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Abstract 

 

Cylas formicarius is a serious insect pest in any region where sweet potato is grown. 

Larval and adult feeding renders tubers inedible as a result of the production of 

furanoterpenoids, as well as feeding injuries on tubers that facilitate the entry of other 

soil-borne pathogens. In Papua New Guinea, small-holder farmers relied solely on 

cultural control practices with little success. This had led to the search for other non-

chemical alternatives of control. In this thesis, the potential of using the 

entomopathogenic fungus, Metarhizium anisopliae, as a biological control agent against 

C. formicarius is discussed. The aims of this research were to (1) identify and screen the 

isolates of Metarhizium for their virulence on adult C. formicarius, (2) determine the pre-

lethal effects of M. anisopliae on adult C. formicarius and possible conidia transmission, 

(3) investigate the behavioural modification of C. formicarius and the efficacy of different 

conidial formulations on the control of SPW. 

 

Soil samples were obtained from abandoned properties or fields with a history of sweet 

potato cultivation in Queensland, Australia. Using an insect baiting technique, fungi were 

isolated from the samples. All ten fungal isolates isolated from tropical soils were 

identified morphologically as Metarhizium sp. The use of molecular methods using 

polymerase chain reaction (PCR) to amplify r-DNA ITS gene regions and sequence 

analysis identified these isolates as M. anisopliae. Laboratory screening bioassays 

resulted in the selection of three of most virulent isolates (viz. DAR 82478, DAR 82479 

and DAR 82480) causing high mortality on adult C. formicarius; however, these isolates 

also showed variation in certain growth characteristics such as germination and mycelial 

growth.  



 

 

Based on its virulence on C. formicarius and desired growth characteristics, DAR 82480 

was used to further study the pre-lethal effects on the adult insects in dose-mortality 

experiments. At a low LC50, M. anisopliae negatively affected female fecundity. Infected 

females oviposited fewer eggs, with a higher proportion of these eggs not buried but 

exposed to predation and desiccation. Furthermore, it was evident that infective conidia 

were horizontally transmitted between sexes, possibly through mating and gregarious 

feeding. It is likely that the low dose of M. anisopliae will not cause direct mortality of 

C. formicarius but will have indirect effects in regulating the weevil population. The 

results of horizontal transmission is the first to be noted in C. formicarius and this has 

important implications for managing C. formicarius, in that the infected insects can be an 

secondary inoculum source. 

 

While behavioural modification has never been reported in C. formicarius, “clean” adults 

avoided arenas with M. anisopliae-inoculated sweet potato. In contrast to this, the 

response of adult weevils differed when weevils were exposed to isolates of M. anisopliae 

with contrasting virulence. Weevils showed repellent behaviour to the virulent isolate, 

migrating to the sweet potato inoculated with less virulent isolate. Although the variation 

in behaviour towards these isolates has not been investigated further, the emission of 

volatile compounds may play an important role. Further tests on the effects of gender did 

not alter the response of weevils choosing uninoculated sweet potato or sweet potato 

inoculated with the less virulent isolate. With the availability of a C. formicarius-based 

sex pheromone, high dose of this synthetic pheromone could be employed as ‘lure-and-

infect’ technique to efficiently control this weevil.   

 

While microbial agents such as M. anisopliae can be formulated to achieve effective and 

efficient pest control, the accessibility and availability of these materials for formulation 
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is another issue. Cheap formulations of isolate DAR 82480 for the control of C. 

formicarius were compared under glasshouse conditions. All formulations were effective 

against C. formicarius causing weevil mortality up to 46%, regardless of being applied in 

ring or applied on surface then covered with mulch. However, wheat ‘pesta’-based and 

rice-based granules persisted longer in soil. Since C. formicarius accesses the tubers 

which are below ground, and the pest is a poor flyer, such dry formulations of M. 

anisopliae conidia are appropriate for its control.        





1 

 

1. Thesis introduction   

1.1 Introduction 

 

Archaeological evidence has shown that sweet potato originated from Central America 

and dispersed through the Pacific, Asia and Africa (Mukhopadhyay et al., 2011). Referred 

to as an annual crop, it is mostly propagated by freshly cut vines. Growth and tuber 

development is dependent on climate and soil type (O'Sullivan et al., 2000), whereby the 

crop favours warm climate and fertile loam soils. More than 90% of the total sweet potato 

crop is produced in the Asia Pacific (FAO, 2002) and it is a staple food for more than 

80% of the rural population in Papua New Guinea (PNG). 

 

Like any other tropical crop, sweet potato yields are subjected to a complex of biotic and 

abiotic factors. There are several pests and diseases that directly or indirectly have adverse 

impacts on the tuber yield; however, sweet potato weevils (SPW) have been the most 

devastating insects and are reported in the regions where sweet potato is grown (Bang & 

Kanua, 2001; Sherman & Tamashiro, 1954). Many of the weevil species are damaging; 

however, the most notable species are the Cylas spp. and the West Indian sweet potato 

weevil (Euscepes postfasciatus) (Fairmaire) (Nottingham et al., 1987; Thompson et al., 

2007).  Among all the species, Cylas formicarius (Fabricius), is the most serious 

invertebrate pest (Bang & Kanua, 2001). Feeding injuries result in the production of 

furanoterpenoids from the tubers (Wamalwa et al., 2014) , which are harmful when the 

tubers are consumed. A survey in the mid-1990s revealed that this insect is ranked the 

fifth most devastating pest (Waterhouse, 1997) in PNG. Yield losses of up to 50% are 

expected, or higher when weevil incidence is peaked in the dry seasons (Hughes et al., 
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2009; Sutherland, 1986b). Because of the importance of this insect associated to sweet 

potato production, its control to below economic threshold level is vital. 

 

 Control of these weevils has previously relied solely on the use of insecticides 

(Sutherland, 1986a) and cultural methods of control; however, due to environmental and 

health issues associated with the use of insecticides the search for alternatives have been 

on the recent agenda in pest management. The use of biological control methods may 

provide an alternative and effective form of management of sweet potato weevil. The 

soil-dwelling entomopathogenic fungi Metarhizium spp. and Beauveria spp. are such 

examples of biological control. Both Metarhizium and Beauveria isolates are species-

specific and can penetrate the host cuticle to cause infection (Meyling & Eilenberg, 2007). 

To date, the biological control approach to Cylas formicarius management in PNG has 

received little attention, although laboratory studies have indicated high virulence of an 

indigenous strain of B. bassiana at lower conidial dosage on adult SPW (Kei & Wamala, 

2012). 

 

1.2 Aim 

The main aim of this thesis was to investigate if Metarhizium sp. can infect and cause 

mortality in adult SPW, thereby reducing the impact of this insect on sweet potato yields. 

To achieve this aim, series of experiments were performed. 

 

Firstly, samples of soils of tropical origin were gathered from non-cultivated fields or 

cultivated fields with a history of sweet potato growing. Metarhizium strains were isolated 

from these soils and identified using morphological and molecular methods. These 

isolates were then screened for their virulence on adult SPW. In the second series of 
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experiments, the pre-lethal effects of a virulent isolate were investigated. The third series 

of experiments examined the effectiveness of a virulent isolate under glasshouse 

conditions and the behavioural studies of SPW. 

 

1.3 Outline 

This thesis is presented as a series of research manuscripts following the literature review 

and concluded with a summary of future research directions. 

 

In Chapter 2, the available literature in (1) sweet potato production in PNG, (2) sweet 

potato weevil as target pest and its current management alternatives, (3) Metarhizium as 

a potential alternative are presented. 

 

Chapter 3 investigates the virulence of Metarhizium anisopliae isolates to SPW 

(manuscript accepted for publication in the International Journal of Tropical Insect 

Science, May 2015). 

 

Chapter 4 investigates the sub-lethal effects of M. anisopliae on female fecundity and 

possible horizontal transmission of infective spores between SPW individuals. 

 

Chapter 5 investigates the effect of M. anisopliae isolates on the behaviour of SPW 

individuals to determine if it has any repellent effect 

 

Chapter 6 investigates the efficacy of M. anisopliae grown on solid substrate for the 

control of SPW in the glasshouse. 

 

Chapter 7 provides a summary of the results in the preceding chapters and states areas 

requiring future research. The conclusions of this thesis are also presented. 
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2. Sweet potato, Cylas formicarius and Metarhizium 

anisopliae 

2.1 Introduction 

Sweet potato (Ipomoea batatas (L.) Lam.) is an edible plant of the Convolvulaceae 

family. It is an important crop for its starchy roots (or tubers), leaves and to some extent, 

an animal feed in the tropics (M. C. Thomas, 2007). Globally, sweet potato is ranked as 

the seventh dominant crop, and more than 90% of the crop is produced in the Asia Pacific 

(FAO, 2002). It is a staple food crop for more than 80% of the rural population in Papua 

New Guinea (PNG). Annual production is estimated at 2.9 million metric tonnes, of 

which more than half of the total production is produced in the highlands of PNG and 

transported to the lowlands and islands (Bourke & Ramakrishna, 2009; Bourke & 

Vlassak, 2004). The crop is cultivated year round under wide range of environments 

(Taraken & Ratsch, 2009). Sweet potato is grown predominately by small hold farmers 

and is usually intercropped with legumes, maize or other root crops on sandy to clay soils 

(Bourke & Ramakrishna, 2009).  

 

There are several pests and diseases of the crop; however the sweet potato weevil (SPW), 

Cylas formicarius, is the most serious invertebrate pest and causes yield losses of up to 

50% or more in the dry season (Hughes et al., 2009; Sutherland, 1986b). The insect is 

categorised as the fifth most important invertebrate pest in PNG (Waterhouse, 1997). 

Cultural methods of control have been attempted in PNG with varying levels of success. 

In addition, human health risks, impacts on beneficial organisms, and development of 

insecticide resistance by the pest species may occur as a result of frequent insecticide use.  
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Using entomopathogenic fungi as biological control agents is an alternative approach that 

may be both environmentally friendly and host-specific.  

The use of microbial control agents to control a variety of insect pests has received much 

attention worldwide, and many biopesticides based on the fungi Beauveria and 

Metarhizium have been registered (de Faria & Wraight, 2007; Jackson et al., 2010). This 

chapter summarises the available literature on the association between sweet potato and 

its pest C. formicarius, and how Metarhizium has the potential to control this pest. 

 

2.2  Sweet potato production in PNG 

Sweet potato is the major root crop in PNG, replacing other staple food crops such as 

Colocasia esculenta (taro) and Musa spp. (banana). Two of the reasons that sweet potato 

is replacing other crops are that it takes a shorter time to reach maturity and its ease of 

cultivation (Bourke & Vlassak, 2004). An estimated 25,000 to 50,000 metric tonnes are 

sold locally each year for human consumption and as livestock feed (Bourke & 

Ramakrishna, 2009; Danbaro et al., 2001). Most of sweet potato crop is grown in the 

highlands region of PNG, where 60-90% of the land is devoted to sweet potato 

production. The roots or tubers are packed and transported by road, sea or air to other 

regions (Taraken & Ratsch, 2009). 

 

Sweet potato is adapted to a wide range of environments. In PNG, it can be grown from 

sea level to 2,800 metres, and altitude is one factor that influences growth rates (Bourke 

& Vlassak, 2004). In high altitudes it grows well at temperatures from 8 °C to 18 °C and 

a rainfall range of 1800 mm to 5000 mm (Bourke & Ramakrishna, 2009). Maturity is 

much faster at higher temperatures. In the lowlands, the cultivar Wanmun takes one 

month to reach maturity but may take up to 14 months at higher altitudes. Sweet potato 
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grows in a range of soil types from heavy clays to sandy loams with varying fertility and 

can tolerate acidic soils (Ila'ava, 2000; O'Sullivan et al., 2000). The crop is grown on 

drained beds and mounds; however, the size of mounds in the higher altitudes is larger 

(1.5 m to 5 m diameter) compared to those in the lowlands (30 cm to 50 cm diameter) 

(Hughes et al., 2009). Kirchoff et al. (2009) reported short fallows compared to a decade 

ago when the land was fallowed for more than 5 years. Short fallow periods may be 

ineffective in terms of disrupting pest and disease cycles. Farmers use inter-planting with 

crops such as maize and legumes. The use of green manuring and the application of 

organic matter at rates 5-30 t/ha have shown promise in improving yields and maintaining 

fertility (Taraken & Ratsch, 2009); however, the work by these researchers has shown 

that such a practice alone may not effectively manage insect pests and diseases. The 

highlands farmers also use another system, where the crop is inter-planted with Casuarina 

oligodon (she-oak), a prominent shade species for coffee.  

 

Several factors including frost, varietal yield characteristics, nutrient deficiencies, viral 

diseases, and pests including the sweet potato weevil Cylas formicarius (Figure 2.1) 

interact to reduce the overall yield of sweet potato (Coleman et al., 2009; Sar, 2006). 

 

 

 

 

 

 

 

 

Figure 2-1 Adult male C. formicarius (Photo by R. Dotaona) 
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2.3  General biology of Cylas formicarius  

Understanding the biology of any pest is the first step to limiting its infestation on a host 

crop. An extensive review of the biology of SPW was published by Sutherland (1986a). 

The Cylas genus belongs to the family Curculionidae, although some authors have 

categorised it under the Brentidae or Apionidae (Mannion & Jansson, 1992; Powell et al., 

2000; Sato et al., 1982) in the order Coleoptera. The C. formicarius complex taxonomy 

is still questioned as the validity of the three different names given as sub-species C. 

formicarius formicarius, C. f. elegantulus (Summers) and C. f. turcipennis are still under 

investigation (Chalfant et al., 1990). The sub-species C.f. formicarius occurs in Asia, 

whereas sub-species C. f. elegentulus is restricted to the southern United States. Other 

important pests of the Cylas complex are C. puncticollis (Boheman) and C. brunneus 

which occur in Africa (Chalfant et al., 1990). Throughout this thesis SPW is referred to 

as C. formicarius (Fabricius) complex. In the following section, feeding and infestation, 

behaviour, and methods of control and management adopted in PNG will be reviewed. 

 

Like any coleopteran insect, C. formicarius undergoes complete metamorphosis (Figure 

2.2). Depending on the temperature, the duration of each life stage differs. Female feeds 

before excavating a hole and singly oviposits an egg into the hole (Figure 2-2). The larval 

stage, which is the most destructive, takes 15-26 days to complete. Each of the three larval 

instars can be distinguished by the size and colour of the head capsules. The older the 

larva is, the larger and darker the head capsule becomes. Pupation takes 7 – 28 days to 

complete (Korada et al., 2010).The complete life cycle of the weevil takes 33-40 days 

(Subramanian, 1959; Trehan & Bagal, 1975). However, complete weevil development 

takes 26 days at 30 °C but is prolonged to 31 days at 25 °C (Clark & Faeth, 1998).  Adults 

live up to 93-94 days between 27 °C and 30 °C at about 60% relative humidity (1981). 

Males have a shorter adult lifespan than females and a sexually-active female is able to 
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lay 60-200 eggs in a life time  (Subramanian, 1959; Trehan & Bagal, 1975), however, 

recent laboratory studies have suggested that females oviposit 60-80 eggs in their three-

month life span (Hartemink et al., 2000). This suggested that the earlier works may have 

substantially overestimated the potential maximum SPW female fecundity. 

 

 

 

 

Figure 2-2 Summary of the life cycle of Cylas formicarius. Egg stage 5 – 14 days; the larval stage 10 – 

26 days; pupa 7 – 28 days; adult 20 – 94 days. (Photos by R. Dotaona) 
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2.4  Feeding and infestation 

Adult SPW feed on the epidermis of vines or tubers, but rarely on the foliage (Sutherland, 

1986b). Sutherland (1986b) recovered larvae and pupae in 89% of the sweet potato roots 

dissected compared to only 41% of the vines examined. In the humid lowlands of PNG 

up to 80% of vines can be damaged (Powell et al., 2000). Feeding on vines and tubers 

causes thickening and malformation of the epidermis (Korada et al., 2010). The tubers 

are accessed either through soil cracks, which are prominent during dry spells, or via 

exposed tubers on the soil surface (Trehan & Bagal, 1975). During high rainfall periods 

soil crack formation is minimised, preventing the access to the tuber by ovipositing 

females (Sutherland, 1986a, 1986b). The intensity of infestation varies greatly with the 

seasons, but generally higher infestation levels occur in dry seasons (Powell et al., 2000; 

Sar, 2006). Round feeding punctures are visible on the surface of tubers  and oviposition 

sites can be distinguished from feeding sites by their shallow depth and presence of a 

faecal plug (Sutherland, 1986a). The eggs, which are laid at dusk, hatch and the neonate 

larvae feed on the crown and then tunnel their way into the tuber, depositing frass or 

faecal matter in the tunnels and causing significant damage (Sutherland, 1986a). One 

distinct characteristic of sweet potato tuber feeding is the production of pentacyclic 

triterpene and terpene phytolexins  (Nottingham et al., 1987; Sato et al., 1982; Son et al., 

1990; Wilson et al., 1990) a common mechanism for self-fumigation against pathogens 

in coleopteran larval stages (Gross et al., 2008).  

