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Abstract

In Australia, sweetpotato (Ipomoea batatas L.) is vulnerable to root feeding insect pests

such as wireworms (e.g., Agrypnus spp.). The number of registered insecticides to con-

trol these insect pests is limited and often pest pressure, for example by wireworms, is

severe close to harvest, further limiting what insecticides can be applied. Incorporating

biological control agents such as entomopathogenic fungi (e.g., Metarhizium anisopliae)

into integrated pest management programmes may be feasible in sweetpotato.

M. anisopliae has been shown to be effective in controlling more than 200 insects and

it is able to reside and grow in the rhizosphere and rhizoplane, suggesting that

M. anisopliae could be a promising candidate against soil insect pests. In the study pre-

sented here, M. anisopliae was formulated into calcium alginate granules fortified with

nutrients. The resporulation of the fungal granules was tested on four different soil

types in the laboratory. The biocontrol efficacy of the resulting fungal growth was also

examined using larval mealworms, Tenebrio molitor as a model insect in the laboratory

and the glasshouse. Our results indicated that sterilised soil favoured optimal fungal

resporulation, although different soil types did not have a significant effect on fungal

resporulation. The resulting fungal resporulation and growth on sterilised soil caused

high mortality (up to 76%) of larval mealworms in the glasshouse, whereas the fungal

granules applied to non-sterile soil demonstrated poor resporulation that led to low

mortality (13%) of larval mealworms. The result of this study indicates that the manipu-

lation of microbial populations in field soil is required to enhance the fungal growth

and potential insect control against wireworms in the field.
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1 | INTRODUCTION

Sweetpotato (Ipomoea batatas L.) is one of the major root-vegetable

crops in Australia, generating AU$ 100 million annually (Australian

Sweetpotato Growers Inc., 2021) with 90% of the national production

concentrated in Queensland, particularly in Bundaberg (Australian

Sweetpotato Growers Inc., 2021). An estimated 89% of total produc-

tion is supplied to the domestic fresh market (Hort Innovation, 2021).

Received: 31 January 2022 Revised: 26 May 2022 Accepted: 26 May 2022

DOI: 10.1111/aab.12797

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. Annals of Applied Biology published by John Wiley & Sons Ltd on behalf of Association of Applied Biologists.

Ann Appl Biol. 2022;1–12. wileyonlinelibrary.com/journal/aab 1

https://orcid.org/0000-0003-0981-322X
mailto:sudhan.shah@daf.qld.gov.au
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/aab


Being a root crop, sweetpotato is predisposed to attack from root herbi-

vores, which generally leads to unmarketable produce. Root herbivores

such as sweetpotato weevil (Cylas formicarius), root-knot nematodes

(e.g., Meloidogyne javanica and M. incognita) and wireworms (both Elateri-

dae and Tenebrionidae family) have been identified as important pests of

sweetpotato in Australia, causing considerable damage to the storage

roots, and consequently, leading to market rejection (McCrystal, 2010).

These pests are also problematic in sweetpotato production globally

(Arrington, Kennedy, & Abney, 2016; Hue & Low, 2015; Mukhopadhyay,

Chattopadhyay, Chakraborty, & Bhattacharya, 2011; Pasche, Taylor,

David, & Gudmestad, 2014; Seal, Chalfant, & Hall, 1992).

Wireworm damage on sweetpotato storage roots results in eco-

nomic losses to growers, especially in developed countries like Australia

where the produce is either rejected (with moderate to severe damage)

or downgraded from premium (with minor damage). As a result, growers

in Australia apply soil insecticides, for example, Talstar® (Bifenthrin) or

Regent® (Fipronil), to control wireworms (Australian Pesticides and Vet-

erinary Medicines Authority, 2021); however, crop losses of up to 21%

are still observed. Wireworm activity is typically prevalent in the weeks

leading up to harvest and the efficacy of soil insecticides generally does

not persist in soil throughout the cropping period (McCrystal, 2014).

Thus, treating a field with soil insecticide for wireworm control before

planting is often ineffective. Additionally, the tough exoskeleton of

wireworm, coupled with its ability to evade the chemical-treated zones

by moving deeper into the soil profile, limits the effectiveness of the

insecticides (Parker et al., 1996). A study conducted by McCrystal

(2014) showed that the intermittent application of chemical insecticide

(Regent®) via drip irrigation in sweetpotato root zones until the late

stage of crop growth completely protected the crop against wireworm

infestation, but the food safety of the chemical-treated produce for

human consumption is still questionable. Ongoing economic losses for

sweetpotato growers in Australia from continuous pest pressure high-

light the need for an alternative to the current pest-control practices

(McCrystal, 2014). The adoption of alternative methods such as biologi-

cal control using entomopathogenic fungi has been proposed as a

promising alternative that could be incorporated into an integrated pest

management programme (IPM) (Khun, Ash, Stevens, Huwer, &

Wilson, 2020; Skinner, Parker, & Kim, 2014).

