to

be elucidatedPlant and soil type can also influence the effectiveness of fungal entomopatbpge

they release compounds which can directly and indirectly affect soil microbial communities and
potentially the infection process. Also, the abundancéMaitarhiziumin pasture soils and the host

range ofMetarhiziumto New Zealandhsect pests is linown for most strains.

In this project, the goal was to firldetarhiziumstrains with the potential to be used as a biocontrol
agent of grass grub in New Zealamadd to assess the effect of microbial interactiondth
Metarhizium on the control achieved Metarhizium spp. were isolated from the environment,
identified through molecular approaches, and bioassays conducted agaoshdand third instar

grass grub larvae to determine relative virulence.

A number ofMetarhiziumstrains were isolated from facted grass grub larvae, soil and obtained
from existing collections. At onéeld site, Metarhizium spp. wereinfecting around 5% of field
collected larvae. These isolatesere shown to belong to the speciedyl. anisopliae, M.
novozealandicum, M. robeits M. guizhouense, M. pemphigi, M. brunneum, M. frigidand M.
pinghaense Among these isolatesM. novozealandicum(C14, M. novozealandicum(F99, M.
anisopliag(M2), M. anisopliag(F672 and M. pinghaensdJK caused high grass grub larval mortality
after 35 days in bioassays (ChapterM).novozealandicuniC14 caused the highest larval mortality

in second and third instar grass grub in both seterilised and nossterilised soil. The soil type did



not affect the pathogenicity oMetarhizium The L% and L& values ofM. novozealandicunfC14
were lower than for otheMetarhiziumisolates M. novozealandicuniC14 at 10 conidia/ml (L& <
2.5 x 10 conidia/ 10 g soil after 28 days) was effective against both second and third instar grass

grub(neafly 100% larval mortality after 35 day§hapter 3).

Interactions betweerM. novozealandicunfC14 and another potential deterrent of grass grub, the
grass endophyteEpichloé were investigated. M. novozealandicunfC14 applied at a rate of 10°
conidia/m had no interaction with meadow fescue endophyfp{chloéuncinaturn) and could not be
detected as an endophyte inside grass tissues. HowdlenpvozealandicuniC14 established as an
endophyte inside meadow fescue when soil was inoculated with cbidia/ml. After surface
sterilisation andculturing M. novozealandicunC14 wasisolated from inside colonised planisnd
inhibition of otherendophyticfungi was foundvhen isolatingpn MSM medium. Fungal hyphae were
seen inside plant tissue usiffigilorescent microscopy, but could not specifically be confirmed/las
novozealandicunfC14 (Chapter 4).

A range of bacteria were isolated from soil and dead field collegtads grubdarvae to examine the
effect on M. novozealandicunfC14 infection and larvemortality, as a proxy for bacterdungal
interactions. Most selected bacteria had a synergistic interaction WithnovozealandicunfC14
against the second instar larvae but there wassgnergism against the third instar larvae. Isolatk 6
(Yersiniaenterocoliticg when combined withM. novozealandicurfC14 was more effectivéhan the
other bacterial isolatesThis bacterial isotla also produced more chitinasthan other bacteria
tested but not proteinase. Isolaté’ersinia enterocoliticé-1 produed volatilesthat inhibited the
growth of M. novozealandicuniC14 when not in direct contact, but did not shoslirect antagonism
againstM. novozealandicunfC14 on PDA medium. There is potential to combine isoMd&sinia

enterocolitica6-1 with M. novazealandicun{C14 for the biocontrol of grassrgb (Chapter 5).

The host range oMetarhiziumwas assessed faome New Zealanthsect pests in bioassayi!.
novozealandicum(C14 had high pathogenicity against two insect pestglicoverpa armigera
(Lepdoptera) and Tenebrio molitor(Coleoptera)while there was less effective against three insect

pests,Plutella xylostellaWiseanasp. and Myzus persicaéChapter 6).

The distribution oMetarhiziumin pasture soifrom three sites (Lincoln, Oxford and \&teCoastwas
also investigated Both M. novozealandicumand M. anisopliae were isolated, but M.
novozealandicunwas dominant at all three sites. At the Lincoln site therrevhigh Metarhizium
CFU counts and relatively low grass grub larval counts wiel®©xford site had low CFU counts and
high grass grub larval countbut the West Coast site produced low counts of boMthough a

correlation betweerhigh Metarhiziumabundance and low grass grub abundance at Lincoln and the



opposite at Oxford sitavasindicated, 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 ptential of M. novozealandicunfC14 as a biocontrol agent against grass grub in
New ZealandCombiningM. novozealandicunfC14 with bacteria, such a¥. enterocoliticamay
achieve even better contrdhan with M. novozealandicunfC14 alone M. novozeandicum(C14

can also colonise meadow fescaadophytically which may have implications for other modes of
action, although no evidencef additional effectswere found in this studyM. novozealandicum
(C14)was also able to infect otheinsect pest speies A wide host range could be beneficial
depending on impacts on natural enemi€the correlation between the presence Metarhizium

and decreasing populations of grass grub at two sites was shown, but this result needs to be
replicated ovemore areas In conclusionM. novozealandicuniC14 has the potential to become a

biocontrol agent againstrgss grub in New Zealand

Keywords:Grass grubCostelytra giveniMetarhiziumspp., CFUs/ersinia enterocoliticdluorescent
microscopy, Lepidoptera, Heptera, ColeopteraM. anisopliae, M. novozealandicum, M. robertsii.
M. guizhouense, M. pemphigi, M. brunneum, M. frigidum, M. pinghaéviseovozealandicuriC14,

M. novozealandicunfF99, M. anisopliagM2), M. anisopliagF6739 and M. pinghaensdJK
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Chapter 1

Introduction

1.1 Background

Pastures consisting mainly of grasses and cloyguisy a veryimportant role in the New Zealand
economybecauseNew Zealand exportedairy products wortharound INZ 19.7billion in 2020,
accountingfor 42%of GDP(Anon, 2020)Insect pesthfestation and plant diseases are a constant
threat facing pastoral farmers, particularly in improved grasslands. One such pest is the New Zealand
grass grubCostelytra giveriiVhite (previously calledC. zealandicgColeoptera: Scarabaeidae) which

is oneof the only few native insects that have become a major pest in New Zealand pa@uaotls

1984; Grimontet al.,, 1988;Glare, 1994; Richardg al., 1997; Johnsont al., 2001; Townsendt al.,
HannT hQ/IFEtFaAKEY leyaR20055NiEshBIBRt B, 2008, CpcdAbia ANBomdfel
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, P3isl).
European settlementconveted pastures provided new habitats f@2. giveni(Yeates, 1991). This
haslead to major infestations in livestock pastures across wide geographic ranges with significant
SO2y2YAO RIEYF3AS (2 GKS LI addz2NBE AYyRdzA (G NB &6 hao2 N
Gerard, 2005; Marshadit al., 2008; Lefort, 2013).