 

2.5  Behaviour of C. formicarius 

Sweet potato weevils are nocturnal and active from dusk to dawn. Using sticky traps, Sar 

(2006) recorded peak activity in the early hours of darkness, in search of food, oviposition 

and mates. Males disperse more freely than females, and this has been attributed to an 
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adaptive response to female sex pheromones (Coffelt et al., 1978; Seiichi & Satoshi, 

1998). The female sex pheromone of C. formicarius has been identified as (Z)-3-

dodecenyl (E)-2-butenoate and synthesised (Downham et al., 1999) for use as a 

management tool. This compound, which has also been isolated from female C. 

puncticollis and C. brunneus has been shown to attract male C. formicarius (Downham 

et al., 1999). Thigmotactic behaviour, or aggregate feeding on tubers, is obvious in the 

adult weevils (Barlow & Rolston, 1981). This can be an important factor for the auto 

dissemination of disease agents.  

Death-feigning, which is also referred to as thanatosis, is a behavioural mechanism 

employed by species from the order Coleoptera (Kuriwada et al., 2009a) for defence 

through diverting the attention of predators (Figure 2.3). Kuriwada et al. (2009a) 

indicated that copulation can reduce death-feigning. Further, the duration of feigned death 

is dependent on photoperiod and activity (Miyatake, 2001a, 2001b). The duration of 

death-feint was longer during the day compared to the night for both sexes. Resting 

weevils were also found to feign death for a longer duration compared to the active or 

walking weevils (Miyatake, 2001a). Miyatake (2001b) reported a negative relationship 

between starved weevils and duration of feign death. Irrespective of whether or not the 

weevil is mass-reared in the absence of predators, the duration of death-feigning is not 

affected compared to the same species of weevil in the wild (Kuriwada et al., 2009a).  
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Figure 2-3 A dead weevil (left) can be distinguished from an alive weevil (right) by antennal and leg 

orientation. (Photo by R. Dotaona) 

 

2.6  Methods of control 

2.6.1 Cultural methods 

There are several methods of control employed to minimise weevil infestations. Cultural 

methods such as the rotation of crop, use of weevil-free planting material and the removal 

and burning or burying of crop residues (vines and unwanted tubers) and alternate wild 

hosts from harvested fields can be used to break the pest’s life cycle. Alternate wild hosts, 

for example little bell (Ipomoea triloba L.), which are related to sweet potato can be 

removed (Mukhopadhyay et al., 2011; Taraken & Ratsch, 2009). Other cultural practices 

include low planting density, planting in light soils which do not crack when dry or 

formed into hills, crop rotation, and prompt harvesting (Sutherland, 1986a). Such 

practices as soil management is vital to prevent the weevil accessing tubers through soil 

cracks (Korada et al., 2010). Traditional composting in the highlands of PNG has been 

shown to reduce weevil infestations and other root diseases (Taraken & Ratsch, 2009). 

Piecemeal harvesting or harvesting of few tubers whilst leaving the rest for late season 

harvest is a common practice in the highlands of PNG, but this practice can have severe 
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effects on total tuber yield if population of weevils build up later in the season (Taraken 

& Ratsch, 2009). Farmers in PNG depend heavily on cultural practices for SPW 

management (Kirchhoff et al., 2009) and varietal resistance also plays a crucial role in 

deterring infestations (Barlow & Rolston, 1981). Deep-rooted local varieties (land races) 

prevent the ovipositing females from accessing the tubers. Varieties with small hard 

crowns or stems (Sutherland, 1986a), orange fleshed varieties (Jackson & Harrison, 2013) 

and dry matter content (Gerpacio-Santa Cruz & Chujoy, 1994) were found to be 

unfavourable for infestations, probably due to physical obstruction of feeding. Resistance 

of a variety has been measured by the relative number of  feeding punctures on tubers 

(Barlow & Rolston, 1981; Rolston et al., 1979) and deterrence in oviposition as a result 

of the production of volatiles such as the hydrocinnamic esters from the host, although 

the identification of several other volatiles is not fully understood (Nottingham & Kays, 

2002).  The development of transgenic sweet potatoes (Grimm & Guharay, 1998) for 

weevil management may not be an easy approach to adopt presently in less developed 

countries. Cultural methods have some degree of success; and in developing countries, 

these methods are inexpensive and farmers fallback on for sweet potato weevil 

management. However, one of the main drawbacks of little or nil successes in controlling 

the weevil infestations is the knowledge of the insect pest; as is the case in PNG where 

majority of the sweet potato-growing communities are isolated. 

 

2.6.2 Chemical methods 

(Sutherland, 1986a) listed the chemical insecticides used against SPW; however, these 

insecticides have since been phased out. Various insecticides against SPW and their mode 

of application have been extensively discussed by Korada et al. (2010). Insecticides with 

the best cost-benefit ratio were cypermethrin, fenthion and fenvalerate, applied as pre- 
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and post-planting, soil drenching, foliar application, dipping cuttings, and granules. Leng 

and Reddy (2012) reported high insecticidal activity of spinosad and malathion against 

adult SPW. Small hold farmers in developing countries prefer vine dipping due to its 

relatively low cost (Korada et al., 2010), though there is potential hazard in this mode of 

application. For many small hold farms, the use of chemicals still remains expensive 

(Talekar, 1991; Nottingham & Kays, 2002). So far there are no reports of insecticide 

resistance by the SPW, although resistance is reported in other related species such as 

Cosmopolites sordidus (banana root borer) (Collins et al., 1991). 

 

2.6.3 Botanical and semiochemical methods 

The use of synthetic and botanical insecticides is another method employed to manage 

SPW. Dipping vines with extracts from tobacco leaves, cassava seeds and red mangrove 

roots mixed in 0.05% monocrotophos 40EC or endosulfan 35EC applied on foliar also 

having some impact (Mukhopadhyay et al., 2011). Neem (Azadirachta indica) seed oil 

combined with synthetic insecticides for dipping cuttings reduced SPW infestations 

(Reddy et al., 2012). Leng and Reddy (2012)  on the other hand, reported 1.2% 

azadirachtin having significant repellent and feeding deterrence on SPW which was 

comparable to extracts of noni (Morinda citrifolia) which resulted in 72% mortality at 

168 – 192 h after treatment. Other botanicals such as the Persian lilac (Melia azedarach 

L), have insecticidal properties when applied as mulch (Hughes et al., 2009). Sweet potato 

weevil sex pheromones have long been used to reduce populations although with 

inconsistencies in reducing male populations (Braun & Van De Fliert, 1999; Yasuda, 

1995). High density pheromone trapping has been trialled in Queensland, Australia and 

in the Eastern Highlands province of PNG (Hughes et al., 2009). Some trials in mass 

trapping with pheromones have reduced SPW damage significantly (Duffy & Bloem, 
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1986; Mishra et al., 2001) and can be effective if combined with good crop hygiene 

(Hughes et al., 2009). 

 

2.6.4 Sterile insect technique 

The sterile insect technique (SIT) has been one of the ongoing management programmes, 

whereby the successive generation is deemed sterile. Much of SIT research is in Japan, 

however, there are limitations in mass rearing and due to the longer generation time of C. 

formicarius (Kuriwada et al., 2010a; Samuels et al., 2002). For many less developed 

countries like PNG, very high costs involved may overshadow the benefits.   

2.6.5 Biological control  

Biological control or the use of living organisms as agents against pests is usually an 

environmental friendly option. Subramanian (1959) reported the use of braconid wasps 

which act as larval parasitoids; however, these agents have not been effective in 

regulating the pest population. The use of ant hills as a traditional practice in taro 

cultivation has been adopted in sweet potato cultivation (Sar et al., 2009). Mannion et al. 

(1993) examined the use of entomopathogenic nematodes (the genera Steinernema and 

Heterorhabditis) against C. formicarius. Early reports of the activity of 

entomopathogenic fungi on SPW were those by Kemnar (1924) and Sherman et al.  

(1954). Su et al. (1988)  reported lethal activity of the fungus B. bassiana on SPW adults 

in Taiwan. Leng and Reddy (2012) reported 93% adult mortality at seven to eight days 

after treatment with B. bassiana under laboratory conditions. Reddy et al. (2014) (2014) 

recorded higher tuber yields when B. bassiana was combined with M. brunneum than 

applied solely or each combined with azadirachtin. Strains of B. bassiana have been 

isolated from SPW in Papua New Guinea (Hughes et al., 2009), but to date, the 

pathogenicity of these strains remains unknown. Entomopathogenic fungi such as 
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Paecilomyces lilacinus and B. bassiana (Burdeos & Villacarlos, 1989) have also been 

investigated. In 2000, one of the objectives of Sweet Potato Research and Development 

Program was to develop a non-chemical control method against C. formicarius (Bang & 

Kanua, 2001). Reports of strains of entomopathogenic fungus naturally infecting SPW in 

Kabiufa, Eastern Highlands Province was identified as B. bassiana and deposited in 

Queensland (Otto Ngere, NARI, Pers. Comm.). Kei and Wamala (2012) confirmed that 

this B. bassiana strain (isolate B81-100) was virulent at lower conidial concentrations 

(8.6 × 105 conidia/ ml) causing total mortality 96 h after inoculation under laboratory 

conditions . However, to date, no further work has been conducted on this fungus in glass 

house or field settings, conidial concentrations were lower than that for screening 

purposes (107 conida / ml). More importantly, only a single isolate was tested, thus there 

is a difficulty in comparing its efficacy to other strains of fungi or an insecticide. 

Metarhizium anisopliae Sorokin shows promise for the control of invertebrate pests such 

as the curculionids (Athanassiou et al., 2008; Bruck, 2004; Gindin et al., 2006). Although 

the M. anisopliae that was isolated from soils and scarab larvae in PNG and trialled 

against scarab pests with some success (Prior & Arura, 1985; Shaw, 1984; Simbiken, 

2006), its effect or natural occurrence on SPW has not been investigated so far PNG.  

 

2.7 Metarhizium anisopliae as a microbial control agent 

The genus Metarhizium Sorokin has been proven to cause mortality to a range of mites 

and insects including Coleoptera, Orthoptera, Diptera and Hemiptera (Dimbi et al., 2003; 

Liu et al., 2003; R.J. Milner & Hunter, 2001; Nong et al., 2011; Ondiaka et al., 2008). 

Biopesticides based on this hyphomycete fungus have been developed and registered 

against these insects, as well as against mites (de Faria & Wraight, 2007). Several 

researchers for example have successfully controlled curculionids with strains of 
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Metarhizium (Alston et al., 2005; Batta, 2004; Brito et al., 2008; Bruck, 2004; Gindin et 

al., 2006; Hajek et al., 2008; Nielsen et al., 2006). Others (Burdeos & Villacarlos, 1989; 

Ondiaka et al., 2008; Rana & Villacarlos, 1991) have documented the pathogenicity and 

virulence of M. anisopliae to both species of the sweet potato weevil, C. formicarius and 

C. puncticollis.  Burdeos et al. (1989) examined the use of several isolates of M. 

anisopliae to control C. formicarius under laboratory conditions and reported their best 

isolate to achieve a lethal concentration (LC50) of 8.42 × 105 conidia/ml. Ondiaka et al. 

(2008) investigated the pathogenicity of several M. anisopliae isolates against C. 

puncticollis, also under laboratory conditions. In this study, the most virulent isolate 

achieved an LC50 of 1.9 × 106 conidia/ml when insects were maintained at room 

temperature (23 °C -30 °C and 40% -70% RH). More recently, Reddy et al. (2014) 

investigated both the laboratory and field efficacy of M. brunneum F52 in combination 

with B. bassiana or with various insecticides (spinosad and azadirachtin) on C. 

formicarius. Under laboratory conditions, all treatment combinations including an 

entomopathogen and insecticide caused 100% mortality after 120 h.  However, treatments 

that included entomopathogens alone required up to 192 h post-treatment to record 100% 

mortality. Field results were more encouraging and the treatment that included both 

entomopathogens resulted in significantly greater reduction in tuber damage and 

significantly greater number of cadavers recovered in plots compared to all other 

treatments (including the control). The work by Reddy et al. (2014) shows the potential 

of incorporating entomopathogenic fungi into management programs for the control of 

C. formicarius under field conditions.  

 

2.8 Entomopathogenic fungi and biopesticide development 
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Globally, the development and production of biopesticides is increasing and surpassing 

the traditional pesticides, for conventional and organic farming (Lopes et al., 2011; 

Wilson et al., 1988). Their field efficacy can only be considerably enhanced with suitable 

formulations for improved soil persistence, insecticidal activity (Jackson et al., 2010; 

Lutulele, 2001) and protection from abiotic factors as discussed in the preceding section 

(Section 2.11). While formulations arguably have great potential, costs and unanticipated 

effects of compounds used can outweigh benefits (Danbaro et al., 2001).  

The entomopathogenic fungi such as Metarhizium and Beauveria had been developed 

into mycoinsecticides and mycoacaricides. Faria and Wraight  (2007) have extensively 

reviewed a variety of formulations that are either under research for development or have 

been registered and commercially available for various insect pests. The propagules 

formulated include aerial to submerged conidia alone or in combination with mycelia, 

blastospores, unspecified asexual spores, or combination of all propagules 

(Annonymous). The formulations ranged from wettable to contact powders, granules to 

water dispersible granules, suspension concentrates to oil formulations according to 

FAO/WHO definitions. The latter has been among the simplest type formulation, in that, 

oil formulations guarantee better adhesion on hydrophobic surfaces, protection from 

imbibitional damage and UV tolerance (Inglis et al., 2000; D. Moore et al., 1992). Among 

the formulated entomopathogenic fungi covered, at least 33.9% of these formulations are 

Metarhizium-based, with 18 active registered products claimed to target Coleoptera insect 

order under the Curculionidae and Scarabaeidae families (Annonymous). 

2.9 Effects of entomopathogens on beneficial organisms 

Since Metarhizium is an entomopathogenic fungus, questions have been raised in relation 

to its integration with beneficial arthropods such as predators and parasitoids. Non-target 

species may come into contact with the fungus when feeding for predators; by walking 
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on the host plant, direct contact during spraying or at injection of venom and during the 

oviposition process in the case of parasitoids (Rivers, 2004). However, there are cases 

where non-target species act as vectors to infect their host (Roy & Pell, 2000). Although 

these authors have mentioned their findings on entomopathogenic fungi other than 

Metarhizium, variation in vectoring may exist between combinations of fungi and vector 

species. Many authors (Danfa & Van Der Valk, 1999; Ekesi et al., 2005; Lord, 2001; 

Ludwig & Oetting, 2001) have reported the adverse effects of entomopathogenic fungi 

on parasitoids and predators of a target pest. Various parasitoids of the order 

Hymenoptera show physiological susceptibility to B. bassiana (Lord, 2001). With the 

study on Cephalonomia tarsalis (Bethylidae) an ectoparasitoid of saw-toothed grain 

beetle, Oryzaephilus surinamensis, Lord (2001) recorded up to 52% mortality after a 3h-

exposure (26 °C, 75% RH) to 100 mg of B. bassiana/kg of wheat. When Aphidius 

colemani (Braconidae) was exposed to B. bassiana, Ludwig and Oetting (2001) recorded 

60% mortality, but the parasitoid was less susceptible to M. anisopliae and Verticillium 

lecanii. Similarly, Traugott et al. (2005) reported susceptibility of the cockchafer 

predator, Poecilus versicolour (Carabidae), to a commercial strain of B. brongniartii. In 

contrast, high survival was reported for two hymenopteran parasitoids of emerald ash 

borer, the eulophid Tetrastichus planipennisi (99%) and the braconid Spathius agrili 

(83%) when contaminated with B. bassiana (Dean et al., 2012). Husberg and Hokkanen 

(2001) compared infectivity of M. anisopliae on Phradis morionellus and Diospilus 

capito, hymenopteran parasitoids of the pollen beetle, Melegethes aeneus. The latter 

parasitoid had higher mortality (76%) compared to the former (17%). Up to 100% 

mortality was observed before 7 days lapsed when M. anisopliae var. acridum was 

applied to Bracon hebetor, a braconid parasitoid of locusts and grasshoppers (Danfa & 

Van Der Valk, 1999). Stolz et al. (2002) reported minimal effects of a commercial strain 

M. anisopliae var. acridum to Apoanagyrus (Epidinocarsis) lopezi (Encyrtidae) and 
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Phanerotoma sp. (Braconidae). Ekesi et al. (2005), however, reported high mortality 

when formulated M. anisopliae was applied to the parasitoids of three species of fruit 

flies. Fungal conidial dose can be an important factor in causing non-target mortality 

(Nielsen & Hajek, 2005)  as well as the identity of the fungal species and the beneficial 

species concerned. Orius insidiosus, a predatory bug of tetranychid mites, was least 

susceptible to several entomopathogenic fungi tested, with less than 5% mortality 

(Ludwig & Oetting, 2001). Parasitoids of the hymenoptera family Braconidae seem to be 

among the most susceptible parasitoid species (Danfa & Van Der Valk, 1999; Ekesi et 

al., 2005; Husberg & Hokkanen, 2001; Ludwig & Oetting, 2001; Nielsen et al., 2005). 

Although entomopathogenic fungi can kill beneficial insects either directly, or indirectly 

through the consumption of infected hosts, several species of parasitoids use mechanisms 

to remain uninfected for some time. For example, C. tarsalis avoided infected grain 

beetles (Lord, 2001) as did the hymenoptera Anagrus atomus, an egg parasitoid of green 

leafhopper (Tounou et al., 2003). The antagonistic interaction between a particular fungus 

and beneficial insects can only occur if environmental conditions are favourable for 

fungal infection, and this may not necessarily occur under realistic conditions (Roy & 

Pell, 2000), as shown by Stolz et al. (2002) and Ekesi et al. (2005) in field-based studies. 