Entomopathogenic fungi (EPF) are soil-resident microorganisms,

which are able to survive saprophytically in the soil and naturally

infect soil insects (Stone & Bidochka, 2020; Zimmermann, 2007). For

example, Metarhizium brunneum has been isolated from wireworm

(Kabaluk, Li-Leger, & Nam, 2017) and various genera, for example,

Metarhizium, Beauveria, Isaria and Lecanicillium, have been developed

as biopesticides for insect control (De Faria & Wraight, 2007). Metar-

hizium is one of the most studied genera, displaying pathogenicity

against more than 200 insects, particularly coleopteran insects (Pilz,

Enkerli, Wegensteiner, & Keller, 2011). Moreover, some species of

Metarhizium are root endophytes and even colonise the rhizosphere

(Krell, Jakobs-Schoenwandt, Vidal, & Patel, 2018; Vega, 2018). These

endophytes may play a role in crop protection by deterring attacks

from root herbivores (Parsa, Ortiz, & Vega, 2013). Because of these

traits, there has been a longstanding endeavour to exploit Metarhizium

species as a biological control agent for soil insect control (Roberts &

Leger, 2004). In conventional practice, fungal propagules have been

inundatively applied to soils to control soil-dwelling insects, but fungal

viability sharply declines following application (Ekesi, Maniania, &

Mohamed, 2010; Gaši�c & Tanovi�c, 2013). In some cases, the fungus

takes substantial time for its establishment and further colonisation fol-

lowing its application in soil, which limits the efficacy of the fungus to

protect crops when they experience high pest pressure, especially annual

field crops like sweetpotato (Pilz et al., 2011). Entomopathogenic fungal

colonisation in fields may be expedited by adopting a modified formula-

tion, in which the fungal propagules can be combined with the food

sources to benefit the EPF. Lack of appropriate food resources in the

vicinity of the fungal propagules in soils is one of the constraints that

potentially limits fungal colonisation in soil (Jackson, Dunlap, &

Jaronski, 2010; Jaronski, 2010). As a result, the notion of co-application

of fungal inocula combined with exogenous food sources has been pro-

posed. For example, this approach has been used for M. anisopliae coni-

diated on rice grains (Kabaluk, 2014), on rice bran (Moslim, Kamarudin, &

Wahid, 2009) and on millet (Rath, Worledge, Anderson, & Carr, 1995).

The co-application of fungal inocula with food additives may be further

improved using a sodium alginate polymer (Humbert, Przyklenk, Vem-

mer, & Patel, 2017). Sodium alginate is a positively charged polysaccha-

ride extracted from marine algae and matrices (for example calcium

alginate) are normally generated by cross-linking with divalent cations

(for example calcium chloride) in an ionotropic gelation reaction (Shah

et al., 1998). In fact, sodium alginate is not detrimental to any microor-

ganism, thus it is often used for carrying several beneficial microorgan-

isms including biocontrol fungi (Lewis, Lumsden, & Locke, 1996).

The fate ofM. anisopliae in soil has been also linked with soil physical

properties, for example, soil moisture, soil texture, pH, cation exchange

capacity and organic matter (Wraight, Jackson, & De Kock, 2001). A study

conducted by Vänninen, Tyni-Juslin, and Hokkanen (2000) in Finland

noted that both M. anisopliae and B. bassiana persisted longer in clay soil

than in peat, although the peat allowed for better fungal penetration and

persistence at greater soil depths. Detection of M. anisopliae was reduced

when exposed to soil with high moisture and organic content (Jabbour &

Barbercheck, 2009). Another study by Jaronski, Fuller-Schaeffer, Jung,

Majumdar, and Boetel (2007) showed that the infectivity but not viability

of M. anisopliae is influenced by soil moisture and soil texture; in clay (but

not other soil types), increasing moisture content adversely affected infec-

tivity. The effect of soil types on fungal persistence and proliferation is

not clear yet as the soil is such a milieu with multiple levels of interactions

usually rendering confounding results (Garrido-Jurado, Ruano, Campos, &

Quesada-Moraga, 2011; Rath, Koen, & Yip, 1992). Further studies investi-

gating the effect of different soil samples on the growth and persistence

of entomopathogenic fungi are needed.

There are various estimations in terms of fungal application rate

into soil for soil insect control, for example, >106 spores cm�3 soil

against wireworm control in soil (Kabaluk, Vernon, & Goettel, 2007) or

approximately 105–106 colony forming units (CFU) cm�3 or g�1 soil

(Jaronski, 2010). However, the estimation with exact value is not possi-

ble as the fungal efficacy may be impacted by soil characteristics. The

conventional recommended rate may be reduced by using encapsulated
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granules as it is anticipated that the fungus may produce secondary

resporulation in the soil. A study by Przyklenk, Vemmer, Hanitzsch, and

Patel (2017) demonstrated that the encapsulation of M. brunneum coni-

dia at 0.01%, fortified with corn starch and dead baker's yeast as nutri-

tive additives can increase the fungal resporulation up to 1,000 times

and is referred to as microfermentation. Nutrient sources containing

carbon and nitrogen are considered as primary nutrients for the fungal

mycelial growth and conidial development (Jackson et al., 2010). These

resporulated conidia produced on fungal granules are considered a pri-

mary source of infection for soil insects that encounter the resporulated

fungal granules. The success of encapsulated fungal granules for soil

insect control relies on the resporulation efficacy of fungal granules

once they are applied to the soil. However, there has been a significant

paucity of knowledge about the infectivity of soil resporulated fungal

granules against soil insects.

In this study, we evaluated the infectivity of conidia formed on

fungal granules following their application on soil against larval meal-

worms in laboratory and glasshouse conditions.

2 | MATERIALS AND METHODS

2.1 | Metarhizium anisopliae

Metarhizium anisopliae strain QS155 was originally isolated from the

soil at Mapuru, Northern Territory, and is maintained at the New

South Wales Department of Primary Industries Herbarium with the

accession number DAR 82480 (Dotaona, Wilson, Stevens, Holloway, &

Ash, 2015). Cultures of M. anisopliae were grown on Sabouraud dex-

trose agar amended with 1% yeast extract (SDAY) (Merck KGaA,

Germany). To produce conidia, M. anisopliae isolate QS155 was grown

on SDAY at 27�C with a 12:12 h light and dark photoperiod for

21 days. The conidia were harvested using a sterile scalpel by gentle

scraping the colony and dried on Petri dishes (Ø, 9 cm) in a biohazard

cabinet (Esco class II BSC) for 2 h. The air-dried conidia were stored in

sterile plastic 50 mL tubes and sealed with a lid at 5�C for 7 days until

the conidia were prepared for formulation.

Before all experiments, the conidia viability was assessed by inoc-

ulating 20 μL of a conidial suspension (106 conidia per mL) over a thin

layer of SDAY medium (1.5 cm � 1.5 cm � 0.5 cm) on a glass micro-

scope slide, which was covered with a coverslip and placed inside a

Petri dish (Ø, 9 cm) containing Whatman® filter paper moistened with

sterile distilled water. The Petri dish was sealed with Parafilm® and

incubated at 27�C and 12:12 h dark and light photoperiod. Following

14 h of incubation, 200 conidia were assessed at �400 using a com-

pound microscope (Olympus, Model BX53). Only samples with >98%

germination were used for further experimentation.