Safe and effective control df.giveniin New Zealand pastures is a significant goal of the pasture
industry. Control options for grass grub include insecticides, management practices such as tillag
and crop rotation and biologicakontrol. The insecticide diazinon coated onto ryegrass shed
beenused to establish newlairy pastures (Zydenboset al, 2016) and diainon, fensulfothion and
lindare have providedvery cost effectivecontrol (Pfeffee and Heath, 2010)However, those
insecticideshave potential negative effects on humeahealth over time Anon, 2011;Jackson, 1990)
Phenol has beemsed as an aggregation attractant for the adult madégrass grubs (Henzell &
Lowe, 1970; Henzedit 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 a61% larval mortalityvas achievedStewart & Toor, 1983). The use of microarigams such as
viruses (Dearingt 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, 1982ktmtrol grass grub hee all been studiedBiological control

agents, such as parasitic nematodes, bacteria, viruses, fungi and microsporidia (Vilalobos
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Hernandez, 1994; Lacest al., 2001; Hajek, 2004) are generally safe to mammals and natural
enemies ofthe target pests and are ecologically ndisruptive (Roberts &StLeger, 2004)Not all
biocontrol agentshave beensuccessful in controlling grass grub. In particular, the use of parasitic
nematodes as a biocontrol agent against grass grub was ditfiecétuse of the high productiocost
involved in formulation.On the other hand, the bacteriunSerratia entomophilahas been
successfully used as a biopesticide to control grass grub (Jackson, Ag8fy)g the potential
biocontrol agents, fungi are knowrathogens of grass grub (Glagtal.,, 1993b; Bourneet 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
fungiBeauverisand Metarhiziumspp. are mostly distributed in the soil environment and infect hosts
through the cuticle (Hajek & Steger, 1994; Inyangt al., 1998; Lacewt al., 2001; Meyling &
Eilenberg, 2007; Cory Ericsson, 2010; Safavi, 2010hey lave been reported as pathogens ©f
giveni(Latch, 1965; Bournest 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 pathogerwhich means all life stages are potentially infected (Zimmermann, 1993; Roberts &
St Leger, 2004; Meyling & Eilenberg, 2005t Leger, 2008; Behiet al, 2015; Keyser, 2015;
Steinwendetret al., 2015).

The aim of this study wat® investigate (1)the biocontrol potential ofMetarhiziumagainstC.giveni
(I the interaction ofMetarhizium and the Epichloéendophyte of meadow fescue; and (lIgny
interactions between Metarhizium spp.and common soil bacteria and the effect of these
interactions on theability of Metarhizium spp. to controlC. giveni infestationsin New Zealand

pastures.

1.2 Grass grub

1.2.1 Life cycle

The life cycle of grass grub has four stages -[@y@epupaeadult) (Cottier, 1962; Villalobes
Hernandez, 1994, Lefort, 2013) (Figure 1Atults 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
eggsin each cluster (Cotter, 1962). Eggs are lggibured, oval in shape, and coated with a clear
sticky fluid to make them adhere closely until they hatch. The young larvae are crebegred,

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

pupation, emerging from January to September (Cottier, 1962; Villalbleosandez, 1994, Lefort,
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2013) (Figure 1.1) when they cause damage to pasture (Cottier, 1962). The pupabctagsn
October and takes about@ weekgCottier, 1962).

2nd instar
1st instar

larva
1aINVa  c—
3rd instar
JAN e larva

pupae

Figurel.l. Life cycle ofCostelytragiveniwith permission from Lefort (2013).

1.2.2 Distribution and damage o€ostelytragiveni

Abundance ofC. giveniarvae and damage varies amopgstures and yeardensity ofC. giveni
larvae is generally low in new pastures while it is high-ény@ar old pasturegVillalobosHernandez,
1994) Fergusoret al. (2019) have estimated the economic damage by grass griie thetween
NZ$215- $585M/year across Newealand Economic loss occumghen larval densities increase
above 150 larvae/rh for droughtprone pastures and 200 larvaefrin irrigated pastures in
Canterbury New Zealan@Townsend & Jackson, 1997), reaching 50% of pasture area damaged a
density of about 308100 larvae/nt (VillalobosHernandez, 1994)This can change in other places
depending on regional conditions; for example, massive damage of pasture with 430 laheaem
maximum number over 2200 larvaefmvas found in the Amuririigation scheme in Canterbury,
while the number was about 700 larvae?ron the North Island volcanic plateau (Jacksdral.,

2012 (Figures 1.2 and 1.3)
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Figurel.2 Pasture damaged byCostelytragivenilarvae at the Lincoln University Dairy Research
Farm (May, 2019)

»

v _

Figure 1.3 Costelytragiveni larvae dug up at the Lincoln University Dairy Research Farm (May,
2019)
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1.3 Potential approaches to control of graggub

1.3.1 Meadow fescug(Festuca pratensis

In New Zealand, meadow fescue is a minor pasture species. Most of the meadow fescue grown in
New Zealand contains a natural endophytepichloé uncinafa Loline alkaloids produced .
uncinatawere effective againsinsect pests such argentine stem weevil (Patcheét al,, 2008a,
Popayet al., 2009;Popay & Hume, 20)1Japanese beetle (Pattersen al., 1991), and grass grub
(Patchettet al., 2008b). In meadow fescue infected willpichloé uncinatathe concentation of

loline alkaloids increased in younger plant tissue after insect damage (Goetliker2008, Zhangt

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

larval weight of grass grub (Patchettal., 2011).

1.3.2 Entomopathogens

Several microorganisms could be used for biocontrol of insect pests (Baetriabr 1996; Ingliset

al.,, 2001; Lacewt al., 2001) Flock house virus (FHV), protozoan parasit&sémaspp.), bacteria
(Paenibacillus popilliae, Batia entomophilaand Serratia proteamaculansand nematodes (e.qg.
Steinernemaspp.) were found to attack grass grub larvae (Miln, 1978; Wigley & Miln, 1982; Jackson,
1990). The fungM. anisopliae sensu latand Beauveriaspp. are known entomopathogenfangi

with the potential to control grass grub (Latch & Kain, 1983; Glare, 1994; Bairakr1996).

1.3.2.1Metarhizium spp.