 

2.10 Characterisation of Metarhizium 

A considerable amount of work has been published on the characterisation of 

Metarhizium, based on its morphology and chemotaxonomy (Rath , Carr , et al., 1995), 

physiology (Liu et al., 2003; Rath , Carr , et al., 1995; Yip et al., 1992) and molecular 

diversity (Bridge et al., 1997; Bridge et al., 1993; Driver et al., 2000; Freed et al., 2011; 

Leal et al., 1994). Strains can be distinguished by temperature requirements for 

germination and growth, the colour of conidia, relative hyphal growth, and conidial 
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dimensions (Liu et al., 2003; Yip et al., 1992). While important information can be 

obtained through morphological characterisation of Metarhizium species, 

characterisation based on speed of conidial germination, relative hyphal growth, conidial 

dimensions and colour may be laborious when characterising a large collection and 

difficulties may arise in attempting to distinguish between closely-related strains (Leal et 

al., 1994).  

A number of methods such as the isoenzyme electrophoresis, restriction fragment length 

polymorphism (RFLP), random amplified polymorphic DNA-polymerised chain reaction 

(RAPD-PCR), nucleotide amplification and sequencing of the 18S ribosomal DNA (18S-

rDNA) gene and internal transcribed spacers-ribosomal DNA (ITS-rDNA) gene, or 

combinations of these methods (Bidochka et al., 1994; Bridge et al., 1997; Bridge et al., 

1993) have been employed to characterise Metarhizium at the molecular level. Each 

method has its own drawbacks, for example, Leal et al. (1994) stated that RFLP and 18S-

rDNA methods were unable to provide much information in distinguishing species and 

isolates of Metarhizium. Further, isoenzymes can also be misleading, as synthesis of 

enzymes varies during the growth of Metarhizium (St. Leger et al., 1992). Despite these 

drawbacks, combining multiple approaches for the discrimination of species and isolates 

usually resolves taxonomic issues. For instance, the use of isoenzyme electrophoresis 

coupled with RAPD-PCR successfully characterised 30 strains of Metarhizium into M. 

anisopliae and M. flavoviride, and into the varieties M. flavoviride flavoviride and M. 

flavoviride minus (Bridge et al., 1997). Use of the ITS-rDNA has been an effective gene 

in fungal molecular taxonomy and is widely accepted in characterization and diversity 

studies (Landeweert et al., 2003; Martin & Rygiewicz, 2005).  
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2.11 Environmental factors affecting entomopathogenic fungi  

Stability, persistence in soil and infection processes of an entomopathogenic fungus on 

its host, or in its dormant stage, is affected by range of environmental factors. These 

factors include solar radiation, temperature, rainfall, and soil moisture, and can 

independently or collectively affect the inoculum in the field or in storage (Arthurs & 

Thomas, 2001b; Hedgecock et al., 1995; McClatchie et al., 1994).  

2.11.1 Solar radiation 

The ultraviolet A (UVA) and B (UVB) portions of solar radiation are highly damaging to 

the conidia and vegetative propagules of entomopathogenic fungi (Goettel et al., 2000). 

The UVA spectra of 320-400 nm and UVB spectra between 280 and 320 nm have been 

shown to impair culturability and germination of three M. anisopliae strains after 30 hours 

exposure (Braga et al., 2001a, 2001b; D.  Moore et al., 1993). However, various species 

and strains within species show some tolerance. Fargues et al. (1997) reported that several 

strains of M. anisopliae showed UVB tolerance by having up to 90% germination under 

simulated sunlight. Alves et al. (1998) revealed that conidia of a M. anisopliae strain 

germinated when exposed under simulated sunlight (at wavelengths >280 nm) after 6 

hours. Braga et al. (2001a) noted tolerance to be dependent on the region or latitudes from 

which the isolates were sourced. The researchers confirmed that conidia were damaged 

and failed to germinate when simulated solar radiation was increased.  

 

2.11.2 Temperature 

Entomopathogenic fungi tolerate a wide range of temperatures but from infection to 

sporulation, optimal temperatures exist, generally between 20 °C and 30 °C (Ekesi et al., 

2003; Goettel et al., 2000). Germination, growth and sporulation may not all be optimal 
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at the same temperature. For example, Thomas and Jenkins  (1997) reported the radial 

hyphal extension rate and sporulation in two isolates of M. flavoviride varied at different 

temperatures. They found that hyphal extension was favoured at a higher temperature 

than sporulation. High temperatures between 35 °C and 45°C can be detrimental, resulting 

in delayed germination or death of conidia (McClatchie et al., 1994). Effects of 

temperature and UV light are closely related, and it has been shown that ultraviolet light 

causes greater damage at increasing temperatures (D. Moore et al., 1996). Conidia of M. 

anisopliae lethal to two species of mosquitoes (Culex pipiens pipiens and Anopheles 

stephensi) were found to survive longer at 19 °C than 26 °C at 97% relative humidity 

(RH) (Daoust & Roberts, 1983; Daoust et al., 1983). These researchers reported that a 

temperature as low as 4 °C under 0% RH provides high conidial survival. Maximum 

temperature thresholds for long periods are usually close to 40 °C (Goettel et al., 2000). 

 

2.11.3 Moisture 

High moisture is required for fungal spore germination and sporulation (Goettel et al., 

2000).  Ibrahim et al. (1999) noted that M. anisopliae conidia germinate at water activity 

(Aw) greater than 0.98 irrespective of the type of formulation used. Conidial germination 

was delayed at Aw equivalent to 96-98% RH, and was totally inhibited between 90 --95 

% RH (R. J. Milner et al., 1997). Discrepancies may be due to differences in isolates and 

the oil component used in the formulation, as Ibrahim et al. (1999) used sunflower oil, 

and the formulation used by Milner et al. (1997) contained glycerol. Lazzarini et al. 

(2006) found successful germination of two strains of M. anisopliae at 0.99 Aw and that 

germination was delayed at 0.93 Aw. At high soil moisture (-0.1 and -0.01 MPa), isolates 

of M. anisopliae were highly infective on four species of tephritid fruit fly puparia (Ekesi 

et al., 2003), although water activity is also dependent on temperature. Depending on the 
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type of target host, isolate and climate, the virulence of M. anisopliae strains may vary at 

different RH. For example, the desert locust can be infected with M. flavoviride at 13 % 

RH as the isolate itself is adapted to dry conditions (Fargues et al., 1997). Further, M. 

anisopliae isolates were lethal to mosquitoes at a RH range of 33% to 75% at 19 °C  

(Daoust & Roberts, 1983).  

 

2.11.4 Rainfall 

Rainfall, although not yet extensively investigated, adversely affects the efficacy of 

biopesticides by washing off fungal propagules on the host and foliage after application, 

but can also assist in dispersing the pathogen (Goettel et al., 2000; Roy & Pell, 2000). 

Rain significantly reduced the susceptibility of third instar larvae of the mustard beetle 

(Phaedon cochleariae) to M. anisopliae (Inyang et al., 2000). Without rain, formulations 

of M. anisopliae containing aqueous Tween®, Shellsol® T or sunflower oil/Shellsol® T 

caused 55%, 82.5% and 72.5% mustard beetle mortality, respectively. However, this was 

reduced to 23%, 47% and 37%, respectively, when treated beetles were exposed to 

simulated rain for an hour (Inyang et al., 2000). 

 

2.12 Formulation of Metarhizium anisopliae 

The purpose of formulating M. anisopliae conidia or microsclerotia, the overwintering 

structures (Jaronski & Jackson, 2008) is to enhance efficacy against the target insect under 

a range of environmental conditions, and to improve the shelf-life (Alves et al., 2002; 

Daoust et al., 1983; Jackson et al., 2010; McClatchie et al., 1994). Oil formulations based 

on petroleum and vegetable oils are used to minimise effects of solar radiation and 

humidity on conidia (Braga et al., 2001a; D. Moore et al., 1996). Formulating the conidia 

of M. flavoviride with cotton seed oil improved efficacy against the desert locust, 
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Schistocerca gregaria, at low humidity (Bateman et al., 1993). Oils release nutrients or 

fungistatic substances in the insect epicuticle which may encourage or inhibit spore 

germination and infection (Ibrahim et al., 1999). Formulation of M. anisopliae conidia 

with peanut and emulsifiable oils mixed with mineral oils significantly increased the UV 

tolerance of conidia (Alves et al., 1998).  

 

The other types of formulation used with Metarhizium are dry formulations, consisting of 

powders and granules. Granule formulations contain a nutrient source, usually derived 

from rice or wheat, and various inert substances (R. J. Milner et al., 2003). Milner and 

Hunter (2001) developed a granular formulation using M. anisopliae var. acridum as the 

active ingredient for the control of locusts and grasshoppers. A granular formulation from 

alginate solution has been reported to be effective against Oryctes rhinoceros 

(Scarabaeidae), a pest of oil palm (Moslim et al., 2009).  

Microslerotia are undifferentiated, melanised, compact hyphal aggregates (Jaronski & 

Jackson, 2008) and granular formulations have been developed from these structures and 

have been shown to be efficacious against Tetanops myopaeformis (Ulidiidae).  

 

2.13 Conclusion 

Cylas formicarius is the dominant insect pest of sweet potato in PNG and cultural 

practices alone cannot effectively manage SPW. The application of microbial control 

agents such as the fungus Metarhizium anisopliae against SPW is a desirable option as it 

is widely regarded as safer to the environment than synthetic pesticides, although 

organisms with a wide host range may still affect other, non-target organisms. Molecular 

characterisation of Metarhizium strains is a prerequisite for fungal biological control 

work, as there is variability among species in both morphology and physiology. Once 
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characterised, Metarhizium strains can be evaluated for efficacy in laboratory and field 

situations, and formulations can be developed to optimise performance. Environmental 

factors such as UV radiation, temperature, humidity and moisture collectively affect 

efficacy of Metarhizium on target insects.  Storage conditions can also affect conidia 

viability. It is essential that the best possible Metarhizium strain is selected for a particular 

application, and that it is appropriately formulated to enhance activity and limit the effects 

of environmental constraints.  

 

Few studies have examined the use entomopathogenic fungi as a biological control agent 

of Cylas formicarius and there are fewer records in the literature on the specific use of M. 

anisopliae. Thus, there is scope to investigate the use of M. anisopliae as an alternative 

method to cultural and chemical control in Australia and PNG to decrease the devastating 

yield loss to sweet potato caused by Cylas formicarius.
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3.1 Abstract 

The sweet potato weevil (SPW), Cylas formicarius, is a serious pest of sweet potato in 

Australia and Papua New Guinea. Ten strains of Metarhizium sp. isolated from Australian 

soil samples were evaluated for their growth characteristics and screened for virulence to 

adult SPW under laboratory conditions. All isolates except QD62 (48.6%) had moderate 

to high germination (66% - 97%), and all took 2 to 4 days to sporulate at 25 °C. The 

optimal temperature for radial growth for the majority of isolates was 30 °C, and there 

was a significant interaction between isolate and temperature (P < 0.05). Isolate QS155 

showed the fastest radial growth at 30°C. The ITS sequences showed slight variations 

among the isolates, however, all isolates were shown to be Metarhizium anisopliae. 

Isolates varied greatly in their virulence. At 10 days after inoculation (DAI) by immersion 

in a suspension of 107 conidia / ml, 9 of the 10 isolates were virulent, causing 80% - 100% 

mortality of adult SPW. Only two isolates (QS001-6 and QS155) caused more than 50% 

mortality at 5 DAI. In dose-mortality bioassays isolate QS155 had the lowest 20-day LC50 

and LC90 values, however there were no statistically significant differences in mortality 

among the three most promising isolates tested (QD66, QS001-6 and QS155). These 

results show that M. anisopliae isolate QS155 has potential as a microbial control agent 

for SPW, and that further evaluation under glasshouse and field conditions is warranted. 

 

Key words: Sweet potato, Cylas formicarius, ITS, Metarhizium anisopliae, bioassay, 

mortality 

3.2 Introduction 

Sweet potato is the dominant root crop in Papua New Guinea (PNG), replacing other 

widely cultivated root crops including taro (Colocasia esculenta (L.) Schott) and yam 

(Dioscorea alata L., D. esculenta L.) (Bourke and Ramakrishna, 2009). The crop is grown 
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at subsistence level with low to medium agricultural inputs. Sweet potato production is 

seriously impacted by the sweet potato weevil (SPW), Cylas formicarius (Fabricius) 

(Coleoptera: Brentidae), which can cause yield losses of up to 50% (Sar, 2006). 

Furthermore, feeding injury on storage roots or tubers can lead to fungal infection, 

downgrading the quality of the crop (Wamalwa et al., 2014). The adult SPW is nocturnal 

and completes its life cycle on the crop. Generally, the female oviposits eggs singly either 

on the vines or on the crown and the larvae then burrow down and into the tubers 

(Sutherland, 1986a). In the drier months when infestations peak, the adults may access 

the tubers through soil cracks, with the female ovipositing directly into the tubers. The 

larval stage spends 3 to 4 weeks inside the tuber feeding before pupation and adult 

emergence.  

In PNG farmers depend exclusively on cultural control practices for SPW management, 

including crop rotations, intercropping, good sanitation, destruction of old vines, and 

selection of deep-rooted cultivars (Coleman et al., 2009; Hughes et al., 2009) to manage 

the pest. Although damage is caused mainly by the larvae, the primary target for 

insecticidal control is the adult (Sutherland, 1986a). However, the use of insecticides is 

often impractical as SPW spends most of its life cycle underground, and insecticide 

resistance has also been demonstrated (Collins et al., 1991; Sutherland, 1986b). 

Employing environmentally-friendly approaches such as biological control may be a 

sustainable option for SPW control in the longer term. Recently, the use of the 

entomopathogenic fungi Metarhizium anisopliae (Metschnikoff) Sorok. and Beauveria 

bassiana (Bals.-Criv.) Vuill., has been a focus of attention for microbial insect control. 

Unlike other microbial agents which require ingestion, entomopathogenic fungi provide 

several practical advantages, as the infective propagules or spores grow upon contact with 

the target (Lomer et al., 2001). In addition, the infected targets may act as a primary 

source of inoculum for secondary infection and spores can persist in the soil (Boothe et 
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al., 2000; R. J. Milner, 1997; Moorhouse et al., 1993). M. anisopliae and B. bassiana are 

naturally associated with SPW and have been reported to cause 70 - 80% mortality 

(Ondiaka et al., 2008; Rana & Villacarlos, 1991; Su et al., 1988). In PNG, field infections 

of M. anisopliae have been reported on coconut pests (Prior & Arura, 1985), sugarcane 

borer (Sesamia grisescens) (Arzumanov et al., 2005) and taro beetles (Papuana uninodis) 

(Theunis & Aloali'i, 1998). In the Bundaberg area of Queensland, Australia, where sweet 

potato is cultivated commercially, natural infection by M. anisopliae has been associated 

with sugarcane white grubs (Antitrogus consanguineus)  (Allsopp et al., 1994). However, 

the infectivity and deliberate use of this entomopathogenic fungus against SPW has not 

been investigated in either of these regions. 

In this study, we evaluate the potential of tropical strains of M. anisopliae obtained from 

Queensland as microbial control agents for adult SPW.  

 

3.3 Materials and methods 

3.3.1 Insect cultures 

A SPW colony was cultured from insects collected in 2010 from infested sweet potato 

plants in Bundaberg (Queensland, Australia) and maintained in the laboratory at Yanco 

Agricultural Institute, NSW, Australia. Part of the colony was transferred to Charles Sturt 

University in Wagga Wagga (NSW, Australia) in 2011 for further culturing and 

experimentation. Insects were reared on tubers of the sweet potato variety ‘Beauregard 

Gold’ maintained at 23-30 °C, 60% RH with a 12L:12D photoperiod. Infested tubers were 

replaced every two to three weeks and placed in clean plastic containers (30 cm × 15 cm 

× 10 cm) for adult emergence. Two to three week old males and females (post-emergence) 

were used in all bioassays. 
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3.3.2 Fungal isolates  

Isolates of M. anisopliae were obtained directly from soil samples collected in 

Queensland, Australia (Table 3.1), with the exceptions of isolates QD61-QD64 and 

QD66. These isolates, which also originated from Queensland, were supplied by Dr. Ian 

Newton from the Queensland Department of Agriculture, Fisheries and Forestry. Thirty 

percent of the samples were obtained from cultivated sweet potato fields whereas the rest 

were from abandoned land. Three isolates, QD66, QS001-6 and QS155 have been lodged 

in the New South Wales Department of Primary Industries Herbarium with the accession 

numbers DAR 82478, DAR 82479 and DAR 82480 respectively.  

 

Table 3-1 Source of Metarhizium anisopliae isolates tested against adult SPW. All insect 

baiting was conducted using Tenebrio molitor larvae. 