2.2 | Preparation of M. anisopliae granules

To prepare the calcium-alginate formulation, 2% (w/v) sodium alginate

(Chem-Supply Pty Ltd., Australia) was dissolved in 0.05% sterile

Tween®80 (VWR Chemicals) in water; the resultant suspension was

heated with continuous agitation for 30 min before the suspension

was autoclaved at 121�C for 6 min only, to prevent chemical denatur-

ation of sodium alginate (Vemmer & Patel, 2013). The conidia of

M. anisopliae QS155 were mixed into the sodium alginate, in combina-

tion with nutritive additives: 20% w/w corn starch (Sigma–Aldrich)

and 20% w/w compressed baker's yeast (Lesaffre Australia Pacific Pty

Ltd). The above nutritive additives, which were autoclaved at 121�C

for 15 min, were suspended in the sterile sodium alginate solution and

homogenised thoroughly using a stirrer for 10 min. Fresh conidia of

M. anisopliae QS155 (1% w/w) were then added into the suspension

and stirred using a stirring rod for 5 min. The homogenised suspension

was immediately dripped into sterile 2% (w/w) calcium chloride solu-

tion (ICN Biomedicals Inc.) using a syringe (Norm-Ject®, drain tube

Ø = 4 mm, length = 10 mm). The droplets of the suspension remained

immersed in the calcium chloride solution for 30 min with continuous

agitation for complete gelatinisation (Vemmer et al., 2016). Granules

were separated from the calcium chloride solution by collecting them

on a sterile Buchner funnel. Granules were rinsed twice with sterile

water before being dried for 14 h inside a laminar flow cabinet (Labec

Laboratory Equipment) at room temperature (22–24�C). Following the

drying, 55% of moisture was removed from the granules, which were

then sealed in a 100 mL container and stored at 5�C until the experi-

ment commenced. These fungal granules are referred to as CAGMa+-

Cs+By (Ø = 3.5 mm, weight 25 mg per granule, �9 � 106 conidia per

granule) henceforth where ‘CAG’ is defined as calcium alginate gran-

ule, ‘Ma’ is M. anisopliae, ‘Cs’ is corn starch and ‘By’ is baker's yeast

(Figure 1). For the control treatment, calcium alginate granules only

contained the nutritive additives (20% w/w corn starch and 20% w/w

baker's yeast) without the fungal inocula and are referred to as food

granules (CAGCs+By).

2.3 | Insects

The target insect for this study was wireworm (Coleoptera: Elateridae

and Tenebrionidae), which are subterraneous insects causing feeding

damage to the underground plant parts of various crops including

F IGURE 1 Fungal granules, CAGMa+Cs+By used as a treatment for
mealworm mortality (a) and food granules, CAGCs+By used as a control
for mealworm mortality (b)
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sweetpotato. Wireworms are a sporadic insect pest on sweetpotato;

however, wireworm infestation is impacted by the season, soil mois-

ture, soil temperature and vegetation cover and is commonly referred

to as a cryptic insect (Barsics, Haubruge, & Verheggen, 2013). Because

of these factors, wireworms are not always attracted to grain or

sweetpotato-based baits, which are placed 5–10 cm deep in the soil

(S. Shah., pers. observation; anonymous sweetpotato grower pers.

communication, 2018). In addition, wireworms exist as a cryptic spe-

cies complex in fields that challenge the wireworm collection as a

cohort and homogenous species. For these reasons, the yellow meal-

worm (Tenebrio molitor, Coleoptera: Tenebrionidae) was used as a

model insect in this study to evaluate the fungal infectivity. Both false

wireworms and yellow mealworms belong to the same family, Teneb-

rionidae, making them a suitable model insect in our study (Lestari &

Rao, 2016). In addition, larval mealworms are broadly used as a bioas-

say tool to evaluate the infectivity of entomopathogenic fungi as

these insects are regularly available and are easy to rear and maintain

in the laboratory (Karabörklü, Altin, & Keslin, 2019; Praprotnik, Lon-

car, & Razinger, 2021). A study by Bharadwaj and Stafford (2011) indi-

cated that larval mealworms showed more resistance than adult

Ixodes scapularis to M. brunneum, further bolstering the fact that using

larval mealworms as a bioassay probe is appropriate for insect hosts.

Acquisition and maintenance of host insects usually necessitate spe-

cific expertise and substantial resources, thus using larval mealworms

as a model insect is worthwhile especially for preliminary studies

investigating the efficacy of novel fungal formulation or infectivity of

novel strains. Thus, larval mealworms were used in our study that was

supplied by Bio Supplies (https://biosupplies.net.au), Yagoona, NSW.

The mealworms were reared in the laboratory of the University of

Southern Queensland, Toowoomba at room temperature (20–22�C)

in a diurnal light regime and were supplied with wheat germ and

sweetpotato roots as a food source.

2.4 | Effect of different soil samples on the
resporulation of fungal granules

In this experiment, the resporulation of fungal granules was tested on

four different soil samples collected from agricultural fields in

Australia (Table 1). Each soil sample was further treated as non-sterile,

pasteurised and sterilised. Three soil samples were collected from

sweetpotato fields in Bundaberg (GPS coordinate: 24�8607000 S,

152�210400 E) Queensland, identified as ‘soil 1’, ‘soil 2’ and ‘soil 3’.
The fourth soil sample, identified as ‘soil 4’ was collected from an

agricultural field of University of Southern Queensland (USQ),

Toowoomba (GPS coordinate: 27�3603300S, 151�5505500E) Queensland,

Australia. After the soil collection, samples were immediately trans-

ported to the laboratory, where the samples were air-dried, homoge-

nised and graded, by passing them through a 10 mm sieve before

storage at 10�C. Analysis of soil properties from these soil samples

was also conducted at the soil laboratory of the University of South-

ern Queensland. Equal size soil samples were pasteurised (oven-dried

at 105�C for 24 h), sterilised (autoclaved twice at 121�C for 1 h) or

left untreated (non-sterile) (Figure 2).