The fungiMetarhizium which belong to the order Hypocreales, and the family Clavicipitaceae, are
globally distributed. Thereare between 7501000 insect species known to be attacked by
Metarhizium(Laceyet al., 2001; Meyling & Eilenberg, 2007; Schneigkeal., 2011; Vegat al., 2012;
Keyser, 201p Metarhizium has been isolated directly from soil and from infected insect® Th
Tdzy3dza ¢l & IAGSY (GKS O02YY2y yIYS aaNBSy Ydza Ol NR
carrying green fungal conidia (RobertsS&l_eger, 2004)Metarhiziumspp. have been found largely

in U.S.pasture soils at a depth of® cm, at a concentrationf up to 16 conididg (StLeger, 2008).

M. anisopliaesensu latchas been used for over 100 years for controlling insect pests (Robets
Leger, 2004). It wamn original broadly defined species withlarge host range. SubsequentlyM.
anisopliaehas been divided into a number of speciéfowever, the taxonomy has been modified
and it is likely that it was1. brunneumand M. robertsiiinfecting more than seven insect orders
rather than the originally describeM. anisopliag which is now restrictedot a few hosts (Veen,
1968; Zimmermann, 1993)Many Metarhizium species are morphologically similar, and

identification is difficult using morphological attributes alofidaere are currently ten species within

20



the M. anisopliae complex (viz.,M. anisopliag M. acridum M. brunneum M. globosum
M.guizhouensgM. lepidiotag M. majus M. pingshaensgM. robertsiiand M. indigoticg. Theother

major species compleX. flavoviridewas resolved into five speciémsed on sequencingyiz, M.
flavoviride M. koreanum M. minus M. pemphigi,and M. frigidum) (Kepleret al., 2014).The species
complex M. anisopliaehave been used to control species of Acari (Ixodidae, Tetranychidae),
Blattodea (Blattidae, Blattellidae), Coleoptera (Curculionidae, Nitidulidae, ($@dae), Diptera
(Ephydridae, Mycetophilidae, Sciaridae, Tipulidae), Hemiptera (Aphididae, Cercopidae, Cicadellidae,
Delphacidae, Miridae, Pentatomidae), Isoptera (Kalotermitidae, Rhinotermitidae, Termopsidae),
Hymenoptera (Formicidae), Lepidoptera (Craoiale, Noctuidae), Orthoptera, Siphonaptera
(Pulicidae), Thysanoptera (Thripidae) in many countries all over the world (Faria & Wraight, 2007).
Some strains oMetarhizium have been isolated for use as biological control agents to manage

insect pests likéocusts, termites, spittlebugs and white grubs (Nestal.,2013).

1.3.2.2Metarhiziumin New Zealand

Metarhiziumspecies have been recorded as pathogens of insect pests in New Zealande{@lare
1993). M. anisopliaehas beerisolatedfrom Coleoptea andM. novozealandicurfrom Lepidoptera
and Coleoptera (Driveet al,, 2000).M. novwzealandicumhave been isolated from pinhole borer
(Platypussp) in New ZealandReayet al, 2007).Studies have reported thakl. anisopliae M.
brunneum M. frigidum M. guizhouense, M. novozealandicui. pemphigi M. rileyi and M.
robertsii were endemic in New Zealand whiMd. acridum, M. majusM. pingshaenseand M.

lepidiotaeare present only in recognised collections (Glpe¥s comm., 2018.

1.3.2.3Metarhiziumon scarabs

M. anisopliaehas been isolated from insects belonging to the order Coleoptera and was used to
successfully control the scarauoryphorus coulorin pasture in Tasmania (Rath, 1992; Hajek & St
Leger, 1994)M. anisopliaestrain CLO 58as beenused successfully to control white gruddplia
philanthus)(Ansariet al., 2004b). Therewas also a synergstic interaction between M. anisopliae
strain CLO 53 anithe nematodesHeterorhabditis megidiand Steinernema glasest a high fungus
spore concatration (2 x 16% and 2 x 1€ conidia/ha) (Ansarét al., 2004a) M. anisopliaehasalso
been usedto control black vine weevil (Ansariet al., 2008, 2010), red palm weevil (Wakil et al.,
2017) and sugarcanewhitegrubs (Dermolepidaalbohirtum) in Australa (Samsonet al., 2001).
However,these fungi are not alwaysparticularly effective againstscarabsasthe larvaemight have
developedresistancebecausethey are constantlyexposedto conidiain the soil. Forexample,in a
laboratory experiment using semteen Beauveriaspp. and twoMetarhiziumspp. strains isolated

from different sites in Mexico from white gruBhyllophaga polyphylléScarabaeidae), mortality was
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less than 50% (CarritBenitezet al., 2013). Similarly, there was no significant diffarerbetween
Beauveriaspp. andMetarhizium spp. strains wherP. polyphyllalarvae were infected and larval

mortality did not exceed 20% (Guzm&rancoet al., 2012).

1.3.2.4Metarhizium, soil microbial communities, soil insectnd plant interactions
Metarhizium spp. have been isolated from roots of different plants spediésrobertsiiis mostly
associated with grass roots, wherdds guizhouensés found in roots of trees andl. brunneumhas
been isolated from the roots of woody plants and strawberry Gheberry plants. Switchgrass and
haricot bean plants treated witlM. robertsiihad increased root hair growth (Keysetr al,, 2015)
Additionally,M. brunneum M. anisopliaeand M. robertsiipopulations have been shown to promote
the growth of some plarst apartfrom their role as entomopathogen§&§ome strains dfl. robertsii
(strain 2575)M. brunneum(strain 3738), andM. anisopliae(strain 8248) have the ability to boost
seedling growth based on their rhizosphere competence in maize rootsdl.#92014). 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 treatéd. bithnneum(Keyser
et al, 2014). Additionally, nitrogen transportatirectly from soil insects to the plant through the
interaction betweenthe plant endophyte and insect pathogeMétarhizium robertsi) promoted

plant growth (Behieet al., 2012; Sasan & Bidochka, 2p1

Soil microbial species have key roles in maintaginine broad potential of the soil ecosystem
function (AlvareaMartin 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 (Kongt al., 2006; Zhonget al., 2010). Moreover, these microorganisms also contribute
to controlling some soil borne diseases of plants and promoting plant growth (Gaebeda2004;
Batten et al., 2006). In the rhizosphere, plants, fungi, protozoa, bacteria, nedeg# and
invertebrates interact in numerous ways (Liabal., 2014) such asn transporting some nutrients

(N, P and Fe) and auxins for plant growth (Bageal,, 2006) There are multitrophic interaction
among plants, insect pests and entomopathogerhat could helpor hinder the efficacyof

entomopathogens (Shikano, 2017).