 

 

The insect baiting method (Zimmerman, 1986) using larvae of the mealworm beetle, 

Tenebrio molitor (Coleoptera: Tenebrionidae), was used to isolate the fungi from soil 

samples. Between 200 to 300 g of air-dried soil was placed in a clear resealable plastic 

bag before releasing 10 to 12 T. molitor larvae. Bags were sealed and placed in the dark 

at 25 ±2 °C and the soil was turned weekly for two to three weeks. Dead larvae were 

Isolate/ Accession Locality Cropping 

system 

Method of collection 

QD61 (MBY1-1) Mowbray, QLD Abandoned Insect baiting 

QD62 (MBY2-1) Mowbray, QLD Abandoned Insect baiting 

QD63 (STR1-5) Mowbray, QLD Abandoned Insect baiting 

QD64 (STR3-7) Stratford, QLD Abandoned Insect baiting 

QD66 (PD3-6) Port Douglas, QLD Abandoned Insect baiting 

QS001-6 Palm Cove, QLD Abandoned Insect baiting 

QS002-3 Port Douglas, QLD Abandoned Insect baiting 

QS155 Mapuru, QLD Sweet potato Insect baiting/soil dilution 

QS161 Gapulyak, QLD Sweet potato Insect baiting/soil dilution 

QS171 Alyangula, QLD Sweet potato Soil dilution 
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removed, surface-sterilised with 70% alcohol and rinsed three times in distilled water. To 

stimulate mycosis, larvae were placed on moistened Whatman No. 1 filter papers in 90-

mm Petri plates and incubated at 26 °C. After sporulation, a sterilised micro-needle probe 

was used to gently touch the cadaver surface and then the conidia were inoculated with 

Sabouraud dextrose with yeast extract (SDAY) media. 

 

A loopful (8.47 ± 2.3 × 105 conidia / ml) of conidia from 3 week old cultures of each 

fungal isolate was inoculated into 150 ml Sabouraud dextrose with 0.05% yeast extract 

(SDY) broth and placed in an orbital shaker in the dark for 5-6 days. 

For culture on rice, 1 kg of long grain rice in Microsac® gas-permeable bags (32 cm × 

57 cm, Mycelia, Belgium) was heat-sterilised for 15 min at 121˚C. Sterilised water was 

then added at a ratio of 1:2 before autoclaving again. Bags were cooled to room 

temperature and massaged before being inoculated with 10 ml of SDY broth and sealed. 

Cultures were maintained at 25˚C for three to four weeks. A few days after the start of 

incubation the bags were massaged to promote even sporulation.  

The contents of the bags were emptied into surface-sterilised aluminium trays (45 cm × 

25 cm × 5 cm) and covered with dry heat-sterilised muslin cloth to dry at room 

temperature. The spores were harvested using a mechanical sieve shaker (Endecotts 

EFL2000/1, Endecotts Ltd, UK) fitted with a nest of sieves (1 mm, 120 µm, 32 µm). The 

spores were weighed to determine the decrease in moisture content weekly for four to 

five weeks until 30% moisture content was achieved. The dry sieved conidia were stored 

at 4 ˚C in the dark in sterile 100 ml Schott bottles until required.  

3.3.3 Morphology and growth assessments 

Sporulation colour in Metarhizium can be light to very dark green (Bischoff et al., 2006), 

and whilst green sporulation is characteristic for Metarhizium spp. (Figure 3.1), it cannot 
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be considered diagnostic, as other fungi also produce green spores. To assess the cultures 

for germination, approximately 0.1 ml of a 1 × 107conidia / ml suspension of each isolate 

was spread on 4 SDAY Petri plates and incubated in the dark for 18-24 hr at 25 °C. A 

total of 100 conidia per plate were then examined under an inverted Epi-fluorescence 

compound microscope (Olympus IX70-S8F, Olympus Optical Co., Japan) at ×400 

magnification. The conidia with a visible germ tube were regarded as germinating 

conidia. The plates were replaced in the incubator and then re-examined daily until the 

first spores were produced. To determine the radial growth rate of each isolate, cultures 

were spread-plated on SDAY and maintained at 15 °C for 4 days. Four round agar plugs 

(ca. 5 mm dia.) were cut from these plates using a 5 mm diameter cork borer. Each plug 

was placed upside down in the centre of a new SDAY plate with pre-marked intercepting 

lines on the underside of each plate to assist assessing colony diameter. The plates were 

sealed and incubated in the dark at constant temperatures of 15 °C, 20 °C, 25 °C, 30 °C 

and 35 °C. Radial growth was assessed at 6 and 12 days. Individual plates were treated 

as replicates, thus to each temperature regime, four plates were allocated. 
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 Figure 3-1 Cadaver of a female C. formicarius infected with M. anisopliae isolate QS155. Green 

conidia observed on the cuticle at 3 days after treatment.  (Photo by R. Dotaona) 

 

3.3.4 DNA extraction and sequencing  

Conidia from 2-week old cultures were grown in 150 ml SDAY broth and harvested after 

four days using a vacuum pump and Buchner flasks. The mycelial mats were dried at 

room temperature for 1 h, wrapped with aluminium foil then frozen in liquid nitrogen for 

5 min. The samples were stored at -80˚C. The phenol/chloroform method (Raeder and 

Broder, 1985; Al-Samarrai and Schmid, 2000) was used to extract genomic DNA from 

the ground mycelium. Samples of genomic DNA from the ten isolates were prepared for 

amplification with the Internal Transcribed Spacer (ITS) primers ITS1 and ITS4 (ITS1 

5’-TCCGTAGGTGAACCTGCGG-3’; ITS4 5’- TCCTCCGCTTATTGATATGC-3’) 

(White et al., 1990). Each 54 μl reaction contained: 25 μl of Invitrogen 1x DNA SuperMix 

X, 12 μl of each forward and reverse primers (10 mM), and 5 μl of template DNA (diluted 

to a final concentration of 25 ng/µL). DNA from Zymoseptoria tritici was used as a 

positive control. A thermal cycler (Hybaid Express C3000, Thermo Hybaid, UK) was 

programmed for the following conditions: initial denaturation at 94 °C for 60 s; followed 
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by 35 cycles of: denaturation at 94 °C for 30 s; annealing at 55 °C for 30 s; extension at 

68 °C for 30 s; and final extension at 68 °C for 3 min. The PCR products were purified 

using the Axygen Purification kit (Corning, Australia), following the manufacturers 

protocol. The samples were sent to the Australian Genome Research Facilities (Brisbane) 

for sequencing. Sequence editing and alignment was achieved with the BioEdit sequence 

alignment editor (version 7.0.0) and BLASTN to query the GenBank database (National 

Centre for Biotechnology Information, NCBI) to determine similarity between the 

sequences of Metarhizium spp. isolated from this study to those represented in GenBank.  

ITS sequences from 13 additional M. anisopliae isolates including two from northern 

Australia (M.a. 69 and KJ872681) were included in a dendrogram based on the UPGMA 

method using MEGA version 6 (Tamura et al., 2013) and tested using the bootstrap 

method with 1000 replications. 

 

3.3.5 Single-concentration screening bioassay 

To screen the M. anisopliae strains against SPW we used spore suspensions of each 

isolate with a uniform concentration of 1 × 107 conidia / ml. Dry fungal conidia (0.25 g) 

of each isolate harvested from rice grain cultures were suspended into 10 ml of sterile 

distilled water containing 0.05% Tween® 80 in 50 ml screw-capped specimen containers 

and vortexed. Initial conidial concentrations were determined with a Neubauer 

haemocytometer and adjusted to 1 × 107 conidia / ml. The fungus was applied by 

individually dipping  (Ansari & Butt, 2012a) five male and five female SPW adults into 

the conidial suspension for 10-12 s. Weevils were removed with sterile tweezers and each 

group of 10 was placed in a 750 ml clear plastic container with 50 g of diced sweet potato 

tuber. The top of each container was covered with white cheese cloth fastened with rubber 

bands. At each inoculation, the suspension was agitated for 2-3 s. For the control 
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treatments, adult SPW were dipped in 10 ml sterile distilled water containing 0.05% 

Tween® 80 solution. After inoculation, all insects were incubated at 26 ± 1 °C and 60 - 

70% RH.  Tubers were replaced every three days and mortality was recorded daily for 10 

days. Dead SPW were removed and transferred to 90-mm Petri plates with moistened 

Whatman’s No.1 filter papers to encourage mycosis and sporulation. Mycosed weevils 

were recorded and regarded as killed by the fungus. Five replicates were conducted for 

each isolate. Conidial viability for all isolates used was determined prior to screening, 

between 48% and 97% germination. 

 

3.3.6 Dose-mortality relationships 

Based on the screening bioassay and growth data, two fast growing and virulent isolates 

(QS155 and QS001-6) were selected for further testing. Isolate QD66 was also included 

as it caused moderate SPW mortality 5 days after inoculation (DAI). The procedure 

followed the same basic protocol used for the single-concentration screening assay. To 

determine the lethal concentration (LC) values at lower conidial concentrations, five 

concentrations (1 × 103, 1 × 104, 5 x 104, 1 × 105, 1 × 106 conidia / ml) were prepared and 

five male and five female weevils were inoculated with each concentration as described 

previously. Spore viability was determined by spread-plating and counting germinated 

spores (visible germ tube) out of the 100 spores after 24 h incubation. Control weevils 

were dipped in 0.05 % Tween® 80 solution without conidia, and each treatment was 

replicated five times, giving a total of 50 SPW exposed to each concentration of each 

isolate. Treated insects were incubated at 26 ±1 ˚C and 60 - 70% RH. Tubers were 

replaced every 3 days. Mortality was recorded daily for 20 days. 
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3.3.7 Statistical analyses 

One-way analysis of variance (ANOVA) was used to analyse germination and hyphal 

length data. The Nemenyi test, a non-parametric Tukey-type multiple comparisons test 

(Zar, 1984) was used to analyse time to sporulation data. Radial growth was assessed 

using Restricted Maximum Likelihood (REML). For the single concentration bioassay, 

control mortality was corrected using Abbott’s formula (Abbott, 1925) . Data collected at 

5 DAI was arcsine transformed to remove variance heterogeneity before analysis using 

ANOVA. Mortality data at 10 DAI was analysed using the Nemenyi test, since many 

isolates caused 100% mortality at 10 DAI and the data could therefore not be transformed 

to meet the criteria for ANOVA. All of these analyses were performed with Genstat 14th 

Edition (VSN International Ltd, UK). For the multiple dose rate bioassay, data were 

analysed without replicate pooling using a stand-alone probit program following the 

approach developed by Barchia (2001) for use in the GenStat statistical environment. The 

program applies the method outlined in Finney (1971) including data adjustment for 

natural mortality using Abbott’s formula (Abbott, 1925). This approach was taken to 

ensure variability between replicates was taken into account during the analysis. 

Significant heterogeneity was identified using a χ2 test of residual deviance. When 

heterogeneity was significant (5% level) the variance of the estimated parameters was 

scaled by the corresponding heterogeneity factor equal to the residual mean deviance 

(Finney, 1971). Lethal concentration (LC) ratios plus the associated 95% confidence 

intervals calculated as described by (Robertson et al., 2007) were used to determine the 

significance of differences between LC values. 
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3.4 Results 

3.4.1 Morphology and growth assessments 

Green sporulation was evident in all the isolates; however, isolates QD61 to QD63 were 

substantially darker in colour compared to the remainder. The shape of conidia from each 

isolate were strongly similar to those illustrated by Bischoff et al. (2006), providing 

additional evidence to support the assertion that all isolates belong to the genus 

Metarhizium. Significant differences (P < 0.05) were recorded in time to sporulation, 

which ranged from two to four days (Table 3.2). Isolates QD66 and QS001-6 and took 

the least time to sporulate, with all other isolates taking significantly (P < 0.05) longer. 

There were no further significant differences in time to sporulation detected between 

isolates. For percentage germination, significant differences (P < 0.05) were also found 

between isolates (Table 3.2). The highest germination (89.6% to 97.4%) was recorded for 

isolates QD61, QD64, QS001-6, QS002-3, QS155, QS161 and QS171, which did not 

differ significantly from each other. The lowest germination (48.6%) was recorded with 

isolate QD62, which differed significantly from all other treatments. Significant 

differences (P < 0.05) were also recorded for hyphal length (Table 3.2). The greatest 

hyphal length was measured in isolates QS155 and QS171, which differed significantly 

from all other isolates (Table 3.2). Isolates QD61 and QD63 had the shortest hyphal 

length.  

 

Radial growth increased by at least 50% as temperatures rose from 15 °C to 35 °C (Figure 

2). At 6 DAI, the interaction between isolate and temperature was significant (P < 0.05) 

for radial growth. At 15 °C, growth was poor and there were no differences between 

isolates, however at 20 °C, the isolates separated into two groups. Isolates QS002-3, 

QS001-6, QS155, QS161 and QS171 had significantly greater growth compared to all 
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other isolates. As temperature increased, the differences in radial growth declined and 

were almost absent at 30 °C as the rate of increase in growth of these isolates decreased. 

The optimal temperature for all isolates was 30 °C, except for QS171 which had a broad 

temperature tolerance range between 20 °C and 35 °C. The greatest radial growth was 

recorded for isolate QS155 at 30 °C.  

 

Table 3-2 Percentage germination, hyphal length and days to sporulation for M. anisopliae isolates. 

Isolate % Germination 

mean (±SE) 

Hyphal length (mm) at 48 h 

mean (±SE) 

Days to sporulation 

mean (±SE) 

QD61 92.8 ± 4.0 c  ⃰ 0.315 ± 0.008 a ┼ 4 ± 0.2 b ◊ 

QD62 48.6 ± 7.4 a 0.435 ± 0.018 b 3 ± 0.2 b 

QD63 66.2 ± 4.9 b 0.347 ± 0.013 a 4 ± 0.0 b 

QD64 89.6 ± 2.2 c 0.478 ± 0.015 bc 4 ± 0.3 b 

QD66 66.0 ± 7.8 b 0.525 ± 0.007 c 2 ± 0.2 a 

QS001-6 97.4 ± 1.2 c 0.786 ± 0.013 e 2 ± 0.0 a 

QS002-3 93.0 ± 2.7 c 0.855 ± 0.022 f 3 ± 0.2 b 

QS155 94.6 ± 3.7 c 0.938 ± 0.042 g 3 ± 0.32 b 

QS161 92.8 ± 1.9 c 0.617 ± 0.009 d 3 ± 0.32 b 

QS171 90.6 ± 4.3 c 0.967 ± 0.035 g 3 ± 0.32 b 

⃰ Means with the same letter within the column do not differ significantly at P < 0.05 (ANOVA, LSD test, n = 
4).  

┼ Means with the same letter within the column do not differ significantly at P < 0.05 (ANOVA, LSD test, n 

= 3).  
◊ Means with the same letter within the column do not differ significantly at P < 0.05 (Nemenyi test, n = 4).  

 

 

At 12 DAI, the interaction between isolate and temperature was also significant (P < 

0.05). At 15 °C, growth continued to be poor and there were no differences between 

isolates. At 20 °C isolates QS002-3 and QS155 showed rapid growth and were 

significantly (P < 0.05) different to all other isolates. The poorest growth at 20 °C was 

observed in isolates QD66 and QD61. The majority of isolates showed optimal growth at 

30 °C with the exception of isolates QD66 and QS161, which showed a decline in growth. 
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The growth of all isolates decreased at the highest temperature with isolates QD66 and 

QS001-6 showing the least growth.  

 

 

 

Figure 3-2 The effect of temperature on radial growth (mm / day) of Metarhizium anisopliae isolates 

at (a) 6 DAI and (b) 12 DAI. The interaction between isolate and temperature was significant at both 

6 and 12 DAI (P < 0.05, REML). Values are the means of 4 replicates.  
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3.4.2 Molecular identification of Metarhizium isolates 

The dendrogram divided into two distinct clades (1 and 2) at a dissimilarity of 0.4744 

(Figure 3.3). The first clade contained the ITS sequences of the isolates in this study and 

two other isolates from northern and south-eastern Australia (M.a. 69 and KJ872681 

respectively). Isolates QS002-3 through to QD64 are identical (cluster 1). Clade 1 is made 

up of three additional clusters; isolates QD62 and QD66 show high similarity (cluster III) 

and isolate QS001-6 represents cluster IV alone. Cluster IV separates from the other 

clusters at a similarity of 0.1336. Clade 2 is represented by two large clusters (V and VI); 

these sequences show the lowest similarity to the ITS sequences of the isolates used in 

this investigation. Sequences FJ545306, FJ545286, FJ545302 and JQ889704 are of 

Chinese origin, EU307893 and HQ331464 are of Australian origin, FJ545314 and 

FJ545308 are of Laotian origin, EU307890 is of Canadian origin, KF766520 is of Indian 

origin and FJ545321 is of Dutch origin. 
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Figure 3-3 Dendrogram showing the relative genetic distances resulting from alignment of the 10 

tested experimental isolates of M. anisopliae, plus 13 additional isolates (GenBank data). 5.8S rDNA-

ITS sequences. The analyses were conducted using the UPGMA method in MEGA 6.0 (Tamura et 

al., 2013). 
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3.4.3 Single-concentration screening bioassay  

At 5 DAI, the effect of isolate on SPW mortality was significant (P < 0.05). Mortality 

ranged from 0% (isolate QD64) to 94% (QS001-6). However, the majority of isolates (8 

of 10) caused < 35% mean corrected mortality (Table 3.3). At 10 DAI the effect of isolate 

on SPW mortality was also significant (P < 0.05). With the exception of isolates QD64 

and QS161, which caused 54% and 80% mortality respectively, all other isolates caused 

≥ 98% mortality (Table 3).  