For each soil sample, three freshly prepared fungal granules

(CAGMa+Cs+By) or food granules (CAGMA+Cs) were inoculated onto a

Petri dish (Ø = 9 cm, 1.5 cm deep) containing 50 g of either non-ster-

ile, sterilised or pasteurised soil. The soils were moistened with 10 mL

of distilled water per Petri dish. The Petri dishes were then sealed

with Parafilm® and incubated at 25�C in the dark in a growth chamber

and arranged in a randomised complete block design (RCBD). This

experiment consisted of 12 treatments with three granules per

Petri dish.

At 28 days post-incubation, the fungal granules from the soil sur-

face in the Petri dishes were individually removed using a sterilised

scalpel for assessment of conidia. Each individually removed granule

was transferred to a 50 mL tube containing 10 mL of sterile 0.05%

Tween®80 solution and homogenised for 1 min using a vortex (Select

Vortexer). Six serial dilutions (�10 dilution factor) were made from

the stock suspension, and each dilution was replicated thrice. A

TABLE 1 Soil properties
Soil ID Clay (%) Silt (%) Sand (%) pH EC (mS/m) C (%) N (%) Crop history

Soil 1 75 15 10 5.7 33 1.53 0.20 Sweetpotato

Soil 2 10 75 15 6.2 77 0.51 0.05 Sweetpotato

Soil 3 13 48 40 6.4 89 0.53 0.05 Sweetpotato

Soil 4 60 20 20 6.6 7 3.22 0.22 Barley
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5.00E+07
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F IGURE 2 Fungal CFUs (mean ± SE, replicates = 3, p = .05) were
compared among four different soil samples, which were collected
from various locations. Soil samples are further categorised into non-
sterile (blue), pasteurised (orange) and sterilised soil (green)
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100 μL aliquot of soil suspension from each dilution was spread over

SDAY amended with 0.01% chloramphenicol in a Petri dish, sealed

with Parafilm® and incubated (25�C and a 12:12 h light and dark pho-

toperiod) in a growth chamber (Conviron MP6010) for 48–72 h

(Castro et al., 2016). Fungal colonies established on the medium

were visualised using a stereomicroscope (Olympus S251) and the

colonies were counted. Hyphal and spore morphologies were taken

into account for the confirmation of species, as described by

Humber (2012).

2.5 | Laboratory assessment of fungal infectivity

The experimental was set up as a factorial (2 � 3), with two treat-

ments (fungal granules and food granules) and three soil treatments

(non-sterile soil, simulated solarised soil and sterilised soil). Before the

insect release, either fungal granules (CAGMa+Cs+By) as the treatment

or food granules (CAGCs+By) as the control were added to the soil. All

soil samples were collected from the USQ agriculture field,

Toowoomba. For the simulated solarised soil, soil samples were

heated at 45�C for 14 days in an oven (Steridium) and for the steri-

lised soil, the soil was heated at 105�C for 72 h in an oven. Transpar-

ent plastic containers (500 mL) were filled with 150 g of either non-

sterile, simulated solarised or sterilised soil, and then inoculated with

fungal granules at a rate equivalent to 3.8 � 106 conidia g�1 soil; indi-

vidual fungal granules contained an average of 107 conidia.

At 28 days post-incubation, a cohort of 30 mealworm larvae

(mean body length 2.65 cm; body weight 0.1 g; and eight abdominal

rings) was released into granule-inoculated soils of individual con-

tainers. The containers were then inverted thrice. All containers con-

taining soil were moistened with an additional 15 mL of sterile,

distilled water per container. To feed the mealworms, corn was auto-

claved and air-dried for 2 h in a laminar flow cabinet, then 1 g of corn

was placed into a separate Petri dish (Ø = 2 cm) within the container

to minimise contact with soil (minimising contaminating fungal growth

from the corn). The containers were then sealed with a perforated lid

to facilitate the aeration for mealworms, and all containers were rein-

cubated (22�C, 80% RH, in the dark) in the growth chamber.

Assessments of mortality began at 7 days after insect exposure

(DAIE) and continued every day. Following the mortality assessment

on 20 DAIE, an additional 15 mL of sterile water was added to each

soil container to compensate for the moisture loss during the incuba-

tion period. Dead mealworms recovered at the assessments were

immediately surface sterilised, placed onto a moistened filter paper

and incubated at 25�C to check for mycosis.

2.6 | Glasshouse assessment of fungal infectivity

The experiment was conducted in a glasshouse (Agriculture Science

and Engineering Precinct, USQ) at 18–30�C and 60% relative humidity

from May until August 2019. A plastic pot (Ø = 25 cm, h = 23.5 cm)

containing 6 kg of either non-sterile or sterilised soil was inoculated

with preconditioned fungal granules (granules were placed at 25�C for

24 h before the inoculation to activate the conidial germination) or

non-preconditioned fungal granules at the rate of 2 g of granules

(Ø = 3.5 mm) per pot, equivalent to 105 conidia cm�3 of soil. Each of

the four treatments was replicated six times resulting in 24 pots.

For the controls, food granules (CAGCs+By) were used following their

conditioning at 25�C for 24 h before the inoculation referred to as

preconditioned food granules, and CAGCs+By were used without con-

ditioning referred to as non-preconditioned food granules. This exper-

iment comprised eight treatments including: (i) non-sterile soil plus

non-preconditioned fungal granule; (ii) non-sterile soil with non-

preconditioned food granule (control); (iii) sterilised soil with

non-preconditioned fungal granule; (iv) sterilised soil treated with

non-preconditioned food granule (control); (v) non-sterile soil with

preconditioned fungal granule; (vi) non-sterile soil with preconditioned

food granule (control); (vii) sterile soil with preconditioned fungal gran-

ule and (viii) sterile soil with preconditioned food granules (control).

All pots were arranged in a randomised complete block design in the

glasshouse.

Each pot was first filled two-thirds with soil, then a presprouted

Bellevue sweetpotato root (‘Bellevue’ sweetpotato [Ipomoea batatas

(L.) Lam.]) was planted horizontally (mean weight = 600 g, mean

Ø = 8 cm), and the root with the remaining one-third of the soil,

which was premixed with fungal granules at the rate noted above.