Metarhiziumspp. 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 agricultht@ize yieldwas
increased significantly with treatment usifd. anisopliag(Liaoet al.,2014). Some studies suggest
that B. bassianaand M. anisopliaeinteract directly with the plant (Meyling & Eilenberg, 2007)
through the absorption of nitrogen from sects by the plant (Behiet al., 2012; Behie & Bidochka,

2014). Therelationshipsbetween the soil microbial community witiMetarhizium grass grub and
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the plant are likely to involve multrophic interactions with a lot of potentiddenefitsfor studyirg

entomopathogenic fungi for controlling grass grub.

1.3.2.5Bacterial pathogens o€ostelytragivenilarvae

A common diseaseof grass grub, called amber diseads, caused by the bacteriSerratia
entomophila(Jacksoret al., 1983; Grimontet al., 1988;Allardyceet al., 1991; Jacksoet al., 1999)
and Serratia proteamaculangGlareet al., 199d; Grkovicet al., 1995; Glarest al.,, 1996; Jacksoet
al., 1997; Hurset al.,, 2007). A survey indicated thap to 86%o0f grass grub larvae populations had
synptoms of amber disease isome paddocksin Canterbury (Troughet al, 1982). Hurset al
(2004) reported that amber disease symptoms were associated with &dpasmid, pADAP which
carries the genes sepA, sepB and Gepilky disease caused Baenibaillus popilliaeis a less
common disease of grass grubNew Zealand¢Jackson, 1990; Glast al., 1993). The bacterium
Yersinia entomophaghas been isolated from infected larvae aisé pathogenof grassgrub (Hurst
et al, 2011; Hurset al., 2014).

1.3.2.6Combination of bacteria and/etarhiziumto control insect pests

Studies have shown potential interactions betwedgaicteriaand Metarhiziumfor control of insect
pests. Acombination ofM. anisopliaeandS. entomophildnad a synergistic effect atontrol of early
instar grass grulbut not in older instar grass grub (Glare, 199dackson& Chinn (1993) also
reported that the combination oM. guizhouensend S. entomophilacould produce a synergistic
effect to control the grass grutMantzoukaset al. (2019) showed that a significantly higher larval
mortality was observed in both"2and 4" instar larvae of tomato leafminer due to the synergy
between M. anisopliaeand Bacillus thuringiensisompared to each single pathogen alone. This
synergy wageported against the larval stage of Colorado potato beetle (Kriwkoal., 2009). In
addition, the synergistic effects dfl. robertsiiand B. thuringiensisvere noted in both 2 and 4"
instar larvae ofH. armigera(Mantzoukas, 2019);"instar larvae 6 the Colorado potato beetle
Leptinotarsa decemlineatYaroslavisevaet al, 2017); on larvae ofSesamia nonagrioides
(Mantzoukaset al.,2012) and irinsect pestof auberginesuch aghe jassid, Amrasca bigutullaand

the aphid A. gossypifJugncet al., 2018)

1.4 Aims and objectives of the present study

This study aims to better understand the interactidsetween entomopathogenidungal species of
the genusMetarhizium the host C. giveni)members of the soil microbial community, and the grass
plant. This knowledgecould be applied to improve the biocontrol potential dfletarhizium spp.

species againgrass grub in pastursoils in New Zealand
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| hypothesised that
1) Somdsolated and identifiedietarhiziumstrains willhavethe potential to controlC. giveni
2) Soil type influences the pathogenicity Metarhiziumto C. giveni

3) Soil microbial community alters the infectivity and pathogenicityMdtarhiziumspp. against soil

dwelling insects

4) Interactions betweercommonsoil bacteria andVietarhiziuminfluence the biological control @Z.

giveni

The objectives of this study were to

Objective 1:solate and identiffMetarhiziumspp.pathogenic toC. giveni

Objective 2 Establishhe pathogenicity oMetarhiziumagainst grass grub in differesbil types

Objective 3: Determine the effect of the presence of the meadow fescueegtuca pratensjs

endophyte Epichloé uncinatujnon the pathogenicity ofetarhizium novozealandicui@l14 to grass

grub C given)

Objective 4:Investigate theeffect of sdected soil bacteria on the virulence Bf. novozealandicum

C14 to grass grub larvae
Objective 5:Explore the host range of thgrass grukactive M. novozealandicunt14

Objective 6 Determine the field distribution dfetarhiziumin several regions of th8outh Island of

New Zealand

24



Chapter 2
Isolation and identification ofMetarhizium spp. pathogenic to

Costelytragiveni

2.1 Introduction

Metarhiziumspp.are entomopathogeniéungi with broad host ranges (Trizeétaal.,2017) anchave
beenisolatedfrom infected ingcts andagricultural and noragricultural soils across every continent
except Antarctica (Vanninen, 1996; Bidoclkkal., 1998; Kelleet al., 2003; Bruck, 2004; Siles al.,

2004; Becerra/elasquezt al., 2007; Quesadioragaet al, 2007; DerakhsharR009; Sahayaraj
and Borgio 2009; Gobkt al,, 2010; Husseigt al., 2010; Meylingt al,, 2011; Weiset al, 2012; Shin

et al, 2013; Sowmya, 2016; Kryukev al., 2017; Nishi and Sato, 2017; BruniMendozaet al,
2018; Islam 2018; Kilic, 2019; TkagzRR19; Mongkolsamriet al., 2020). Within this genus\.
anisopliaesensu latohas been found worldwide (see above references) and is one of several
entomopathogenic fungi used extensively in commercial biocontrol products that are available
worldwide (Bunner-Mendoza et al, 2018). Complicating this however, Bischeff al. (2009)
recognizedM. anisoplia sensu latoas a species complex and split it into nine different spedikes:
anisopliage M. acridum M. brunneum M. globosum M. guizhouenseM. lepidotae, M. majus M.
pingshaenseand M. robertsii Mongkolsamritet al. (2020) recently added two mordd. clavatum

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

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

In New Zealand\letarhiziumhas been collected widelys{areet al., 1993 and references therein;
Barker & Barker, 1998;Brownbridgeet al, 201Q. Glareet al. (1993) complied a checklist of
entomopathogent species in New Zealand, which ligfs anisopliae sensu latisolated from
Coleoptera and Lepidoptera amd. flavovirideisolated from ColeopteraVMetarhiziumspecies have
been recorded as pathogens of insects considered serious agriculture pests ibeldmnd (Glaret
al., 1993). Recently, severaMetarhizium species,including M. anisopliae sensu strigtavl.
brunneum M. frigidum, M. guizhouense, M. novozealandicuitl. pemphigi M. rileyi (syn:
Nomuraea rileyiand M. robertsii,were found occurringnaturally in New Zealand, whiM. acridum,
M. majus,M. pingshaensand M. lepidiotaewere identified only from recognised collectiofGlare,
pers. omm., 2018. M. rileyi appears to be rareMetarhiziumnovozealandicumand M. pemphigi
were previously casidered variants oM. flavoviride. Metarhizium guizhouensstrain AgRF16