 

 

Table 3-3 Corrected mortality of adult SPW after inoculation (1 × 107 conidia / ml) with M. 

anisopliae isolates and incubation at 26 ± 1oC. DAI, days after inoculation.  n = 5 with 10 SPW (5 

males, 5 females) per replicate 

 

Isolate % corrected mortality (SE)  

 
5 DAI 10 DAI 

QD61 12 ± 5.8 b  ⃰ 98 ± 2.0 b ┼ 

QD62 22 ± 3.7 bc  100 ± 0.0 b 

QD63 14 ± 6.0 b  98 ± 2.0 b 

QD64 0 ± 0.0 a  54 ± 8.1 a 

QD66 34 ± 6.8 c  100 ± 0.0 b 

QS001-6 94 ± 6.0 e  100 ± 0.0 b 

QS002-3  12 ± 5.8 b  100 ± 0.0 b 

QS155 62 ± 7.4 d  100 ± 0.0 b 

QS161 18 ± 3.7 bc  80 ± 13.8 ab 

QS171 18 ± 3.7 bc  100 ± 0.0 b 

⃰ Means with the same letter within the column do not differ significantly at P < 0.05 (ANOVA, LSD test). 
┼ Means with the same letter within the column do not differ significantly at P < 0.05 (Nemenyi test). 
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3.4.4 Dose-mortality relationships 

In the dose-mortality bioassay, isolate QS155 had the lowest LC50 and LC90 values (1.7 

× 105 and 5.0 × 106 conidia / ml, respectively) and QS001-6 had the highest (2.4 × 107 and 

3.2 × 1011 conidia / ml, respectively). However, there were no significant differences 

between any of the isolates when pairwise comparisons were made (Table 3.4). 

 

Table 3-4 LC50 and LC90 values and associated 95% fiducial limits for M. anisopliae isolates tested 

against adult SPW. Mortality assessed 20 days after inoculation, incubation at 26 ± 1oC. n = 5 with 

10 SPW (5 males, 5 females) per replicate. 

 

Isolate LC50  

(conidia / ml ) 

95% fiducial limits LC90 

(conidia / ml) 

95% fiducial limits 

QD66 4.8 x 105 8.9 x 104 – 4.5 x 107 1.3 x 108 2.5 x 106 – 2.2 x 1014 

QS001-6 2.4 x 107 9.8 x 104 – 1.9 x 1013 3.2 x 1011 5.3 x105 – 2.0 x1026 

QS155 1.7 x 105 7.5 x104 – 5.2 x 105 5.0 x 106 1.2 x 106 – 1.3 x108 

 

3.5 Discussion and conclusion 

Metarhizium anisopliae has a worldwide distribution and has been recovered from a 

variety of soils (St. Leger et al., 1992). Previous work by several authors (Quesada-

Moraga et al., 2007; Vänninen, 1996; Vänninen I. et al., 2000) have shown the association 

between the abundance of M. anisopliae and crop cultivation. The M. anisopliae isolates 

tested here have been sourced from soils with a history of cultivation, and varied 

significantly in their germination, time to sporulation and response to temperature as 

determined in radial growth studies. These factors, however, did not always closely 

correlate with one another. Whilst some isolates showed high germination, fast hyphal 

growth and moderate to rapid sporulation (e.g. QS155, QS171, QS001-6), others showed 

(for example) high germination combined with slow hyphal growth and relatively slower 

sporulation (e.g. QD61). Characteristics such as fast growth rate and sporulation are 
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considered important for virulence and dispersal (Ekesi et al., 1999). Entomopathogenic 

fungi tolerate a wide range of temperatures up to 35 °C beyond which germination is 

reduced (Sun et al., 2003). Lomer et al.  (2001) reported growth and sporulation of M. 

anisopliae on locusts at 35°C. The isolates studied here exhibited slow growth at low 

temperatures (15°C), as did those studied by Arthurs and Thomas (2001a) and Yeo et al. 

(2003). Although entomopathogenic fungi tolerate varying temperature regimes, the 

optima for growth ranges between 20 and 30˚C, and temperature does influence virulence 

(Goettel et al., 2000). Our test isolates were sourced from tropical Queensland, Australia, 

and high temperatures (typically 30°C for most isolates) increased their radial growth, 

indicating these isolates are well adapted to the tropical conditions where they were 

originally found. Since SPW is primarily a problem for sweet potato production in 

tropical areas, M. anisopliae strains adapted to tropical climates are more likely to be 

effective control agents than those isolated from more temperate environments. However, 

if tropical isolates are used at lower temperatures, suboptimal germination and slow 

growth may lead to reduced efficacy, as demonstrated by Ekesi et al. (1999) who found 

reduced virulence of tropical M. anisopliae strains against thrips (Megalurothrips 

sjostedti) at 15˚C. For an insect pest of tropical origin like SPW with an optimum 

development temperature of between 27 and 30°C (Sutherland, 1986a), it is essential to 

select isolates of entomopathogenic fungi such as M. anisopliae for biological control 

purposes that thrive at the optimal temperatures for host development.  

The phylogenetic analysis of ITS sequences of isolates used in this study suggests that 

the isolates are relatively closely related. These isolates clustered more closely to M. 

anisopliae isolated from agricultural soils in Queensland and New South Wales, Australia 

(M.a. 69 and KJ872681, respectively) than to M. anisopliae isolated from China, Laos, 

India, Canada or the Netherlands. Further analysis using techniques such as AFLPs would 

better characterize the genetic relationships between geographically disparate isolates. 
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This technique had been reportedly used with reproducible results, distinguishing M. 

anisopliae var. anisopliae from other pathogenic fungal isolates (Inglis et al., 2008).  

The isolates screened had varying degrees of virulence to adult SPW. At 5 DAI, isolate 

QS001-6 exhibited high virulence (94% mortality) and isolate QS155 exhibited moderate 

virulence (62% mortality) at 107 conidia / ml. These isolates were obtained using 

mealworms as bait in soil samples obtained from abandoned lands and sweet potato fields, 

respectively. At 107 conidia / ml, other researchers were able to perform  initial 

pathogenicity screening of M. anisopliae isolates using varied modes of infection against 

a range of Coleoptera including C. puncticollis (Ondiaka et al., 2008) and larvae of the 

black vine weevil (Bruck, 2004). The data generated in this work demonstrates that this 

concentration is useful for screening and differentiating highly virulent from less virulent 

strains at 5 days after inoculation. Although different life stages of a target insect vary in 

susceptibility to entomopathogens  (Ekesi & Maniania, 2000), this study concentrated on 

the infection of the adult stage of SPW, as other life stages are spent within the storage 

roots of the host plant.  

In the dose-mortality bioassay isolate QS155 had the lowest LC50 and LC90 values 

followed by QD66 then QS001-6. However, there were no significant differences 

between isolates for the LC50 or LC90 values when pairwise comparisons were made, in 

part owing to the broad fiducial limits which reflect the relatively high variability between 

replicates. Our most virulent isolate, QS155, has  lower LC50 and LC90 values than the 

virulent M. anisopliae isolate tested and found effective against C. puncticollis by 

Ondiaka et al. (2008), although the LC values were generated using different application 

methods in the two studies, making direct comparisons problematic. The three isolates 

tested in the 20-day dose-mortality experiments showed a different order of activity 

against SPW than in the shorter term single-concentration screening assay. Five days after 

inoculation with 107 conidia / mL, QS001-6 produced the highest SPW mortality (Table 
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3), while in the 20-day experiment this isolate produced the lowest response (highest LC50 

and LC90 estimates, Table 4). Since the 20-day dose-response bioassays did not identify 

statistically significant differences between isolates, care must be taken in comparing the 

two experiments, however it should be noted that of the two isolates that showed high 

initial germination rates, QS001-6 had the fastest time to sporulation. This may account 

for the stronger response to this isolate in the shorter-term test. We believe that isolate 

QS155 has the greatest potential to be used as a biological control agent based on its fast 

growth rate, relatively rapid sporulation, high germination rate and high virulence. 

Effects of infection preceding mortality, such as reduced feeding, restlessness, and 

susceptibility to predators at lower Metarhizium dosages have been reported in studies on 

other coleopterans (Hajek et al., 2008), and should be evaluated in relation to the response 

of SPW adults to virulent Metarhizium isolates such as QS155. Additional information 

on the potential for horizontal transmission of M.anisopliae, and on the efficacy of 

conidial treatments under glassouse and field conditions is also required to determine 

whether isolate QS155 has the potential to provide effective SPW control in commercial 

and subsistence sweet potato production. 
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4.1 Abstract 

Sweet potato weevil, Cylas formicarius, is a major pest of sweet potato in Papua New 

Guinea. In this study the sub-lethal effects of a virulent strain of the entomopathogenic 

fungus Metarhizium anisopliae on adult C. formicarius were investigated under 

laboratory conditions. At 1.5 × 106 conidia/ml, female fecundity was significantly (P < 

0.01) reduced (66% to 68% relative to the controls) in treatments where females were 

infected directly and maintained in pairs with either infected or uninfected males, and by 

51% where initially uninfected females were caged with infected males. A significant (P 

< 0.01) increase in the proportion of eggs left fully or partially exposed outside the host 

plant tissue occurred in response to Metarhizium-infection of parent females, and these 

eggs did not hatch. The hatchability of eggs fully enclosed by host plant tissues was 

similarly and significantly (P < 0.05) reduced (16% to 23%) by exposure of females SPW 

to M. anisopliae; together these factors (reduced fecundity, increased egg exposure 

outside the host plant, and reduced emergence success from eggs within the host) led to 

a total decline in reproductive success of 69% to 80%. 

When groups of 20 SPW (10 males, 10 females) were held together for 12 days after 

either all males, all females, or both sexes were initially inoculated, clear evidence of 

horizontal transmission was obtained. In both males and females mortality by horizontal 

transmission was statistically equal to mortality levels where individuals of the same level 

had been directly infected. These mortalities were always significantly higher than in the 

untreated controls, and varied from 64% to 92%, with higher mortalities always occurring 

amongst females. Exposure to sporulating adult cadavers also caused significant (P < 

0.05) mortality to uninfected SPW adults, and M. anisopliae was recovered from weevils 

that died following exposure to infected cadavers. Increasing the number of male SPW 

inoculated and placed in 1:1 ratio mixed-gender samples led to progressive increases in 
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overall mortality, culminating with 85% total mortality when all males (50% of the 

sample) had been inoculated initially. 

These results demonstrate that at a conidial concentration well below that required for 

optimum short to medium term mortality, Metarhizium anisopliae strain QS155 adversely 

affects reproductive and behavioural traits in adult C. formicarius, and both cadavers and 

infected individuals can be sources of inoculant for chain infection. 

 

Keywords: Sweet potato, Cylas formicarius, Metarhizium anisopliae, fecundity, 

horizontal transmission  

 

4.2 Introduction 

Sweet potato, Ipomoea batatas L., is the main source of dietary carbohydrate for 80% of 

Papua New Guinea’s (PNG) population, and farmers use minimal inputs in its production. 

The industry is worth US$500 million annually, however production is often adversely 

affected by the sweet potato weevil (SPW), Cylas formicarius (F). Adults feed on the 

stem and crown, and feeding injuries disrupt translocation of nutrients and water. Yield 

losses of up to 50% through direct feeding and secondary infection can occur (Kirchhoff 

et al., 2009). Infestations peak in the dry season, as the adults can directly access the 

storage roots through soil cracks, rarely feeding on the vines and foliage under these 

conditions (Kirchhoff et al., 2009; Sutherland, 1986b). Oviposition can occur in the 

storage roots, where females excavate tunnels into which single eggs are laid, or in the 

crown, from where  the larvae burrow their way down into the roots (Sutherland, 1986b). 

Management options are confined to cultural practices such as crop rotation, selection of 

deep-rooted varieties, planting clean and un-infested vines, and the destruction of old 

vines. These approaches provide some level of control, but substantial damage still occurs 

(Kirchhoff et al., 2009). 
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Since C. formicarius spends most of its lifecycle underground, and is also nocturnal, the 

use of synthetic insecticides for its control is problematic. Further, there is limited 

expertise available in relation to the safe use of insecticides against both this pest and 

other vegetable pests in PNG, which may lead to health risks for farmers and potentially 

the rapid development of pesticide resistance (Saucke et al., 2000). The use of 

entomopathogenic fungi such as Beauveria bassiana and Metarhizium anisopliae as 

biological control agents is a potential option for managing SPW (Dotaona et al., 2015; 

Ondiaka et al., 2008; Rana & Villacarlos, 1991; Villacarlos & Granados-Polo, 1989a), as 

the fungal infections result in high mortality under both laboratory and field conditions. 

Although the acute effect of M. anisopliae infection is premature death of the host, at 

suboptimal conidial doses mortality may be delayed, sometimes even to the point where 

host death occurs due to other factors rather than in response to the infection itself. Even 

if infection by entomopathogens does not shorten the duration of the adult stage of an 

insect, it may lead to behavioural and reproductive change that can reduce the overall 

impact of the pest on crop yield and quality (Roy et al., 2006). For example, M. 

anisopliae-treated females of the red palm weevil, Rhynchophorus ferrugineus, and the 

Asian longhorned beetle, Anoplophora glabripennis, oviposited fewer eggs than 

untreated females (Gindin et al., 2006; Hajek et al., 2008). Furthermore, eggs oviposited 

by treated female  R. ferrugineus had lower hatchability compared to those from untreated 

females (Gindin et al., 2006).  In a previous study (Dotaona et al., 2015) reduced SPW 

mortality was recorded from low spore concentrations of each of three highly virulent 

isolates tested against SPW. Further, infected adult weevils lived longer than were 

initially expected. It is hypothesized that M. anisopliae infection may have pre-lethal 

and/or chronic effects at low spore concentrations that may play a significant role in 

determining its overall impact on SPW populations. 
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The ability of infected insects to disseminate spores to healthy individuals is an important 

factor for disease epizootics, and consequently for the better management of the target 

pest in biological control programs (Avery et al., 2010). The horizontal transmission of 

M. anisopliae conidia from infected to healthy individuals has been demonstrated in 

Diptera, Hemiptera, Blattodea, Coleoptera, and also in parasitic mites (Brooks & Wall, 

2005; Dimbi et al., 2013; Peng et al., 2011; Quesada-Moraga et al., 2004) leading to high 

levels of population mortality. There are no published data on the horizontal transmission 

of entomopathogens by C. formicarius, and in this study we investigated the effects of 

low conidial concentrations of a virulent strain of M. anisopliae (QS155) on fecundity, 

egg hatchability and survival of C. formicarius. We also examined the capacity for 

horizontal transmission of infective conidia by adults of this species. 

 

4.3 Materials and methods 

4.3.1 Insect rearing 

Adult C. formicarius were derived from a laboratory colony reared at 25 ± 2 °C, 12:12 

L:D, 65 ± 5% R.H. The insects were fed on storage roots of a local sweet potato cultivar, 

‘Beauregard Gold’ in plastic containers (30cm × 20cm × 10cm). The centres of the lids 

were cut open and cheese cloth spread over the top to allow gas exchange when the lid 

was fastened. After oviposition the infested storage roots were placed in separate plastic 

containers and maintained under the same conditions. Adult weevils that emerged were 

sexed using antennal morphology (Sutherland, 1986a) and separated into new plastic 

containers. One to two-week old unmated adults were used in all experiments. 
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4.3.2 Fungal isolate and preparation 

Strain QS155 of M. anisopliae was isolated in 2011 by insect baiting from soil used for 

the cultivation of sweet potato in Queensland, Australia (Mapuru, S12.25263°; 

E135.473701°). A reference culture of this strain was deposited at the NSW Department 

of Primary Industries Plant Pathology Herbarium, NSW, Australia with the accession 

number DAR 82480. This strain has high percentage germination and is highly virulent 

to adult C. formicarius causing 62% mortality 5 days after inoculation (DAI) with a 

suspension containing 107 conidia / ml (Dotaona et al., 2015). Sporulated cultures on 

Sabouraud dextrose agar with yeast (SDAY) plates were flooded with distilled water 

containing 0.05% Tween® 80 (polyethylene glycol sorbitan monooleate, Sigma-Aldrich, 

St Louis, USA). The suspension was poured into a 50 ml plastic vial and the conidial 

concentration was determined with an improved Neubauer haemocytometer. The 

concentration was then adjusted to 1.5 × 106 conidia / ml by serial dilution. This 

concentration was chosen as it caused significant mortality at 12 days post-inoculation in 

a previous screening (Dotaona, unpublished data). Additionally, the 107 conidia / ml was 

not used in these bioassays as this concentration caused significant mortality within 5 

days for the most virulent isolates in the preceding study (Dotaona et al., 2015). Prior to 

the bioassays, conidial viability and germination were determined after spread plating 25 

µl of the suspension and placing it in the dark for 18 h at 25 °C. 

 

4.3.3 Experiment 1. Effects of M. anisopliae on fecundity, oviposition and egg 

viability – paired weevils 

This experiment was conducted twice using four replicated treatments.  The treatments 

were; IFIM, inoculated females and males; IFFM, inoculated females and fungus-free 

males; FFIM, fungus-free females and inoculated males; and fungus-free females and 
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males (controls). Weevils were exposed using the dipping method (Ansari & Butt, 

2012b). For each of the first three treatments, the required numbers of male and female 

SPW were dipped into the conidial suspension described previously for 10-12 seconds. 

Weevils designated as untreated in the IFFM and FFIM pairs, and those in the controls, 

were dipped for 10-12 seconds in distilled water containing 0.05% Tween 80® solution 

without conidia. The treated weevils were removed using sterile tweezers and placed as 

male/female pairs in clear plastic containers (10 cm diameter, 15 cm height). Five pairs 

of weevils were prepared for each of the four treatments in each of the two repeat 

experiments, giving 40 pairs of weevils in total. Within each repeat experiment replicates 

were arranged using a completely randomised block design. 