After planting, soil in each pot was irrigated with 200 mL of tap water,

while the disparity of moisture content lying between sterilised soil

(0% moisture content w/w) and non-sterile soil (20% moisture con-

tent w/w) was equalised by adding waterin the pots to weight, which

was allowed to soak overnight before the inoculation.

On the 30th day after the inoculation of granules, a cohort of

40 larval mealworms (mean body length 2.65 cm; body weight 0.1 g;

and 8 abdominal rings) was added to each pot. The soil surface was

then covered with 2 cm presterilised (105�C for 24 h) sugarcane

mulch to act as a shade for the mealworms. During the experimental

period, sweetpotato shoots longer than 20 cm in length were pruned

twice, on the 20th day and the 40th day after planting to avoid the

vines touching one another.

2.6.1 | Post-harvest and data collection

On the 30th day after the insect release into the inoculated soil, the

glasshouse experiment was terminated by harvesting the experimen-

tal pots. Pot harvesting was carried out by removing the shoots first,

and then the roots were separated from the soil. Mealworms were

recovered from the soil and their mortality status was assessed. The

number of dead or live mealworms recovered from the individual pots

were recorded, with the life stage of mealworms recovered from the

soil recorded, that is, larva, pupa or adult. The health status of live

mealworms was further assessed classifying them into vigorous vs

moribund. Similarly, the dead insects (cadavers) were categorised into

mycosed and non-mycosed based on conspicuous fungal outgrowth

over the cadaver. Non-mycosed cadavers were placed over a moist
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chamber and incubated at 25�C to stimulate the fungal conidiation on

the cadavers.

Live mealworms that were recovered after the harvest were fur-

ther examined to confirm whether infection could be forced in a smal-

ler volume of soil. Collected insects were placed into a 50 mL plastic

container containing 40 g of soil sampled from individual pots. After

the insects were transferred, the soil in the container was moistened

with 5 mL of tap water and sealed with a perforated lid. The soil in

the container was inverted 5 times and 5 corn seeds (autoclave steri-

lised) were added as food for the insects. The containers were incu-

bated in the same glasshouse (18–30�C and 60% RH) and after

18 days, mealworm mortality was assessed. Non-conidiated cadavers

were transferred to a Petri dish lined with a moist filter paper and

incubated at 25�C (photoperiod 12:12 h day and night) for 7 days to

encourage resporulation from the cadavers.

The sweetpotato storage roots were assessed for feeding damage

caused by mealworms. Roots with any number of feeding holes were

rated as damaged and roots without holes were rated as non-dam-

aged roots (Figure 3).

2.7 | Data analysis

All statistical analyses were performed using the software IBM SPSS

version 24 (SPSS). All data were checked for normality and homoge-

neity of variance using the Shapiro–Wilk and Levene test, respec-

tively. All datasets satisfied the criteria of normality and homogeneity

of variance and were, therefore, analysed through parametric tests.

For the experiment of ‘Effect of soil samples on the resporulation of

fungal granules’, the data analysis was performed using a Two-way

ANOVA. For the experiment on the fungal infectivity test, the mor-

tality data were converted to percentages and then further cor-

rected using Abbot's formula (Abbott, 1925). The percentage data

were analysed using a two-way ANOVA to determine the factorial

interaction. There was not any mortality effect of food granules,

regardless of soil level. Therefore, the effect of fungal granules in

three different soil levels was analysed using an ANOVA analysis

(p ≤ .05). For the experiment of ‘glasshouse assessment of fungal

infectivity’, the mortality data were converted to percentages and

further corrected the mortality percentages using Abbot's formula.

The corrected data were analysed using an ANOVA analysis. The

correlation between the damaged sweetpotato roots and recovered

live mealworms was assessed using the Pearson Correlation

test (p ≤ .05).

3 | RESULTS

3.1 | Effect of different soil samples on
resporulation of fungal granules

No significant interaction was observed between soil samples and soil

treatment (p = .453). The effect of soil samples on fungal resporula-

tion was not significant (p = .422). However, the effect of soil treat-

ment, namely non-sterile soil, pasteurised soil and sterilised soil on

fungal resporulation was significant (p = .001), regardless of soil type.

The greatest number of fungal CFU were obtained from fungal gran-

ules on sterilised soil, whereas the lowest fungal CFU were evident on

non-sterile soil.

3.2 | Laboratory assessment of fungal infectivity

There was a significant (p < .05) effect of using fungal granules over

food granules on mealworm mortality. Fourteen days after the insects

were released, the following morality was recorded: 52% (±21) in non-

sterile soil, 8% (±7) in simulated solarised soil, and 13% (±5) for steri-

lised soil, all of which were significantly (p < .05) different from one

another. Significant (p < .05) mortality was also observed 20 days

after insects were released: 79% (±21) mortality for non-sterile soil, at

32% (±18) for simulated solarised soil and 27% (±17) for sterilised soil.

The insect mortalities among non-sterile soil, simulated solarised soil

and sterilised soil were significantly different (p < .05). Twenty-five

days after insect release, the mealworm mortalities were also found to

be significantly different between simulated solarised (78% (±17)),

sterilised soils (67% (±24)) and non-sterile soil (92% (±8)). At 30 days

after the insects were released, mealworm mortalities were 96% (± 5),

91% (±14) and 84% (±17) in non-sterile soil, simulated-solarised soil

and sterilised soil respectively; these were not significantly different

from one another.