(previously identified a#. anisopliag 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 tladrtipact (Latch,
1965; Glareet al., 1994). Using AgRF16, Glateal. (1994) found that the strain was not effective

due to lack of activity a soiltemperature less than d&.
This chapter aim& report on:

1) Isolaion and identifcation of Metarhizium spp. from infectedC. givenilarvae and from three

different soil types, Wakanui, Templeton and Temuka, in the Canterbury region of New Zealand
2) The occurrence oMetarhiziumfrom infected lavae collected in pasture soil

3) The pathogenicityof selectedMetarhiziumisolates againsC. givenin bioassays.

2.2 Material and methods

2.2.1 Metarhizium Selective Media (MSM)

Potato Dextrose Agar (PEMerck) with antibiotics (Streptomycin sulphate and Chlortetracycline,
concentrations listedn Appendix A.24.1) was used for isolatingetarhiziumfrom soil and infected

larvae.

2.2.2 Isolation from infected larvae

Spores were harvested fronmfected larvae of C. giveniwith green fungal conidigFigure 2.1C)
collectedfrom a fieldat Lincoln University, and trafesred to a tube with 10 ml of sterile 0.01%
Triton %100 (TX%100)solution. Spore suspensions were mixed well, and serial dilutions6f105,

10° and 10" were prepared. One hundred pl of each dilution was spread over the surface of an
MSM plate usig disposable hockey sticks. Plates were incubated at 25°C with a light regime of 16h
light/8h dark and observed daily for6days after whiciMetarhiziumcolonies were identified and
transferred to fresh PDA medium (Oxoid) for further developm€&anida were observed using a

Leica DM2500 microscope with an Olympus SC100 camera

2.2.31solation from field soils

Metarhizium were isolated from each of the three collected soil tygdempleton, Temuka and
Wakanui; see Chapter f8r a description of soil charaatisticg. Four replicates of 10 g soil (for a
total of 40 g per soil type) were usethe samples were taken froestablished dairy pastures 8t

15 cmsoil depth. Ninety ml of sterile 0.01% T200 was added to each 10 g soil sample. These
suspensions wer then homogenised using a Stuart (Staffordshire, UK) flask shaker -&080@m

for 30 min. The initial soil suspension was considere] f@m which further dilutions were
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prepared. Serial dilutions from 1@ 10“were made by taking tnl of each dution and adding to 9

ml of sterile 0.01% TFX00. Each dilution was plated on MSM with two plates per dilution. One
hundred pl ofeach dilution was spread over the surface of a MSM plate and incubated@with a

16h light/8h darkphotoperiod The in@ulated plates were observed daily for® days after which
Metarhizium colonies were identified based on tinemorphology and transferred to fresh PDA
medium for development.Conidia were observed using a Leica DM2500 microscope with an

Olympus SC100 camze

2.2.4 Molecular identification of strains

All putative Metarhiziumisolates were identified (including those from existing collections) using
polymerase chain reaction (PCR) followed by Sanger sequencing (Kepler2014). Elongation

factor 1-alpha EmMh 0 X YR AYGSNY It (NI yaCehal,2®0R Kepledt OSNJI 6L
al., 2014)were used as barcodes for fungal identificatibimr DNA extraction, a small sample was

cut from the growing edge of a culture and transferred to a micro ége tube with 500 ul of a

5% Chelex suspension following the method of Alizagehl. (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 &,000 x g to separate the aqueous and particulate

phase. The clear top layer (up to 200 ul) was transferred to a new tube and store@@3@ freezer

until further analysis.

Prior to PCRDNAconcentration ¥ 3 § wals estimated for each sample usisigectrophotometry
(Nanodrop 3.0.0spectrophotometer; Nanodrop Technologies Inc., Delaware, USBR reactions

were carried out using 5 pl of 5x MyTaqg Reaction Buffer (5 mM dNTPs, 15 mb $tajilizers and
enhancers; Bioline), 1 pl of each primer (10 uM), 0.25 pl MyTag HS DNA Polymerase (Bioline),
approximately 106800 ng genomic DNA and dgup to a final volume of 25 pl. The same reaction
mixture with no template DNA added was included in each PCR reactiamagative 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 amdncluding 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 1x TAE buffer
(40 mM TrisOH, 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 {RedSafe

A 1 kb plus DNA ladder (Hyperladder Il, Bioline, USA) wexb tosestimate the lengths of PCR
products. PCR products were separated by electrophoresis in 1xTAE 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
(BioRad, USA).

All amplifiedproducts were sequenced at the Lincoln University Sequencing Unit (Lincoln, NZ) and
the sequences generated were edited and assembled usi@gromasPro software
(http://www.technelysium.com.au/@GromasPro.htm) before being compared to the nucleotide
GenBank database (Alizadehal., 2017).

Table2.1 Primers used for identification

Gene region Est. fragment size | Primers Sequence 5'- ¥’ Reference
983F |GCYCCYGGHCAYCGTGAYTTYAT Rehner and
2218R | ATGACACCRACRGCRACRGTYTG | Buckley 2005
ITS1F TCCGTAGGTGAACCTGCGG

Irs 200 ITS4R | TCCTCCGCTTATTGATATGC hite ef al. 1990

EF 1w (37 exon region) 1000

Figure2.1 A) A heavyCostelytra giveninfestation in a Canterbury pasture soil. B) A cell culture
plate used for maintaining individual larvae in the laboratory at 15°C with carrot as foodCC
givenilarvae cadavers showing green spore mats typicaMstarhiziuminfection.

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

Larvae wereollectedfrom the Research Dairy Farm at Lincoln Univer@figure 2.1 Secondand

third instar larvaewere present in soil from Januamnid-March, and from February to mid

Septembey respectively Third instar larvae have a larger head capsule tharsecond instar larvae

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

larvae were collecteérom the field and pretested for feeding activigs well adealth {.e., ability to

feed) upon return to the laboratoryEachlarva was placed in a separate compartment of avkER

cell culture plate witha carrot cubeas food (figure 2.1B). Plates weincubated at 20°C for 14 days

from the 14" to 28" of March, 2018. Mortality and incidence d®fletarhizium in the natural

population, identified by the presence of green fungal spores growing from the cadgigerre
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2.1C) was then recorded. After thiactively feedingsecondandthird instar larvae were selected for
the bioassay experiment on the %4lay after setting ughe carrot feeding plateOnly larvae from
compartments with clear evidence of feedinige., bite marks on the carrot cube, werelscted for

use in bioassays.