 

Fifty grams of diced sweet potato tuber was added to each of the 40 containers as a food 

source and oviposition medium for each pair of weevils. Each container was covered with 

cheese cloth fastened with a rubber band and maintained at 25 ± 2 °C, 12L: 12D, 65 ± 

5% R.H. The diced tuber was changed every 2 days for a period of 10 days, and the 

removed tubers were examined for eggs under a dissecting microscope. The oviposition 

sites were noted as “exposed” (egg partly or fully exposed on the surface) or “covered” 

(eggs fully covered and sealed with fecal plug by the female weevils). Female feeding 

and oviposition sites are readily distinguishable under a dissecting microscope: the 

feeding site is left open, whereas the oviposition sites are excavated and then covered 

with dark faecal matter after the egg is laid in the cavity. In a preliminary study, 

oviposition sites were found to contain only a single egg; therefore, each oviposition site 

was counted as containing one egg. The exposed eggs were gently transferred into 90 mm 

Petri plates with a fine camel-hair brush and incubated in darkness under the conditions 

described previously.  Plates of exposed eggs were checked daily for 4 days under a 

dissecting microscope for larval emergence. For “covered” eggs, tubers were incubated 
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at 25 °C for 20 days to ensure all larvae had hatched from viable eggs and were large 

enough to be readily located. Periderms of the tubers were gently cut and peeled back 

with a scalpel blade and larval numbers counted. Hatchability of fully covered eggs was 

defined as the percentage of live larvae recovered from the tubers in terms of the number 

of covered oviposition sites.  

 

4.4 Experiment 2. Horizontal transmission of M. anisopliae conidia 

4.4.1 SPW and fungal cultures 

Adults were removed from rearing cages 6 h after emerging from tubers and prior to 

mating taking place. Weevils were transferred into two clean cages (one for each sex) and 

fed with sweet potato tubers for 2 weeks, with tubers replaced with fresh ones every 4 

days. Five 16-mm diameter cores were removed from a 3 week old SDAY cultured plates 

of M. anisopliae strain QS155 and vortexed in 0.05% v/v Tween®80 for 4-5 min to 

dislodge the conidia. Spore counts from the resulting suspension were used to quantify 

the density of conidia on the culture surface in terms of conidia / cm2. Conidial viability 

was determined by spread-plating 100 µl of the suspension after adjustment to 107 conidia 

/ ml. Viability was corrected as described by (Peng et al., 2011). 

 

4.4.2 Conidia transmission between male and female C. formicarius 

To evaluate the transfer of conidia from infected to fungus-free individuals, we used the 

same treatments as in Experiment 1, although with a different inoculation technique and 

groups of 20 weevils rather than male/female pairs. Four treatment groups (IFIM, 

inoculated females and males; IFFM, inoculated females and fungus-free males; FFIM, 

fungus-free females and inoculated males; and controls, fungus-free females and males) 
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were used. Male and female SPW were inoculated with the abdomen held above and in 

contact with the 16-mm diameter core (3.1 ± 0.04 × 108 conidia / cm2) for 30 s. 

Immediately after inoculation 10 male and 10 female weevils (inoculated or uninoculated, 

as appropriate) were transferred into a clean Petri plate (90 mm). The weevils were left 

for 6 h to allow mating to occur, and then the males and females in each group were 

separated from each other and placed in two clean plastic containers (10 cm diameter, 15 

cm height). Freshly diced sweet potato was replaced every 2 days and mortality recorded 

daily for 12 days. Each replicate consisted of 80 weevils (4 groups of 20) and all 

treatments were replicated five times in a randomised complete block design. 

 

4.4.3 Experiment 3. Conidial transmission from a cadaver to fungus-free adults 

To investigate whether or not conidia are transferred from a cadaver, a week-old mycosed 

dead adult SPW was placed at the centre of a plastic container (10 cm diameter, 15 cm 

height). Ten mixed sex adults were then added and 50 g of diced sweet potato tuber was 

added to the container as a food source and replaced every four days. The container was 

covered with cheese cloth fastened with a rubber band and maintained at 25 ± 2 °C, 12L: 

12D, 65 ± 5% RH The cadaver was not removed until the end of the experiment. No 

cadaver was placed in the control. Each treatment was replicated four times and the 

experiment was run twice on different dates using a randomised complete block design. 

Cumulative mortality was recorded daily for 12 days. Dead weevils from each treatment 

were individually placed in a 90 mm Petri plate containing moistened filter paper and 

incubated in the dark at 25 °C. The number of mycosed weevils was recorded. 

4.4.4 Experiment 4. Conidial transmission from inoculation of different male 

ratios 
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To investigate whether or not the proportion of males inoculated affects the transfer of 

conidia through mating or contact, groups of 20 SPW (10 male, 10 female) were used. 

Either 0 (control), 1, 2, 5, or all 10 of the males were inoculated using abdominal contact 

with culture cores (5.46 ± 1.6 × 108 conidia / cm2) as described previously and released 

into plastic containers (10 cm diameter, 15 cm height). Fungus-free females (10) were 

added into the same container. Fifty g of freshly diced sweet potato was provided and 

replaced every two days. Each treatment was replicated five times and was arranged using 

a randomised complete block design. All treatments were incubated at 25 ± 2 °C, 12L: 

12D, 65 ± 5% RH and mortality recorded daily for 12 days. Dead weevils were removed 

with tweezers and placed individually in 90 mm Petri plates with moistened Whatman 

filter paper. Plates were sealed and left in the dark at 25 °C for mycosis.  

 

4.4.5 Statistical analyses 

4.4.5.1 Experiment 1. Effects on fecundity, oviposition and egg viability – paired 

weevils 

Data for female egg production were log-transformed in order to reduce variance 

heterogeneity, whilst percentage data (proportion and hatching rates of eggs enclosed or 

‘covered’ in host-plant tissue) were inverse-sine transformed prior to multifactor 

ANOVA examining treatment, block, and repeat experiment effects and their pairwise 

interactions. Where treatment effects were significant (P < 0.05), LSD tests were used to 

separate means at either P < 0.05 or P < 0.01, depending on the corresponding ANOVA 

results. 
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4.4.5.2 Experiment 2. Horizontal transmission of M. anisopliae conidia  

Cumulative total mortality data at 12 days-post-inoculation were calculated as 

percentages and inverse-sine transformed before two-way ANOVA examining treatment 

and block effects. Where treatment effects were significant (P < 0.05), LSD tests were 

used to separate means. Male and female mortalities were also calculated separately and 

analysed using the same procedure. 

 

4.4.5.3 Experiment 3. Conidial transmission from a cadaver to fungus-free 

adults 

Cumulative total mortalities 12 days after exposure to the cadavers were calculated as 

percentages and inverse-sine transformed prior to multifactor ANOVA examining 

treatment, block, and repeat experiment effects and their pair wise interactions. 

 

4.4.5.4 Experiment 4. Conidial transmission from inoculation of different male 

ratios 

Cumulative total mortality data at 12 days-post-inoculation were calculated as 

percentages and inverse-sine transformed before two-way ANOVA examining treatment 

and block effects. Where treatment effects were significant (P < 0.05), LSD tests were 

used to separate means. 
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4.5 Results 

4.5.1 Experiment 1. Effects on fecundity, oviposition and egg viability – paired 

weevils 

Table 4.1 shows the effects of M. anisopliae infection on female fecundity, egg enclosure 

within oviposition tunnels, and larval emergence of C. formicarius from enclosed eggs. 

Ninety percent of females in the control survived to the end of the 10 day oviposition 

period. At the test concentration females exposed to the fungus produced significantly 

fewer (P < 0.01) eggs than uninoculated females. The reductions were similar regardless 

of whether females, males, or both sexes within each pair of SPW were initially 

inoculated. No other factors (repeat experiment, block or interactions) were significant (P 

> 0.05). Between 20% and 27% of eggs laid by infected females were partially or fully 

exposed on the host plant, compared to only 3% in the control. Exposed eggs from 

inoculated and uninoculated females failed to hatch and no sign of M. anisopliae infection 

and growth was observed on the eggs under microscopy.  As with total fecundity, the 

percent eggs oviposited and fully enclosed in host plant tissue for all treatments involving 

infected individuals were significantly (P < 0.01) different from the control but were not 

different from each other, and no other factors (repeat experiment, block or interactions) 

were significant (P > 0.05). 

 

Exposure to M. anisopliae infection in one or both parents reduced the hatchability of 

those eggs that were fully enclosed within the host plant (P < 0.05).  Again, all treatments 

involving infected individuals were significantly (P < 0.05) different from the control but 

were not different from each other, and other factors were not significant (P > 0.05). 

Taken together, reduced fecundity, increased numbers of eggs left exposed outside the 
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host plant tissue, and the reduced hatchability of fully enclosed eggs contributed to overall 

declines in reproductive output of between 69 and 80%. 

 

Table 4-1 Effects of infection by M. anisopliae strain QS155 on the fecundity of female C. formicarius 

in the first 10 days post-inoculation, on egg enclosure within the host plant, and on larval emergence 

from fully enclosed eggs 20 days post-oviposition. 
 

Treatment Eggs oviposited per 
female (±SE) 

% eggs enclosed 

in host plant (±SE) 

% larval emergence 

from enclosed eggs 

(±SE) 

IFFM 22.7 ± 3.9 a** 80.0 ± 1.7 a** 73.1 ± 6.7a* 

FFIM 32.1 ± 4.3 a 73.0 ± 1.8 a 80.0 ± 5.9a 

IFIM 21.2 ± 1.0 a 75.5 ± 2.2 a 77.1 ± 4.2a 

Control 65.9 ± 5.0   b 97.4 ± 3.3   b 95.2 ± 1.5  b 

 

Infected females with fungus-free males (IFFM), fungus-free females with infected males (FFIM) and 

infected pairs (IFIM). 

**, * Means with different letters within the same column differ significantly (ANOVA, LSD test; ** P < 

0.01, * P < 0.05). 

 

4.5.2 Experiment 2. Horizontal transmission of M. anisopliae conidia  

Percent mortality (Table 4.2) was significantly (P < 0.01) higher where one or both 

parents had been exposed to M. anisopliae. All treatments had significantly higher 

mortality than in the controls, but were not statistically different from each other (P > 

0.05). This pattern was consistent for total, male, and female mortality. Block effects were 

not significant (P > 0.05). 

 

Table 4-2 Effects of abdominal inoculation of M. anisopliae strain QS155 on the mortality of C. 

formicarius at 12 days post-inoculation. 20 SPW adults (10 male, 10 female) per container. Treatment 

abbreviations as for Table 4.1. 
 

Source of 

variation 

% Total Mortality 

(± SE) 

% Female Mortality (± 

SE) 

% Male Mortality 

(± SE) 

IFIM 75 ± 5.5 a* 86 ± 6.8 a* 64 ± 5.1 a* 

IFFM 84 ± 2.4 a 92 ± 3.7 a 76 ± 6.8 a 
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FFIM 76 ± 5.3 a 82 ± 3.7 a 70 ± 7.7 a 

Control 12 ± 4.9 b 16 ± 10.3 b 14 ± 4.0 b 

 

 * Means with the same letter within a column do not differ significantly at P < 0.01 (ANOVA, LSD test). 

 

4.5.3 Experiment 3. Conidial transmission from cadaver to fungus-free adults  

The presence of a Metarhizium-infected cadaver in the treatments led to a significant (P 

< 0.05) increase in mortality compared to the controls where cadavers were absent. Deaths 

recorded in the presence of a cadaver averaged 63% compared to the control with 11.5% 

mortality. Other factors in the analysis were not significant (P > 0.05). Sporulation 

occurred from all dead weevils that were exposed to cadaver, whilst no sporulation 

developed on dead weevils from the controls. 

 

4.5.4 Experiment 4. Conidial transmission from inoculation of different male 

ratios 

Weevil mortality (Figure 4.1) was significantly higher in all treatments other than in the 

control after 12 days exposure. When all males were inoculated total mortality was more 

than 81%.  Lower ratios of infected males produced lower levels of overall SPW 

mortality. 
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Figure 4-1 Percent mortality of C. formicarius subjected to different ratios of infected males at 12 

days post-inoculation. Means with the same letter do not differ significantly at P < 0.01 (ANOVA, 

LSD test). 

 

4.6 Discussion 

This study is the first report of sub-lethal effects of M. anisopliae on C. formicarius. 

Fecundity decreased when females were exposed to M. anisopliae, both when directly 

inoculated or when exposed to inoculated males. A decline in egg production and 

exposure of eggs by infected females led to low numbers of larvae hatching, and 

interestingly those eggs that were fully enclosed in the host plant had significantly lower 

hatchability when one or both parents had been exposed to M. anisopliae, despite the fact 

that those eggs showed no signs of mycosis themselves. This suggests that parental 

infection by M. anisopliae may affect not only oviposition behaviour, but potentially 

other contributors to reproductive success such as fertilisation, and that this may occur 

without the fungus itself being transmitted to the egg. 
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In contrast to our study, Rana and Villacarlos (1991) reported that SPW fecundity was 

unaffected by the presence of infected males, and was only affected by the premature 

death of females caused by direct inoculation. This may have been a consequence of 

higher conidial concentrations causing a more rapid acute response in female SPW 

following infection, however comparisons are not easily drawn because in our study 

survival was only monitored for 12 days post-infection, and a valid comparison would 

require monitoring fecundity through to the death of all the female weevils. 

 

The  decline in fecundity and egg oviposition anomalies found in our study are similar to 

those reported in C. puncticollis by (Ondiaka et al., 2008).  Corresponding sub-lethal 

effects of M. anisopliae reducing egg oviposition have also been reported in June beetles 

(Hoplia philanthus) and emerald ash borers (Agrilus planiplennis) (Ansari et al., 2004; 

Daniel & Wyss, 2009), as well as in the western corn rootworm (Diabrotica vigifera 

vigifera) infected with B. bassiana (Mulock & Chandler, 2001).  

 

C. formicarius females normally cover their oviposition holes with a faecal plug 

(Sutherland, 1986a). Oviposition sites can be easily distinguished under the microscope 

from feeding sites. The presence of fecal plug and dark matter on the surface is an 

indicator of an oviposition site. Desiccation of fecal plug forms a shallow depression (< 

1 mm depth) which can be gently removed with a needle to search for eggs.  On the other 

hand, the feeding site is visibly clean and is much more than a deeper than an oviposition 

site. However, infection by M. anisopliae appears to affect the ovipositional behaviour, 

with infected females leaving more eggs partially covered with fecal plug or fully 

exposed. To our knowledge, this response has not been reported in other species infected 

with entomopathogenic fungi. As none of the exposed eggs hatched, possibly due to 
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desiccation, this is a potential additional benefit to using M. anisopliae as a control agent 

for SPW. Even if females survive the treatment due to exposure to sub-lethal 

concentrations of conidia, population growth may be reduced due to lowered fecundity, 

exposure of eggs to desiccation, and reduced survival of eggs fully enclosed in the host  

plant. Together these effects led to total declines in reproductive output of 78% to 80% 

where females were directly infected, and of 69% where only the males were initially 

infected. 

 

Horizontal transmission of conidia from infected to healthy individuals of the target 

species is vital for many microbial pest control, as it allows repeat applications of the 

pathogen to be minimised or potentially eliminated. Cadavers or infected individuals 

become a source of inocula for secondary infections, and thus help sustain control over a 

longer period. This study demonstrated that the transmission of conidia from a sporulating 

cadaver causes high mortality to SPW adults that are exposed. This has also been 

demonstrated in the German cockroach (Quesada-Moraga et al., 2004), where the 

transmission of M. anisopliae conidia from a sporulating cadaver to fungus-free 

individuals resulted in 87.5% mortality within 16 days. In our study 63% SPW mortality 

occurred after 12 days exposure. It is highly probable that spread of the fungus occurred 

by chain transmission between individuals through aggregation and mating, and perhaps 

grooming as is commonly observed in weevils exposed to M. anisopliae. A similar mode 

of chain transmission has been reported in fruit flies (Dimbi et al., 2013). Evidence for 

this in SPW was obtained in experiment 4, where different numbers of males were 

inoculated and added to fungus-free males and females. As a greater proportion of males 

were inoculated and released, overall mortality increased and exceeded 50% of the sample 

when 25% of the sample (50% of the males alone) was initially inoculated. This increased 

to 85% of the sample when all males were inoculated, representing at a minimum 70% 
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average mortality in the female population. Additional evidence for horizontal 

transmission between live SPW was obtained from experiment 2, where female mortality 

was statistically equivalent regardless of whether females were directly inoculated or 

released to inoculated males. Similar results were reported by Kreutz et al. (2004) on 

spruce bark beetle (Ips typographus) infected with B. bassiana. (Peng et al., 2011) 

demonstrated that donor and recipient A. glabripennis differed in conidial loads. The 

conidial loads on SPW were not investigated in our study, however the results from our 

study show that low concentrations of conidia have adverse effects on SPW reproduction 

which will affect population densities in the following generation.  
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5.1 Abstract 

The entomopathgenic fungus Metarhizium anisopliae has a wide range of coleopteran 

hosts, including many species of weevils. Susceptible insects are known to modify their 

behaviour to prevent infections, typically detecting virulent strains by olfaction and 

avoiding physical contact with sources of infection. Laboratory olfactometer assays were 

conducted on the sweet potato weevil Cylas formicarius to evaluate its behaviour in the 

presence of M. anisopliae. When adult weevils were allowed to choose between paired 

test arenas releasing different stimuli from fungal cultures on agar cores, the weevils 

avoided the highly virulent isolate QS155, showing a clear preference for either 

uninoculated agar cores without fungi or cultures of the less virulent strain QS002-3. The 

low virulence strain was not repellent in comparisons with uninoculated agar cores. When 

tubers or whole sweet potato plants were inoculated with spore suspensions, the 

preferences of weevils remained the same; weevils were not repelled by QS002-3 (Ptubers 

= 0.34, Pplants = 0.638), however QS155 was repellent when tested both against QS002-3 

and uninoculated tubers or plants.  When single-sex groups of weevils were tested in the 

olfactometer using uninoculated tubers and tubers treated with isolate QS155, statistically 

identical preferences for the untreated tubers were found in males and females. When 

weevils of either sex were released singly at different times, weevils responded shortly 

after release in the later hours of the day (13:00 – 18:00) but took longer when released 

early in the day. No significant differences were observed when the responses of both 

sexes were compared at release in the early hours (09:00 – 11:00) (P = 0.487) of the day. 