F IGURE 3 Non-damaged sweetpotato storage root after 30 days
of exposure to mealworms on sterilised soil with preconditioned food
granules (control treatment) (a) and mealworm damage on a
sweetpotato storage root (inside the yellow circle) after 30 days
exposure to mealworms on sterilised soil with preconditioned fungal
granules (b)
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More than 95% of the dead mealworms recovered during the

assessments that were not found with mycosis had fungal growth

after they were placed in a moist chamber. Out of all the dead meal-

worms found in M. anisopliae-granule treated soils, 75% of the

cadavers remained as larvae, 13% were pupae and 2% were adult bee-

tles. At 30 days after insects were released, only two adult meal-

worms were recorded, although they presented as deformed adults,

possibly because of poor nutrition. A total of 12 larval mealworms

were observed to be moribund and displayed little movement. Across

all the replicates, five live pupae were also found. In contrast, the orig-

inal larval mealworms released on soil with food granules (control) had

predominantly metamorphosed into adults (75%), and 10% of them

had emerged into pupae and 5% remained as larvae. Pupae remained

highly vulnerable to cannibalism by adult mealworms. Dead larval or

pupal mealworms (�5%) were also randomly recovered in the control-

treated soil, particularly in sterilised soil; the cadavers later developed

into Metarhizium-like conidiation following their placement in a moist

chamber.

3.3 | Glasshouse assessment of fungal infectivity

Thirty days after the mealworms were added to the pots the experi-

ment was terminated. Exposure of mealworms to the preconditioned

fungal granules in sterilised soil and non-sterile soil resulted in 60.82%

(±15.62) and 17.96% (±7.58) mealworm mortality, respectively. Meal-

worms exposed to the non-preconditioned fungal granules inoculated

in sterilised soil and non-sterile soil resulted in 42.18% (±14.60) and

13.63% (±10.65) respectively (p = .001). Likewise, the main effect of

fungal granules (non-preconditioned and preconditioned) was also sig-

nificantly different (p = .036) (Figure 4a). However, no significant

(p = .178) interaction was found between two factors, that is, fungal

granule type and soil treatment. Fungal-derived mealworm mortalities

were significantly greater in sterilised soil than in non-sterile soil, irre-

spective of the types of fungal granules, that is, preconditioned or

non-preconditioned fungal granules (p < .05). No significant difference

(p = .556) in terms of mealworm mortality was observed between

preconditioned and non-preconditioned fungal granules inoculated in

the non-sterile soil, whereas a significant (p = .018) difference was

found between the preconditioned and non-preconditioned fungal

granules inoculated in sterilised soil.

Mealworms introduced into sterilised soil with preconditioned

food granules and non-preconditioned food granules during the glass-

house study succumbed to the fungal-induced death at 3% (±4.45)

and 4% (±5.5) respectively, which were significantly lower than those

mortalities on soil with fungal treatments (p < .05), but preconditioned

and non-preconditioned food granules on non-sterile soil did not

cause any fungal related mealworm mortalities.

No positive correlation was observed between the damaged

sweetpotato roots and the number of live mealworms recovered

(p > .05). Following the glasshouse experiment, the recovered live

mealworms were further assessed to check for latent infection by the

fungus. After exposing live mealworms to experimental soil in

confined containers, mortality was reassessed. Mealworms added to

fungal granule-treated soil had significantly greater mortality than

those exposed to food granule-treated soil (p < .05). Both precondi-

tioned and non-preconditioned fungal granules inoculated in sterilised

soil resulted in 81% (±8.1), and 81% (±3.8) mealworm mortality

respectively, while mealworm mortalities at 58% (±8.4) and 59%

(±11.34) were achieved in non-preconditioned fungal granules and

preconditioned fungal granules inoculated on non-sterile soil, respec-

tively (Figure 4b). The mealworm mortality observed in sterilised soil

inoculated with fungal granules was significantly (p < .05) greater than

that observed in non-sterile soil, irrespective of fungal granule type.

4 | DISCUSSION

This fungal resporulation study conducted on four different soil sam-

ples did not demonstrate any significant difference among the three

soil types, despite the contrasting soil characteristics among the four

different soil samples. The fungal resporulation was significantly

affected when the fungal granules were treated on three different soil

levels, namely sterilised soil, pasteurised soil and non-sterile soil. Our

result showed that sterilised soil favoured the greatest fungal
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F IGURE 4 Mealworm mortality (mean ± SE, replicates = 6,
F = 7.919, p = .05) from non-preconditioned fungal granules on non-
sterile soil (1), preconditioned fungal granules on non-sterile soil (2),
non-preconditioned fungal granules on sterilised soil (3) and

preconditioned fungal granules on sterilised soil (4) during the
glasshouse conditions (a) and post-glasshouse bioassay in laboratory
conditions (b)
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resporulation compared to that observed in pasteurised and non-

sterile soil. Effective soil insect control has been linked to the fungal

abundance and persistence of the infective fungal colonies in soil

(Ekesi, Maniania, Mohamed, & Lux, 2005). Fungal colonisation in crop

fields can ensure high fungal density with good infectivity, which

eventually confers the protection of a host plant against soil insects

(Mayerhofer, Enkerli, Zelger, & Strasser, 2015). To encourage the

rapid growth in soil, the fungal inoculum can be supplemented with

nutrient additives (Knudsen, Eschen, Dandurand, & Wang, 1991). Our

study showed that the number of fungal CFU recovered from steri-

lised soil statistically outnumbered the number of fungal CFUs recov-

ered from pasteurised or non-sterile soil. This may be attributed to

microbial suppression during the soil sterilisation, which enabled the

encapsulated M. anisopliae to utilise the coencapsulated foods in steri-

lised soil, culminating in vigorous mycelial growth and subsequent

resporulation (Jaronski, 2010). Non-sterile soil naturally contains a

diverse range of soil microbes such as bacteria, archaea and fungi and

these soil microbes inextricably interact with each other to maintain

the balance status of the ecosystem. Saprotrophic fungi, particularly

Aspergillus, Penicillium, Fusarium, Trichoderma and Mucor are natural

decomposers of plant and animal debris (Aislabie, & Deslippe, 2013;