2.2.6 Comparing the virulence of nindetarhizium strains againstsecond and
third instar Costelytra givenilarvae

2.2.6.1Preparation of inoculum

The virulence of ight Metarhiziumstrains from existing collectior{¥able 2.3)along with one strain
collected for this study, in totalepresentingsix species,was testedagainstC. givenilarvae All
strains weregrown onPDA plates at room temperature (ZD).After 15 days, fungal conidia of each
strain were harvested directly frorthe plates and placed into 9 ml of sterile 0.03%¢ TX100
solution (Autoclaved MilHQQ water plus Triton -400). Conidial density was estimated using the
original solution in a haemocytometer counting chamber antleica DM2500 microscop8erial
dilutions from 1¢to 10* were made by adding 1 ml of each dilution to 9 ml of sterile 0.Ttitén X
-100. Two hundredpl from the 10* dilution was used to estimate conidial density ircaunting
chamber and the original solutions were adjusted to a concatibn of 10° conidia/ml by the

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

2.2.6.2Bioassays

Metarhiziumvirulence was tested in 10 g subsamples of dry Wakanui soil (oven dried, 90° C) placed
in universal vials with screan lids.For the inoculted treatment, 1@ conidia, suspended in 2 ml of
sterile 0.01% Triton M.00 solution (1 ml 10conidia/ml suspension plus 1 ml 0.01% 1Y), was
added to each vidbr a final concentration of 70spores/g dry soilFor the norinoculated controls,

2 ml d 0.01% TX00 was addedAll vials were shaken to mix soil and suspensions thoroughly before
the larvae were placed in the viaDne C.givenilarva was added per viahnd a carrot cube was
placed in each vial as foodhe experiment was laid out i@ randomized complete block design
(RCBDyvith 10 treatments (9 strains plus a control) with either four vials eachsémondinstar
larvae, or twenty vials each fehird instar larvae which were more abundant in the larva collections.
Vials were incubatedt&2°C in environmental cabinets (bGphotoperiod).Data on larval mortality
were taken 1, 3, 5, 7, 10, 14, 21, 28 and 35 days after inoculafibis experimenthad 10
treatments, nine Metarhiziumstrains and one controlith five replicateger treatment and with4

larvae in each replicatedtal =20 larvae per treatment).
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2.2.6.3Data 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 correctedNdo O2 Yy i NP f Y2NIilIf A& oe@
formula (Abbott, 1925). The results were analysed by a general ANOVA in GenSta@itia by

comparison of mean values of the treatmentizi A y3d CAAKSNIR& dzyLINRGSOG S

difference.

2.3 Results

2.3.1 Isolation of Metarhizium strains

ElevenMetarhiziumstrains were isolated fronC. giveniarvae, and one each from \Wiseanasp.
larva, Wiseana sp. pupa and Wakanui soil, aftef7édays of observation. Species determinations of
all the samples used in this studyegoresented in Table 2.2. Individual gene alignments were used
for species identification. Seve. anisopliagisolates and sevell. novozealandicunsolates were
identified using the internal transcribed spacer (ITS) region of the rDNA. Seven of elagah fu
strains isolated from infectedC. givenilarvae were identified asvl. anisopliaewhile the four
remaining strainsisolated from infectedWiseanasp. larvaand pupa and Wakanui soilwere

identified asM. novozealandicum

Table2.2 Species identification of the newletarhizium strains isolated in this study.

Isolate Metarhizium Gene
code Species region

M1
M2
M3
M3 Costelytragivenilarva

M4 anisopliae (Coleoptera)

M5
M6
M7
M8 Wiseanasp. pupa (Lepidopterg
M9 Wiseanasp. larva (Lepidoptera

Isolation source Origin

Field Research Centre,
Lincoln University,
Canterbury

ITS

_M10 | . Research Dairy Farm, Lincol
novozealandicun . .
M11 Costelytra giveniarva University, Canterbury

M12 (Coleoptera)
M13
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M14

Wakanui soil

Field Research Centre,

Lincoln University,
Canterbury

Table2.3 Metarhizium strains obtained from existing collections and used in the biocags.

Isolate code | Metarhizium Species Ge-n ® | TIsolation source Origin Isolated hy
region
15-T2-P-Cl4 | noveocealandicum Kiwifruit soil Nelson MC Lefort

AgR F672 anisapliae ITS Pinus radiara roots NZ AgResearch

FCC 447 robertsii Kiwifiuit roots NZ AgResearch
JB (K4-1) guizhouense Kiwifruit leaves Nelson Jenny Bookes
E1037 pemphigi Coleoptera Nelson Nic Cummings

WetaMet #2 frigidum Weta (Orthoptera) West coast Travis Glare
E1035 novezealandicum EFla Plecoptera Canterbury Nic Cummings

. Costelvtra giveni
F99 novazealandicum (Coleoptera) Methven, Canterbury | AgResearch

Species identities and relevant information dfetarhiziumspecies from existing collections used

this study are presented in Table 2.3. Indbdl gene alignments weraised for species

identification. Four (oneM. novozealandicumone M. anisopliae one M. robertsiiand one M.

pingshaensgwere identified using the ITS region because those isolates produced a clear band in

gels following PCR. Four mapecieswvere identified (oneM. pemphigj oneM. brunneum one M.

frigidumand twoM. novozealandiumd dza Ay 3 GKS 9Cwmh 3ISyS NBIAZ2Y | &
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2.3.2 Mortality levels in field collected grass grub

100
90
80

70 ® Dead from unknown causes

60 .
B Metarhizium

50
B Alive and activity feeding
40
30

20

Percentage mortality and survival of grass grub(%)

10

Figure2.2 Percentage mortality, including incidence tetarhiziuminfection, and survival in field
collectedGostelytra givenifrom 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,(868%)Metarhiziuminfected larvae were
identified by the presence of green fungal spores growing from the cadaver and 216 (28.6%) were
observed without any evidence detarhiziuminfection, dead from unknown causes. These may
have died for a number ofemsons including handling damage, bacteria and/or other microbial

attack.