In the later hours of the day, the movement of males to the uninoculated plant was as short 

as 3.75 h, and significantly faster than that of females (P = 0.039). Understanding factors 

that may lead to avoidance of virulent M. anisopliae strains by C. formicarius will be an 

essential part of developing an ‘attract-and-infect’ strategy in its management.    
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Keywords: Cylas formicarius, Metarhizium anisopliae, virulence, sweet potato, olfaction, 

behaviour, avoidance. 

 

5.2 Introduction 

The sweet potato weevil (SPW), Cylas formicarius, is an important pest of sweet potato 

(Ipomoea batatas L.) in Papua New Guinea (PNG) (Sar, 2006).  The adult female 

oviposits single eggs into tunnels excavated into tubers or vine crowns and blocks the 

tunnels with  faecal plugs (Sutherland, 1986a). Upon hatching the larvae feed and tunnel 

into the tuber, and remain within the tuber for 20-30 days before pupation.  The 

production of furanoterpenoids from larval tunnels leads to bad odours, making the tubers 

inedible (Ray & Ravi, 2005). Since sweet potato is cultivated continuously in PNG, 

suitable host plants are always available. High levels of tuber damage are particularly 

evident in dry periods, when cracks in the soil expose the tubers (Sutherland, 1986b). In 

PNG most sweet potato is grown in the highlands, with large quantities transported to the 

lowlands for sale at markets. Growers employ cultural methods to minimise SPW 

infestations, including selection of deep-rooted varieties, use of weevil-free planting 

material, and crop rotations. Growers have few other options for managing the pest, as 

much of its life cycle occurs within the plant tissues, making chemical control particularly 

problematic. This has led to a search for additional ecologically friendly management 

procedures to contain the pest below threshold levels, and the development of pathogens 

for the control of SPW is seen as an area with particular potential. 

 

The entomopathogenic fungus Metarhizium anisopliae (Metsch.) Sorokin has been used 

successfully on soil-inhabiting insects such as SPW, its congener C. puncticollis (Dotaona 

et al., 2015; Ondiaka et al., 2008; Rana & Villacarlos, 1991; Reddy , Zhao , et al., 2014),  
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and other coleopteran pests (Hajek et al., 2008; Nielsen et al., 2006). Some strains of this 

fungus have been developed as biological pesticides and registered to control various 

agricultural pests (de Faria & Wraight, 2007). Metarhizium may be particularly useful for 

SPW control in PNG, where the high humidity may favour fungal survival and enhance 

infectivity, and this has led us to conduct further work examining the behavioural 

responses of SPW to M. anisopliae. 

 

Insects respond to modifications of their micro-environment that can be either beneficial 

or harmful to their survival and fitness, such as the presence of insecticides, and also 

entomopathogenic fungi. Host-pathogen interactions are regarded as a co-evolutionary 

arms race for the sole purpose of survival (Roy et al., 2006). Although insects are 

susceptible to entomopathogenic fungi when in contact with infective spores (Rath , 

Worledge , et al., 1995), some arthropods have co-evolved a number of behaviours to 

limit infection, such as self-grooming, detection and avoidance, or alarm behaviours to 

deter other individuals from being exposed to nearby sources of infection. Alternatively, 

some insects may survive infection if they respond with strategies such as ‘behavioural 

fever’ (Blanford et al., 1998; Meyling & Pell, 2006; Yanagawa et al., 2008). Both female 

and male Coccinella septempunctata (Coleoptera: Coccinellidae) have been reported to 

avoid spores of Beauveria bassiana (Ormond et al., 2011). When exposed to leaf surfaces 

bearing B. bassiana spores and mycosed cadavers of conspecifics, the lady bird beetles 

avoided contact with both. (Villani et al., 1994) investigated Popillia japonica 

(Coleoptera: Scarabaeidae) on turf grass and observed that adults and larvae avoided sites 

with high concentrations of M. anisopliae mycelia. Introduction of Agriotes obscurus 

(Coleoptera: Elateridae) into M. anisopliae-contaminated soil led to the beetles displaying 

avoidance behaviour (Kabaluk & Ericsson, 2007a). More recently, (Mburu et al., 2009) 

reported Macrotermes michaelseni (Isoptera: Termitidae) avoiding a virulent M. 
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anisopliae isolate. In contrast, other studies have reported a lack of avoidance response 

in some species of insects when confronted with the presence of lethal fungal pathogens 

(Elzein et al., 2004; Kalsbeek et al., 2001; Lord, 2001). In a previous laboratory study, a 

M. anisopliae isolate (QS155) was shown to cause high mortality to adult SPW (Dotaona 

et al., 2015). However, anecdotal evidence suggests that SPW may display avoidance 

behaviour when exposed to sweet potato tubers inoculated with dry spores or spore 

suspensions of M. anisopliae. 

In this study, we investigated whether or not SPW responds to the presence of 

Metarhizium, both on agar cultures and on sweet potato tubers and plants. Differences in 

response to high and low virulence isolates were also evaluated. The results of this study 

will further improve our understanding of how best to utilise M. anisopliae for SPW 

control under field conditions. 

 

5.3 Materials and methods 

5.3.1 Two-choice olfactometer construction 

A two-choice olfactometer was constructed out of two 140-mm diameter black 

polyethylene pots as arenas. A 10-mm diameter hole was drilled (15 mm from top edge 

of the polyethylene pot) to facilitate volatiles exit from the arenas and possible weevil 

entry. Black masking tape was used to firmly connect and seal each end of the clear vinyl 

tubing (110 mm length × 8 mm diameter) to the holes in the pots. A hole was then cut at 

the midpoint of the tubing and a 20 mm section of tubing was inserted to form the stem 

of a T-junction. A  50 ml Falcon plastic centrifuge tube was then cut 10 mm from its tip 

to leave an opening (8 mm in diameter), and fitted into the 20-mm tubing to act as a 

‘release tube’ (Figure 5.1). To create a steady airflow for volatiles from the arenas into 

the T-shaped tubing, a Rena 301 aquarium pump (Rena Aquatic Supply, Charlotte, NC) 
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was used. A 50 cm length of 7 mm diameter PVC tubing was fitted to the pump outlet, 

with a ‘T’ type plastic connector fitted at the other end. Two 5 mm diameter tubes were 

fitted onto the ‘T’ connector, one leading to each arena. A 5 mm hole was drilled on the 

side (right-angled to the hole for weevil entry) of each arena to fit the air inlet tubes, 

which were sealed in place with black masking tape.  

 

 
 
Figure 5-1 Olfactometer apparatus used for assessing behavioural responses of sweet potato weevil. 

A Rena aquarium pump at the right has 7mm tubings attached to the side of each arena, to allow 

airflow for possible volatiles from either of the arenas to reach the ‘release tube’. Clear plastic bags 

are fastened with rubber bands to prevent volatiles exit. Weevil leaves the ‘release tube’ and walks 

towards the T-junction before heading to either of the arenas (Photo by R. Dotaona). 

 

5.3.2 Fungus and spore preparation  

Two isolates identified as M. anisopliae and sourced from Queensland, Australia were 

used in this study. In a previous study, isolate QS155 (deposited in NSW Department of 

Primary Industries Herbarium, Orange, NSW Australia as accession DAR 82480) caused 

high mortality of adult SPW. The other isolate QS002-3 has low virulence to adult SPW 
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(Dotaona et al., 2015). This isolate was used here specifically to determine whether the 

behavioural response of SPW varies between low and high-virulence isolates. Fungal 

spores were cultured on Sabouraud dextrose agar with yeast extract (SDAY) in 90-mm 

diameter Petri plates. Three-week old sporulating cultures were used in this study for 

producing plugs/cores and spore suspensions. Culture plates were flooded with 10 mL of 

aqueous 0.05% v/v Tween 80® and the resulting spore suspension was poured into two 

100 ml Falcon tubes. Spore concentrations were determined using an improved Neubauer 

haemocytometer and adjusted by dilution to 3.5 × 108 conidia/ ml. The spore suspension 

from each isolate was poured into a 100 ml Nalgene® aerosol spray bottle (Thermo 

Scientific Nalgene), with an outlet volume of ~ 0.36 ± 0.05 ml/s (equates to ca. 1.0 × 108 

– 1.5 × 108 spores / s). Three fresh SDAY plates were spread plated with 25 µL of each 

isolate and incubated in the dark to determine germination rates at 24 h. Average 

germination rate in isolates QS002-3 and QS155 were 92 ± 1.5% and 87 ± 1%, 

respectively.     

 

5.3.3 Insects and plants 

SPW were maintained in the laboratory [26 ± 4˚C, 60 % R.H., 12L:12D photoperiod] and 

provided with tubers of the yellow-fleshed sweet potato variety ‘Beauregard Gold’ as 

food and for oviposition. Newly emerged adults were sexed using antennal morphology 

(Sutherland, 1986a) and separated one day post-emergence. Only 3-week old unmated 

adults were used in this study. Insects were starved 24 h prior to all experiments.  

‘Beauregard Gold’ tubers were purchased from a local supermarket. Sweet potato plants 

were raised by burying tubers in a potting mix until they reached the vegetative stage in 

the glasshouse [28 ± 3 °C, 50-60% RH]. Shoots from the tubers (~10 cm in length) with 

1 – 2 fully developed leaves were slitted and raised in polyethylene trays with potting mix 
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to rooting at 2 – 3 weeks then transplanted into modified 140-mm black poly pots with 

heat pasteurized [90 °C for 3 h] sandy loam soil. The depth of soil was 3 – 5 mm below 

the hole drilled for fitting the olfactometer tubing. Plants were allowed to grow for a 

further month before use in the experiments.   

 

5.3.4 Olfactometer validation 

 To determine whether or not the olfactometer was reliable, a sweet potato tuber was 

placed in one arena only and sealed. Starved adult SPW (20 individuals, mixed sexes) 

were released into the T-shaped olfactometer.  Airflow was maintained to the unit for 30 

minutes and the final distribution of adults was recorded after 24 h. Six replications were 

conducted in each of 3 separate repeat experiments using new groups of weevils for each 

replicate and rotating the position of treatments between replicates. The olfactometer was 

also cleaned between each replicate.  Percentage response data was inverse-sine 

transformed and analysed for treatment and repeat experiment effects using two-way 

ANOVA; over 92% of SPW moved to the sweet potato tuber, 6% moved to the control, 

and 2% of SPW were unresponsive. The difference between treatment and control 

proportions was highly significant (P < 0.001). Repeat experiment effects were not 

significant (P = 0.92). 

 

5.3.5 Experiments 

Four different studies were conducted to investigate the behavioural response of SPW: 

tubers ± Metarhizium on agar plugs, tubers and plants ± Metarhizium inoculation, and 

plant and plant inoculation to investigate whether responses differ between single-sex 

groups. All studies were conducted in an Adaptis growth chamber (Conviron®) 

[Photoperiod L: D 12: 12, Temperature 25 °C, RH 65 ± 5%] for 24 – 26 h.  
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5.3.5.1 Experiment 1. Tuber-Metarhizium with SDAY cores.  

In this study, the choice of SPW in the presence of M. anisopliae spores on SDAY cores 

was investigated. Four choice experiments were set up; tubers ± QS155 cores (High M.a 

/ Control), tubers ± QS002-3 cores (Low M.a / Control), tubers with QS155 and 

(separately) QS002-3 cores (High M.a / Low M.a), and tubers ± SDAY cores without 

Metarhizium (SDAY / Control). 

 

Whole tubers of uniform size (200 - 250 g) were surface-sterilized by rinsing them in 

sterile distilled water (SDW) twice for 5 min and then sprayed  with 70% alcohol. After 

1 h, a dried tuber was placed in each arena. In experiments 1 and 2, one arena contained 

four 16-mm diameter SDAY cores (ca. 1.86 × 109 – 2.3 × 109 spores / cm2) from three-

week old sporulated cultures of isolates QS155 or QS002-3. These were placed in the 

arena surrounding the tuber. The opposite arena contained only a tuber and four SDAY 

cores without Metarhizium. The third experiment had tubers with sets of each of the 

Metarhizium isolate cores in each arena. In the last experiment, one arena had a tuber with 

SDAY cores whereas the opposing arena contained a tuber without SDAY cores. Each of 

the arenas in each experiment was sealed with a clear plastic bag and rubber bands. 

Twenty adult SPW of mixed sexes (10 males, 10 females) were released into the Falcon 

tube and the lid closed. Tubes for airflow were connected to each arena for ½ h and the 

preference of the weevils recorded after 24 hours. Each experiment was replicated six 

times with the olfactometer being washed and the position of the arenas rotated after each 

replicate. 
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5.3.5.2 Experiment 2. Tuber inoculation.  

This study was designed in a similar manner to the previous experiments, however tubers 

were inoculated with Metarhizium spores by spraying to obtain three different treatment 

combinations (High M.a / Control, High M.a / Low M.a, Low M.a / Control). Whole 

tubers of uniform size were surface-sterilized as described previously. A dried tuber was 

inoculated by spraying spore suspension of either of the isolates for 15 – 20 s in each of 

two repeat sprays. The tubers were placed on sterile paper towels to drain and dry. Control 

tubers were sprayed with 0.05% v/v Tween-80®. Five minutes after inoculation the tubers 

were placed in their respective arenas, sealed in and left for 24 h. SPW were then 

introduced into the olfactometer via the Falcon tube. Number of SPW, replicates and other 

conditions were as described  

 

5.3.5.3 Experiment 3. Plant inoculation.  

Fully grown plants (10 – 15 fully developed leaves) were first sprayed with sterile 

distilled water and allowed to dry for 3 h. An identical procedure to that used in 

experiment 2 was used to inoculate fungal spores onto the plant foliage, and the arenas 

were sealed and let for 24 hours before use. Treatments, SPW numbers, replicates and 

procedures were as described for experiment 2. 

  

5.3.5.4 Experiment 4. Effect of weevil sex on behavioural responses to 

Metarhizium 

Because male SPW may be influenced in their choice between stimuli by the prior 

movement of females from a mixed-sex group, the behaviour of both sexes was also 

examined individually. Only one pair of stimuli were used. Whole plants were washed 



76 

 

and inoculated with the virulent isolate (QS155) as in experiment 3, and were compared 

against uninoculated plants only. 

This experiment consisted of two separate parts. In part one, two separate olfactometers 

were used, with groups of male or female SPW (14-15 individuals per group) being 

released and their distributions across the arenas recorded after 8 h.  This part of the 

experiment was replicated six times. 

In the second part of the experiment, weevils were used individually, and with the same 

choice between stimuli. The time from release until the weevil entered one of the arenas 

was recorded. Ten male and 10 female weevils were tested in the morning (0800 – 1000 

h) and two further groups of 10 in the evening (1300 – 1700 h). Arena positions were 

rotated regularly and tubing cleaned between replicates throughout both parts of the 

experiment. 

 

5.3.6 Data analyses 

Weevils that remained in the release tube at the conclusion of monitoring were regarded 

as unresponsive and not considered in analyses. Proportions of weevils present in each 

arena were inverse-sine transformed, and paired t-tests were then used to analyse the 

results of experiments 1 to 3. Two-way ANOVA was used to analyse the data from 

experiment 4, separating the effects of treatment, sex, and their interaction in part one of 

the experiment, and separating the effects of time of day, sex, and their interaction in part 

two of the experiment.  
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5.4 Results       

Experiment 1. Response of SPW to tubers with SDAY cores with or without  

Metarhizium  

A high proportion of weevils avoided tubers accompanied by SDAY cores carrying the 

virulent isolate QS155 (Table 5.1). Less than 4% (4) of the weevils released were 

recovered in the arena with QS155 spores, whilst over 96% (116) of weevils were 

recovered from the control arenas.  This result was highly significant at P < 0.001. In the 

choice between arenas with either of the isolates, only 18% (21) were recovered in the 

arena with QS155 spores whereas significantly (P < 0.02) more (77%) preferred the arena 

with the less virulent QS002-3 spores. A similar result was obtained when QS002-3 cores 

were evaluated against control cores in the presence of tubers; over 74% (89) of released 

weevils were recovered from the control arenas (P < 0.05, Table 5.1). In the final 

comparison, tubers with uninoculated SDAY plugs were contrasted against tubers 

without plugs and no significant difference was found between treatments (P = 0.18), 

indicating that the plugs themselves do not impact on weevil attraction. 