Lestan & Lamar, 1996). For this reason, they quickly colonise coencap-

sulated food sources leading to competitive fungistasis

(Jaronski, 2007). Metarhizium anisopliae is considered a weaker sapro-

troph than the other soil saprophytes, which likely outcompete the

encapsulated M. anisopliae for food (Zimmermann, 2007). Moreover,

these saprotrophs release several types of enzymes and metabolites

which induce the antibiosis against nearby soil microbes, for example,

Penicillium urticae causes antibiotic fungistasis to other microbes by

releasing the toxin patulin as a metabolite (Jaronski, 2010). Based on

this information, the lack of germination from the conidia extracted

from the fungal granules inoculated on non-sterile soil may be attrib-

uted to the antibiosis imposed by the presence of growth of contami-

nating saprotrophs on the granules. Bacterial growth was also

observed on the granules applied to non-sterile soil. In vitro studies

showed that volatile and non-volatile metabolites produced by bacte-

ria, such as Bacillus, Pseudomonas and Streptomyces can be detrimental

to the viability of the externally applied entomopathogenic fungi

(Jaronski, 2007). Interestingly, actinomycetes, for example, Streptomy-

ces spp. can produce a broad-spectrum antibiotic against other soil

microbes (Aislabie, & Deslippe, 2013). Some studies elucidated that

the phenomena of soil mineralisation, for instance, the conversion of

organic nitrogen into ammonia (NH4), the increased bioavailability of

soil elements, for example, manganese (Mn), and alteration of soil pH

occurring during soil sterilisation may favour soil microbes in the

exponential growth phase when they are released into sterilised soil

(Kitur & Frye, 1983). However, since the fungal granules that we used

in our experiment already contained the nutrient additives to support

its growth in soil, the fungus M. anisopliae likely did not rely on soil

nutrients alone for its growth, implying that inherent soil nutrients

might not have a significant impact on the Metarhizium growth. On

the contrary, we observed the rapid and extensive growth of sapro-

trophic fungi over the food granules (control granules) when food

granules were placed onto sterilised soil, whereas such extensive

growth was not seen in non-sterile soil. Regarding the impact of

edaphic factors on M. anisopliae growth, there is still ambiguity. A

study by Rath et al. (1992) showed that soil physical properties such

as soil texture, pH, electrical conductivity and cation exchange capac-

ity do not induce any significant effect on the growth and develop-

ment of EPF. Our study is also in agreement with the latter claim

because no variability in terms of fungal colonies was evident among

four different soil types, despite the contrasting soil physical

properties.

Significant mealworm mortality observed on non-sterile soil (96%

±5) or simulated-solarised soil (91% ±14) or sterilised soil (84% ±17)

with fungal inoculation within a 30-day period may be attributed to

the conducive arrangements in the laboratory. Ideal temperature and

relative humidity, which could contribute to the optimal fungal gran-

ule resporulation potential resulted in M. anisopliae being more com-

petitive against the soil microbes. However, such favourable

conditions do not naturally exist in fields that potentially restrict the

fungal growth, while soil microbes show their great thermal plasticity

making them more competitive than EPF in terms of nutritive food

utilisation (Crowther & Bradford, 2013). In context to our target insect

pest wireworms, the significant level of fungal resporulation is neces-

sary because wireworm is characterised with tough cuticle which is

further strengthened by the microbial symbiosis defending the host

insect against entomopathogens (Kabaluk et al., 2017). Instead of

wireworms, our study used mealworms as a model insect that limited

the scope of our study, thus further testing on those specific target

insects (wireworms) is required to determine if the EPF have a role in

their management, while larval mealworms are widely used as a host

for EPF studies (Batta, Murdoch, & Mansfield, 2010; Lestari &

Rao, 2016; Przyklenk et al., 2017). However, the climate conditions

where sweetpotato is grown in Australia are likely to favour the per-

sistence and resporulation of applied biopesticides, especially as tar-

geted irrigation along the rows keeps the soil moist in times of no

rainfall. These conditions are likely to maintain fungal resporulation

from the fungal granules, especially near the crop root zone, which

will potentially reduce the feeding damage in sweetpotato (host crop)

roots. However, we know that indigenous soil microbes and their fun-

gistasis activity can inhibit EPF resporulation and we also know that

the greater fungal resporulation found on sterilised or pasteurised soil

was possibly linked to the reduced soil microbes. A practice of soil dis-

infestation, for example, soil fumigation is used by some commercial

sweetpotato growers in Australia to control soil-borne pests and path-

ogens. If used, fumigation is applied to the soil when the soil for bed-

ding roots is prepared and has been used occasionally to manage soil

fungi like scurf (Monilochaetes infuscans), which causes substantial cos-

metic damage to storage roots. Apart from controlling soil-borne path-

ogens and pests, Mazzola (2007) showed that soil fumigation caused a

broad range of microbial suppression, providing the competitive

advantage to the entomopathogenic fungus like M. anisopliae if it is

applied on post-fumigated soil.

Our glasshouse study showed that both preconditioned and non-

preconditioned fungal granules on non-sterile soil caused 17.96%
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±7.58 and 13.63% ±10.65 mealworm mortalities, respectively. Based

on this evidence, it may be implied that the fungal inocula applied on

non-sterile soil are likely to be inhibited by soil microbes. A study con-

ducted by Rogge, Mayerhofer, Enkerli, Bacher, and Grabenweger

(2017) demonstrated that the fungal granules (calcium alginate encap-

sulated M. brunneum with autoclaved baker's yeast as food for the

fungus) applied in soil could not enhance their density in soil, nor safe-

guard potato tubers against wireworm damage. Field soil containing a

multitude of native microbes has been usually blamed for obstructing

the fungal sporulation in soil (Garbeva, Hol, Termorshuizen, Kowal-

chuk, & De Boer, 2011). Fungistasis seems quite possible, especially in

the nutrient-fortified fungal granules (Bonanomi, Gaglione, Incerti, &

Zoina, 2013). In our observation, when the fungal granules were

applied to non-sterile soil, opportunistic saprotrophs living in the soil,

such as Penicillium, Aspergillus, Mucor, Rhizopus and Trichoderma,

started to rapidly grow over the fungal granules by exploiting the

coencapsulated food substrates (Inglis, Enkerli, & Goettel, 2012).