2.3.3 Comparison of the virulence of nin®letarhizium strains againssecond and
third instar Costelytra givenilarvae
Mortality in the Metarhizium treatments was first seeron day 14 ofthe trial in both instars.
Metarhizium strain 15T2P-C14 M. novozealandicuin consistently produced the highest mean
larval mortality across the duration of the study for batbcondand third instar larvae (Figure 2.3).
However, when compared to otherdh mortality-causing strains, it was significantly higher in only
two instances: day 28 agair@t’ instar larvae and day 14 agair8t instar larvae. Mortality in strain
F99 M. novozealandicuinwas second to £52-P-C14, except on day 14 againgt ixstars, 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 #®1( frigidum), E1035N1. novozealandicuinand
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E1037 . pemphig) was consistently lower thaother inoculated treatments against both instars.
Against 29 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 bioasays. By day 28nortality in these treatments were significantly lower than the other
Metarhiziumtreatments (except forstrain AR F672V, anisoplia¢ at day 28 against"2instar).
Strains AgR F672, MRl (anisopliag¢, JB (K4) M. pinghaensg FCC 44 (M. robertsi) 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 alwe were consistent in both larval instars.
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Figure2.3 Mean proportional mortality and standard error o™ (above) and3“ (below) instar
larvae inoculated with one of ninéMetarhizium strains at spore cooentration of 10’spores/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 colleahd identifyMetarhiziumstrains occurringinder pasturein three soil
types assess the abundance bfetarhizium naturally occurring therein at one site andentify
strains with the potential to controC. givenprass grubinfestationsin pasture soildor subsequent
studies. Somé/etarhiziumstrains collected from soil, infected larvae and from existing collections
were further identified using sequencing of either tthee ITSo®@ Cmh ISy S NBIA2yaxz
the species oMetarhizium. Metarhizium strains in this study were recovered from field collected
grass grubsa larva and a pupaf porina moth, Wiseanasp., LepidopteraHepialidae) and soil. All
strains belonged to two speciel]. novozealandicurand M. anisopliag similar to previous repas
which also found these species to be abundant (Gédral., 1993; Glare, persomm., 2018. Glare

et al. (1993a) andLiu et al. (2020) also reported isolation ofM. novozealandicunfrom larvae of
Wiseanasp,; M. anisopliaewas previously alsasolated from Crambussp. (Lepidopterg Mythimna
separata, Persectania aversa, Scellodes cord#listeronychus arator, Pericoptusuncatus,

Listronotus bonariens{€oleoptera) and unidentifiewireworm larvae (Coleoptera).

Five percent of fieldollected lavae which diedshowed signs oMetarhiziuminfection, indicating
that Metarhiziumwas at least partly responsible for their death. further 29%of the deaths
recorded weredue to undetermined causes, indicating thdetarhiziumspp. were unlikely to be
the main cause of mortality in this fieltlusseiret al. (2010) reported thal4% of mortality in field

collectedwax moth larvae was caused bl anisopliae

One Metarhiziumisolate was isolatedfrom the Wakanui soil but nofrom the two remaining soil
types (Templeton and TemukaYhis may have been by chanbecause of thesmall sample size
taken, so usinglarger samplesmay have increased the opportunity fakletection Molloy (1993)
reported that Temuka, Templeton and Wakanui soils wismgortant agricltural soilsin Canterbury

but noinformationregarding peststatusprovided

Patterns of relative virulence between thidetarhiziumstrains remained similar in botH'®and 3¢
instar larvae, i.e., a strain that produced relatively high or low mortalitgneinstar did so in both
instars. Alhough mortality appeared to be generally lower in the youngét,iristar larvae, instars
could not be statistically compared to each other. E8rinstar larvae, results showed that IT%2-P-
Cl4(shortened to C14fM. novozealandicuinin particulargenerallyproduced greater virulence
relative to the other strains. Both strains F3. (novozealandicuand JB (k4) (M. pinghaensg
were also effective, and after 35 days, mortality caused by these strains was gmaficantly

different. For3" instar larvae, strain C14 again produced the highest mortality. In this case however,
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F99 and M2 Nl. anisopliaé performed equally early in the experiment, and by the end of the
experiment JB (k4) and FCC 44M( robertsi) had also caught up to C14. Based on the growth
morphology on PDA plates and virulence in both bioassays, strains C14, F99, M24JBn(KAgR
F672 M. anisopliagé were considered to have potential as biocontrol agents against grass grub

infection byC.giveniand were selected for the further study presented in Chapter 3.
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Chapter 3

Pathogenicity ofMetarhiziumagainst grass grub in different soil

types

3.1 Introduction

Grass grub is susceptible to some-boiine entomopathogenic fungi strains belonging to the gen
Beauveriaand Metarhizium (Jackson, 1990; Glast al, 1993%). Metarhiziumspp. have previously

been considered as potential biological control agents against grass grub in New Zealand (Jackson,
1990; Glare, 1994; Riv&sancoet 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 oMetarhiziumto 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 (Nannipigrial, 2003). Clifton (2013) has shown that soil type
affected the presence of sdilorne entomopathogenic fungi, asganic soil was more suitable than
non-organic soil for fungal growthn addition, soil is an important source of diversity of microbial
organisms, particularly bacteria and fungi, and interacdibatween fungi and bacteria occur in the
soil ecosystemeveauet al., 2018). For example, Glare (1994) reported that the combinatidw. of
guizhouensewith the bacterial entomopathogerSerratia entomophilawas synergistic against
second instar grass grubs in laboratory condioAnsariet al. (2004) also demnstrated that
combining the fungudM. anisopliaeCLO 53 and entomopathogenic nematoddsterorhabditis
megidisand Steinernema glasedaused additive and synergistic effects against third insi@plia
philanthuslarvaein both the laboratory and greentluse. HoweverMedinaet al. (2020) reported

that there was antagonism betwedhe fungusTrichoderma atrovirideand Metarhizium robertsion

PDA medium andrichodermalecreased the germination ®. robertsiiconidia.

Soil properties (soil texture, pH,rganic matter,cation exchange capacity (CE@)so have an
important effect on the survival dfletarhizium Generally, fungi can survive in soils across a wide
pH range, with fungal growth increasing with decreasingbebiveen therangesfrom 4.5 to 8.3,
with pH 4.5 supporting optimal fungal growth (Roeslal., 2009).Medo and Cagan (2011) reported
that M. anisopliaewas less common in fingextured and high organic matteBlovakiasoils than

Beauveria bassianan addition, Jabbour and Barbercheck (2DG8und that the presence of
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Metarhiziumwas not relatedto soil mineral content(phosphorus, potassium, magnesium, calcium
andalsocation exchange capacitylhereislittle information aboutsoil mineralsandthe occurrence

of Metarhiziumin pasture sds.