When saprotroph growth occurs over the fungal granules, the viability

of encapsulated M. anisopliae is impaired potentially because of the

antibiotic effect of saprotrophs (Lingg & Donaldson, 1981). A follow-

up viability test of fungal conidia, which were extracted from

saprotroph-grown fungal granules, failed to revive M. anisopliae (data

not shown). The second plausible reason behind the low mealworm

mortality on non-sterile soil is that an unintended glasshouse temper-

ature spike (up to 49�C for at least 7 days intermittently) occurred

during the fungal sporulation period impaired the fungal growth and

development. Insect mortality is dose-dependent (Ansari, Pope, Car-

penter, Scholte, & Butt, 2011) and the fungal density of at least

106 conidia g�1 soil is required for wireworm infection by

M. anisopliae in the field (Kabaluk et al., 2007). In the work presented

here, the fungal granules applied on non-sterile soil produced, by far,

less fungal density than that needed to result in mealworm to cause

the mortality on non-sterile soil. Moreover, the relatively low overall

rate of death in this experiment irrespective of treatment (soil) sug-

gests that the concentration of conidia was insufficient, or that the

mealworms effectively avoided soil containing EPF, opting to shelter

safely under the provided sugarcane mulch instead. The recovery of

some EPF infected mealworm cadavers on sterilised soil with food

granules (control treatment) has been attributed to cross-

contamination inside the glasshouse, likely because of the fan moving

air and subsequent airborne conidia of M. anisopliae QS155.

Both preconditioned and non-preconditioned fungal granules

showed 60.82% ±15.62 and 42.18% ±14.60 mealworm mortalities on

sterilised soil in the glasshouse. The greatest mealworm mortality

shown in this study has been linked to the reduced fungistasis on ster-

ilised soil, as soil sterilisation, a widely adopted method to remove

fungistasis, could allow the fungal granules to resporulate into the full-

est capacity by exploiting the food substrates. A study conducted by

Susurluk (2007) confirmed that insect infectivity by entomopatho-

genic nematodes (Heterorhabditis bacteriophora or Steinernema feltiae)

against larval mealworms (T. molitor) was significantly higher in steri-

lised soil than in non-sterile soil. Some studies suggest that an actively

growing microorganism before its inoculation into the soil can resist

the antagonism of indigenous soil microbes, to some extent (Lestan &

Lamar, 1996). Our study agrees with this because the preconditioned

granules profusely resporulated in both sterilised and non-sterile soil,

subsequently causing greater mealworm mortality than that resulting

from non-preconditioned granules. A study by Mayerhofer et al.

(2017) highlighted that M. brunneum conidiated on autoclaved barley

kernels did not allow the growth of soil saprotrophs because the fun-

gus has already consumed the nutrients available in the barley kernels.

In our case, the preconditioned granules were incubated for 24 h

before soil inoculation, providing a longer period of activation to

achieve the profuse fungal growth over the granules. Moreover,

homogeneous infection is unlikely in the soil environment, as opposed

to the enforced inoculation conducted in a laboratory (Bruck, Snelling,

Dreves, & Jaronski, 2005), because insects might evade the infectious

fungal propagules in soil (Jaronski, 2010). Mycosed cadavers were

found in the preconditioned inoculated soil which could contribute to

long-term insect control by providing an additional source of inocu-

lum, however, such consideration was beyond the scope of our study.

Despite the inoculation of fungal granules in soil, the planted storage

roots still incurred some feeding damage by larval mealworms, proba-

bly because the root was challenged by 100 individuals in a small vol-

ume of soil and entomopathogen-based insecticides alone cannot

prevent damage with such high insect pressure (Mayerhofer

et al., 2015). We aimed at targeting the control of soil insects like

wireworm in sweetpotato. Wireworm naturally tends to be attracted

to the host roots by following the CO2 gradient. In our observation,

mealworms tend to live at the soil surface or subsurface underneath

the mulch we provided, whereas mealworms feeding in deep soil pro-

files were found with notable mortality because of optimal soil mois-

ture in deep soil. Following the laboratory bioassay, live mealworms

that were recovered at the time of pot harvest succumbed to fungal-

induced death, confirming that mealworms that were recovered at the

end of the experiment carried asymptomatic infections. Some studies

also revealed that fungal asymptomatic infection in insect hosts has

been linked to adverse impacts of egg-laying, hatchability, longevity

and feeding efficacy of host insects (Jarrahi & Safavi, 2016; Quesada-

Moraga, Santos-Quiros, Valverde-García, & Santiago-Álvarez, 2004).

This glasshouse study has indicated that the existing level of fun-

gal resporulation on non-sterile soil from the fungal granules may not

be able to safeguard sweetpotato against wireworm infestation

because of the failure of optimal resporulation from the fungal gran-

ules. However, since the results with high mealworm mortalities

appeared in sterilised soil, the efficacy of fungal granules can be

enhanced by integrating the inoculation of fungal granules with a soil

disinfecting method, for example, soil fumigation in very high pest

populations, or with existing registered insecticides of sweetpotato,

for example, Talstar® or Regent®. Metarhizium anisopliae has shown

compatibility with various insecticides acting synergistically against

insect control, for example, M. anisopliae and spinosad (insecticide

derived from actinomycete toxin) giving a synergistic effect for wire-

worm control (Ericsson, Kabaluk, Goettel, & Myers, 2007), and simi-

larly, the farm registered insecticides for macadamia in Australia such

as certain concentrations of Lancer® (acephate) and Avatar®
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(indoxacarb) was synergistic with M. anisopliae against macadamia

seed weevil (Kuschelorhynchus macadamiae) under both laboratory

and glasshouse conditions (Khun et al., 2020). Thus, future studies

could be oriented towards the compatibility study between the regis-

tered sweetpotato insecticides and M. anisopliae. Moreover, the use

of the microsclerotia or blastoconidia of M. anisopliae as a propagule

for the fungal granules is also an area to be explored in the future, as

microsclerotia are less likely to be affected by fungistasis (Jackson, &

Jaronski, 2012), and the germination of blastoconidia is faster than

conidia (Jackson, McGuire, Lacy, & Wraight, 1997). Additionally, the

sporulation of fungal granules can be further assessed in soils pre-

treated with fumigants because microbial suppression in soil resulting

from soil fumigation could be conducive for the fungal resporulation.

Optimising the preconditioning of fungal granules before their applica-

tion into the soil can be also included in future studies.
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