The aim for this chaptewas to usehree soil typegWakanui, Temuka and Templeton) to investigate
the effect of soil types andheir characteristics onMetarhizium as well asto examire the
pathogenicity ofMetarhiziumon grass grub ithe three ilsin the presence and absence of their

natural soitinhabiting microbesusingdifferent spore concentrations dhe Metarhiziumisolates

3.2 Material and methods

The semsterilised soil types experiment used second instar larvae while thesterilised 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 ofMetarhizium against second instar grass grub in semi
sterilised soils

3.2.1.1 Hypothsis

Soil type mfluences the pathogenicity dfletarhiziumto grass grub

3.2.1.2Solil preparation

Three soil types (Templeton, Temuka and Wakanui) were collected from Lincoln University and
Selwyn DistrictCanterburyfor this project. Wakanui soil (silt loam) afémukasoil (clay loam)

were collected at.incoln University from two site€3.647872 S, 172.46785%E for Wakanui) and
(43.648924 S, 172.4687°1E for Temuka)Templeton soil (silt loamyas collected from a farm in

the Selwyn DistrictCanterbury (43.647586S, 172.458100E) (Figure 3.1)Samples to a depth of
about 15 cmwere taken from thethree sites with ten replicatesf each soiltype in the same
paddock For each soil type, 50 kg soil waslectedfrom 10 different positionsand mixedbefore

they were transferred to the laboratory at the BiBrotection Research Centre in Februafi9 and

kept in plastic bags in boxes &4 A 50@ sample from each soil type was sent to Hill Laboratories
(Hamilton, New Zealandjor determination of general chemicatharacteristics, 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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Figure3.1 Templeton soil collected from a farm in the Selwyn District, Canterbury in 2019

Table3.1 Characteristic of the three Canterbury soil types (Hill Laboratories, 2018)

. . Sterilized
Analysis Temuka Templeton Wakanui ]
Wakanui
pH 6.0 5.7 6.3 5.9
Olsen Phosphorus (mg/fL) 5 23 14 31
Potassium (me/100g) 0.43 0.56 1.36 0.96
Calcium (me/100g) 7.8 5.6 6.5 7.2
Magnesium (me/100g) 1.91 0.87 1.51 1.33
Sodium (me/100g) 0.16 0.15 0.14 0.13
CEC {me/100g) 15 11 13 14
Total Base Saturation (%) 70 63 72 67
Volume Weight (g/mL) 0.95 1.03 0.93 1.04
Sulphate Sulphur {mg/kg) 2 7 1 6
Potentially Available Nitrogen (15cm Depth) (kgfha) 73 43 82 131
Anaerobically Mineralisable N (pg/g) 51 28 58 B4
Organic Matter (%) 5.4 3.7 5.5 5.5
Total Carbon (%) 3.1 2.2 3.2 3.2
Total Nitrogen (%) 0.30 0.17 0.31 0.27
C/N Ratio 10.4 12.5 10.1 11.6
Anaerohically Mineralisable NfTotal N Ratio (%) 1.7 1.6 1.9 3.1
Base Saturation % K 29 4.9 10.3 8.6
Ca 53 49 50 50
Mg 13 7.7 11.5 9.2
MNa 1.1 1.3 1 0.9
MAF Units K 8 12 26 20
Ca 9 T 8 9
Mg 41 20 32 31
MNa 7 7 1] &
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3.2.1.3Semisterilised soils

A 10kg sample from eaclsoil type Temuka, Templetorand Wakanyiwas sieved through a 2 mm

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

90°C for three days to sensierilise The alternate soil sterilisation methods of autoclaving or
gamma irradiation were not suitable or available for these experiments. The soil wasteeihi, as

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

low numbers. All soils were checked for culturable microbes (includierhiziumand bacteria)

after sterilising by plating soil extracts on MSM and LB media (see recipes in Chapter 2 and Chapter
5).

3.2.1.4Soil moisture content determination

The soil moisture content (MC) was determined using the method of dkeat. (2015) with some
modifications Briefly, 50 gsoil (3 replicates) was placed &Petri plate witha lidand ovendried at
90°C then weighed. The MC of the soil was determined s\

MC (%) = [(Wet sailDry soil)/Dry soil] x 100
Where:- MC (%): Soil moisture content of the-dired or field soil (%)

- Wet soil: airdried soil (g) or field soil (g)

- Dry soil: Ovedried soil (g) at 9TC

Figure3.2 Collected field soil samples were sieved through a 2 mm mesh.
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3.2.1.5Prescreening ofCostelytra givenlarvae
This experiment use@™ instar larvae that were prscreened for feeding activity as an indicator of
health as destbed inChapter 2

3.2.1.6Bioassays

The experiment was set up to compare the effect of the three ssmilised soil types on the
pathogenicity ofMetarhiziumagainst2"®instar C.givenilarvae. For each soil type, t0sterilised soil
was placedin each universal vial with a screan lid. FiveMetarhiziumisolates were testedM.
anisopliae (M2), M. novozealandicun(C14, M. anisopliae(F672, M. guizhouensgJK and M.
novozealandicunF99, selected from the results in Chapter 2, with eddatarhizium isolate used

at four spore concentratios) The preparation of the spore solution was described in Chapter 2. The
spore solution were quantified using an improved Neubauer chamber, and adjusted, th0,01.(

and 10 conidia/10 g sterilised soil, and et immediately Each inoculated treatment received 1 mi

of the Metarhizium solution added directly to the soil and 1 ml of 0.01%10K. For the non
inoculated controls of the three soil types, 2 ml of 0.01%lTX was addedAll vials were shaken to
mix il 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, (3i84¢

in environmental cabinets using X6 light/8 h dark photgeriod 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.

3.2.1.7Experimental design

The experiment used randomized complete block design (ROBI) three soil types and with for
spore concentrations okach of five Metarhizium strains, and with three extra norinoculated
controls for eachMetarhizium isolate as the experiments were set up separately. For each
Metarhizium isolate, there was 15 treatments, each treatment withefiveplicates,and each

replicate with four larvae (one larveial) for a total of 300 larvae

3.2.2 The pathogenicity ofMetarhizium against third instar grass grub in nen
sterilised soils

3.2.2.1Soll preparation

All 3 instar larval experiments used nateriised soils.Soil (6kg) of eachtype (Temuka,
Templeton,and Wakanyiwas sieved through a 2 mm mesh to remove plant debris and stones
(Figure 3.2), and aiiried at room temperature (XT) for 14 daysThe soil moisture content was
determined (see 3.2.)4and based on the results (see Appendix,3Hg spore sispensionin 0.01%

TX100 wasadjusted to 2ml for each vial in bioassay 2.
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