 

Experiment 2. Tuber inoculation.  

When tubers were spray-inoculated similar trends were observed to those in 

experiment 1 where SDAY plugs were used. The strongest and most highly significant 

(P < 0.001) response was observed when the highly virulent isolate QS155 was contrasted 

against control tubers, where over 83% of released weevils moved to the control arena 

(Table 5.2). When the two isolates were contrasted against each other 70% of released 

weevils moved to the low virulence isolate.  In contrast to experiment 1, there was no 

significant difference in the response of the weevils when offered a choice between the 

low virulence isolate and the uninoculated control. 
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Experiment 3. Plant inoculation 

Results from experiment 3 (Figure 5.2) closely mirrored those from experiment 2 where 

the tubers, rather than the whole plants, were spray inoculated. The strongest response 

came from the contrast between the high virulence isolate QS155 and the control. When 

the two isolates were compared significantly more (76%, P < 0.01, Figure 5.2b) weevils 

moved to the low virulence arenas, and the contrast between the low virulence isolate and 

the control was not significant (P = 0.70, Figure 5.2a). 
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Table 5-1 Mean percentage of SPW responding to stimuli in two-choice olfactometer tests. Tubers in all arenas, with or without SDAY plugs with or without M. anisopliae 

(high (QS155, H M.a) or low (QS002-3, L M.a) pathogenicity strains). Data analysis by paired t-test on inverse-sine transformed data. 

 
 

Metarhizium-SDAY plugs with sweet potato tuber 

 
H M.a / control 

H M.a / L M.a L M.a / control SDAY plugs/ control 

% responding (SE) 3.3 (1.7) / 96.7 (1.7) 17.5 (7.0) / 76.7 (6.9) 23.3 (8.0) / 74.2 (8.9) 53.3 (2.5) / 45.8 (2.4) 

 

P value < 0.001 < 0.02  < 0.05 0.18  

 

 

 
 

Table 5-2 Mean percentage of SPW responding to stimuli in two-choice olfactometer tests. Tubers in all arenas, spray-inoculated with M. anisopliae (high (QS155, H M.a) 

or low (QS002-3, L M.a) pathogenicity strains). Control tubers sprayed with 0.05% v/v Tween-80® only. Data analysis by paired t-test on inverse-sine transformed data. 

 

 

Metarhizium-inoculated sweet potato tuber 

 
H M.a / control 

H M.a / L M.a L M.a / control 

 

% responding (SE) 5.0 (1.8) / 83.3 (3.3) 20.0 (4.8) / 70.0 (5.0) 43.3 (6.9) / 44.2 (5.1) 

 
P value < 0.001 < 0.005 0.97 
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Figure 5-2 Preference of mixed sex sweet potato weevil groups between untreated sweet potato plants 

(control),  plants inoculated with a virulent M. anisopliae isolate QS155 (H M.a) and those inoculated 

with less virulent isolate QS002-3 (L M.a). The unresponsive weevils were not included in analysis. 

Each bar represents the mean percentage of SPW recovered from experimental arenas. Error bars 

represent standard errors, P values from paired t-tests on inverse-sine transformed data. 

 

 

Experiment 4. Effect of weevil gender on responses to Metarhizium inoculated plants 

When single-sex groups of weevils were allowed to choose between QS155-inoculated 

and control plants both sexes behaved similarly (Figure 5.3). As would be expected from 

the results of the earlier experiments, two-way ANOVA showed that treatment effects 

were highly significant (P < 0.001). Differences between the sexes were not significant 

(P = 0.61) and the interaction was also not significant. These results indicate that the 
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response to repellent strains of M. anisopliae are likely to be consistent across both sexes 

of SPW, and that small mixed sex groups of weevils can be effectively used for assessing 

short repellence without producing data anomalies in responses to pheromone emissions. 

 

 
 

Figure 5-3 Preference of single sex groups of sweet potato weevils for inoculated (QS155, highly 

virulent) and uninoculated (control) sweet potato plants after 8 h exposure. Differences between sexes 

were not significant (P = 0.61), however inoculation status was highly significant (P < 0.001).  The 

interaction between the two factors was not significant (P = 0.22, two-way ANOVA, inverse-sine 

transformed data). Error bars represent standard errors. 

 

 

 

 

 

When weevils were assessed individually for the speed of their response to olfactory 

stimuli in relation to both sex and time of day, both factors were found be highly 
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significant (sex, P < 0.001;  time of day, P  < 0.002, two-way ANOVA), however their 

interaction was not significant (P = 0.19) (Table 5.4). Male weevils located their preferred 

food source significantly faster than females regardless of the time of day, and both sexes 

located their preferred food source significantly faster in the tests conducted in the 

afternoon. 

 
 

Table 5-3 Mean time (h ± S.E) required from release to response for adult C. formicarius. Weevils 

were released individually by sex in the olfactometer at varying times of day. Sweetpotato tubers 

were inoculated with M. anisopliae isolate QS155. Time to response analysed by two-way ANOVA. 

Source of Variation 

Time of day (A) Sex (B) 

Male Female 

A.M. (0800 – 1200) 1.96 ± 1.27 4.8 ± 3.31 

P.M. (1300 – 1700) 0.92 ± 0.62 2.54 ± 1.57 

F-probability    

A 0.001**  

B < 0.001**  

A×B 0.198ns  
** = significant at 1% level, ns = not significant 

 

 

 

5.5 Discussion 

Insects respond to different cues within their micro-environment, whether of fungal origin 

or from other sources, for the sole purposes of survival and maintaining fitness (Meyling 

& Pell, 2006). Entomopathogenic fungi such as M. anisopliae have been used as 

alternatives to insecticides for the management of many different pests, but despite its 

importance as a biological control agent for agricultural pests, knowledge of the effects 

of M. anisopliae in modifying the behaviour of SPW is limited to the more virulent 

strains. In this series of laboratory experiments, we demonstrated that adult SPW are 

repelled from sweet potato tubers and plants when a highly virulent strain of M. anisopliae 

was present, and that a less virulent strain did not generally elicit an avoidance response. 
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The exception to this pattern occurred in experiment one, where the fungus was present 

on SDAY plugs which may have allowed an accumulation of volatile fungal metabolites 

to levels much higher than would occur following tuber or plant inoculation. 

 

Differing levels of production of volatile organic compounds (VOCs) by the two 

Metarhizium strains may underlie the different responses of shown by SPW adults. VOCs 

of fungal origin are known to alter insect behaviour. For example, the VOCs from 

Fusarium verticillioides have repellent activity against the storage weevil pest Sitophilus 

zeamais (Herrera et al., 2015). At this stage it is not known why SPW are largely 

unresponsive to the presence of QS002-3 when it is present on tubers and plants in 

biologically relevant quantities, however headspace sampling and analysis of volatiles 

from QS002-3 and QS155 cultures may identify differences in volatile profiles and the 

individual chemical constituents, once identified, could be tested using an olfactometer, 

possibly supplemented with more advanced techniques such as electroantennograms. 

Identification of repellent compounds within the VOC profile may provide an opportunity 

for alternative approaches to SPW control. 

 

Repellence associated with components of fungal volatile profiles has been noted in 

insects other than coleopterans. The termite  Macrotermes michaelseni avoided 

contacting virulent isolates of M. anisopliae and this was linked to emitted volatiles which 

can vary between virulent and non-virulent isolates (Castrillo et al., 2013; Mburu et al., 

2009). (Castrillo et al., 2013) demonstrated that when each of the volatiles borneol, 

butyrolactone, 4,5-dihydroxy-5-pentyl-2-(3H) furanone, 2-nonanone and 4-nonanone 

were extracted from a virulent isolate, the residual termite repellency was low. Elsewhere 

within the Curculionidae, (Gindin et al., 2006) suggested that reduced feeding of 

Rhynchophorus ferrugineus may be a result of larvae being repelled by a Metarhizium-
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treated food source. In this study feeding choice between inoculated and uninoculated 

tubers was not evaluated, only initial behavioural choices between arenas. However, the 

choice to move to the arena without M. anisopliae is sufficient to indicate that SPW 

detected, and subsequently avoided the pathogen. 

 

(Kepler & Bruck, 2006) reported that larvae of Otiorhynchus sulcatus preferred 

Metarhizium-treated over bifenthrin-treated media. Comparisons to insecticide-treated 

media add an additional layer of complexity to preference studies, since not only the 

insecticide but also its formulation adjuvants may be acting to influence insect choice.  A 

further complicating factor is that in the Kepler and Bruck (2006) study soil media may 

have played a part in masking volatile cues emitted from the Metarhizium-treated media. 

Other studies on curculionids have reported a lack of avoidance of Beauveria-treated 

oviposition media (Akello et al., 2008; Thompson & Brandenburg, 2005).  

The results of this study show that sex has little influence on the preference of weevils 

for movement to one or other of the test arenas. Initially it was hypothesized that there 

might be a possibility that the female-produced sex pheromone of SPW may have 

influenced the movement of males. However, as SPW of both sexes displayed similar 

avoidance behaviour whether released separately or together, this study has demonstrated 

that this hypothesis was incorrect, at least in regard to short term preference trials 

involving small numbers of adults. From a management standpoint, the repellence of 

SPW by strain QS155 weevil could potentially be overcome by a ‘lure-and-infect’ tactic, 

incorporating fungal spores into a pheromone or food-based lure containing a high 

concentration of QS155 conidia, as suggested by Reddy et al. (2014). With a modified 

trap and B. bassiana incorporated into a synthetic sex pheromone, high mortality and 

infection rates were recorded in male SPW and horizontal transmission was evident in 

females through mating (Yasuda, 1999). Although Reddy et al. (2014) successfully used 
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pheromone-baited traps to reduce weevil damage, incorporating M. anisopliae spores into 

such traps is also an option which requires further investigation. Such traps will not only 

increase captures, but will also increase the possibility of transmission of spores between 

individuals at mating. 

 

SPW males are more active than females (Sar, 2006), and the data on the time to choose 

between inoculated and uninoculated tubers may simply reflect this difference in activity. 

Alternatively, it may reflect a stronger chemosensory capacity in male SPW, and further 

work on the physiology and chemical ecology of SPW is required would be required to 

resolve this issue. Faster behavioural choices in both sexes of SPW during the afternoon 

may reflect a circadian rhythm associated with the trend towards adult activity in SPW 

being primarily nocturnal.  

 

In summary, uninfected adult SPW detected the presence of M. anisopliae and displayed 

avoidance behaviour. Stronger avoidance of the more virulent isolate was clearly 

apparent, however as only two isolates were examined, further isolates need to be 

assessed to determine if there is a true correlation between virulence and repellence, and 

rule out the possibility that the observed differences between QS155 and QS002-3 are not 

just coincidental. The use of female sex pheromones or food-based lures may overcome 

the repellence associated with isolate QS155 and allow an effective ‘lure-and-infect’ 

strategy to be developed for SPW control. 
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6.1 Abstract 

The potential of applying a dry mycelial/conidial formulation of Metarhizium anisopliae 

to manage Cylas formicarius was investigated under glasshouse conditions. Three 

formulations were imposed: unformulated spores, a wheat ‘pesta’ granule and a rice–

based granule, which were either surface or ditch inoculated.  All formulations 

significantly reduced the number of weevils (P<0.05), resulting in less feeding punctures 

on tubers and vines. However, the surface application of the formulations generally 

resulted in decreased feeding damage to tubers and vines.  This however, did not lead to 

increased tuber or vine weights. 

The persistence of conidia expressed as colony forming units (CFU) from the soil 

decreased with time regardless of formulation type; however, the greatest reduction in 

CFU was recorded in ditch applied unformulated spores. The results show that dry 

mycelium formulation is appropriate for soil-inhabiting insect pests such as C. 

formicarius. Generally, the formulations used were effective in reducing weevil numbers; 

however, the persistence of spores in soil for prolonged periods remains an issue for the 

practical control of C. formicarius. 

 

6.2 Introduction 

Sweet potato weevil (SPW), Cylas formicarius (Fabricius), is an important insect pest of 

sweet potato (Ipomoea batatas (L.) Lam.) in Papua New Guinea (PNG) causing 50 to 

100% yield loss (Sar, 2006; Sutherland, 1986b). The destructive larvae tunnel into tubers 

and as a consequence of larval feeding, induce a foul odour from furanoterpenoids (Ray 

& Ravi, 2005). Additionally, severe damage results in tuber rot due to fungal attack 

(Wamalwa et al., 2014), thus tubers become unfit for human and animal consumption. 
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Recently, Dotaona et al., (2015) reported that the M. anisopliae strain QS155 is a 

promising candidate for the management of SPW under laboratory conditions.  

 

Although other researchers have indicated that Beauveria bassiana and M. anisopliae 

show promising biological control against SPW (Ondiaka et al., 2008; Rana & 

Villacarlos, 1991; Reddy , Zhao , et al., 2014; Yasuda, 1999), there is little research on 

the effects of spore formulation on mortality. Early reports of M. anisopliae grown on 

pre-cooked substrate palay (rice grains prior to husking) for SPW control caused a 9% 

reduction in sweet potato root infestation (Villacarlos & Granados-Polo, 1989b). B. 

bassiana, on the other hand, was grown on a rice substrate and applied in the field to 

achieve a SPW mortality rate of 20% in Cuba in the early 1990s (Grimm, 2001). While 

the use of microbial agents to control pests is becoming a common practice in many 

countries, formulation of the agents remains an ongoing problem (Pereira & Roberts, 

1990). For successful inundative control using entomopathogens, it is crucial to develop 

suitable formulations with properties that are stable and enhance spore application and 

efficacy (Daoust et al., 1983).  

Although many potential biological control agents have been tested, only a small 

proportion make it from the laboratory to the field (Leggett et al., 2011). Many microbial 

agents of fungal origin including M. anisopliae, have been formulated and trialled under 

varying conditions to assess their shelf-life and persistence in soil (Alves et al., 2002; R. 

J. Milner et al., 2003) and their efficacy and spore viability (Bateman et al., 1993; 

McClatchie et al., 1994; Shah et al., 1999). These formulations have ranged from 

vegetable and nut oil formulations with potential guarantee of spore protection from 

imbibitional damage by incompatible pesticides and spore viability (Lopes et al., 2011), 

to petroleum-based products (Alves et al., 1998; Daoust et al., 1982) to dry spores and 

mycelium with carriers and other additives (Batta, 2003; Boothe & Shanks Jr, 1998; R. J. 
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Milner et al., 2003). These formulations can be expensive Such formulations are 

important as they make biological control of insect pests more comparable to chemical 

methods (Leggett et al., 2011). The type of formulation adopted is dependent on the 

pathogen used and the biology of target host (Daoust et al., 1983) as well as the efficacy 

of production and formulation. For instance, Godonou et al. (2000) incorporated oil palm 

kernel cake-based and conidial powder formulation into soil for the management of the 

soil-dwelling C. sordidus on plantains. An advantage of dry mycelium/conidial 

formulation for use in developing countries is that it is easily and rapidly mass-produced 

and, when properly dried, will remain viable over time (Pereira & Roberts, 1990).  

 

Dry mycelium/conidial formulations have been used against soil-dwelling insects with 

varying success. For instance, two isolates of M. anisopliae var. anisopliae and M. 

anisopliae var. lepidiotum applied as rice-based granules against Dermolepida 

albohirtum and Lepidiota spp.,  respectively, persisted longer in soil than when grown on 

other substrates (R. J. Milner et al., 2003). Dried rice/mycelium/conidia persisted more 

than seven months in soil and suppressed infestations of the black vine weevil 

(Otiorhynchus sulcatus) and cranberry girdler (Chrysoteuchia topiaria) (Boothe & 

Shanks Jr, 1998; Boothe et al., 2000). The use of M. anisopliae on maize-based medium 

and alginate granules have been reported to reduce infestations of Oryctes rhinoceros 

(Moslim et al., 2007; Moslim et al., 2009). Similar successes were reported for sugarbeet 

root maggot (Tetanops myopaeformis) using a M. anisopliae microsclerotial formulation 

(Jackson & Jaronski, 2009; Jaronski & Jackson, 2008). Not only that solid substrates such 

as dried rice/mycelium/conidia persisted longer in the soil (R. J. Milner et al., 2003), they 

are inexpensive to produce by small hold farmers’ co-operatives for use (Annonymous; 

Grimm, 2001). In developing countries like PNG, research into use of microbial control 

is little to non-existent (Simbiken, 2006), and small hold farmers heavily depend on 



91 

 

cultural methods for insect pest control on horticultural crops as is the case with SPW. 

Such work in producing M. anisopliae in solid substrates and investigating their potential 

and integrating cultural methods as mulching in glasshouse condition is a step forward 

for future research into fungal-based microbial control formulation. With respect to the 

biology of the target insect, SPW spends the adult stage below ground for feeding and 

rarely on the plant canopy. This creates an opportunity to use M. anisopliae on solid 

substrate against SPW.    

The main objective of this study was to investigate the effectiveness of rice-granules, 

wheat-based ‘pesta’ and unformulated mycelium/conidia of a virulent M. anisopliae 

isolate (QS155) on adult SPW under glasshouse conditions.  

  

 

6.3 Materials and methods 

6.3.1 Sweet potato plants and weevils 

Tubers of ‘Beauregard Gold’ variety were buried in polyethene trays in a commercial 

potting mix in a glasshouse [Day: Night Temperature, 25 °C : 27°C ; natural light]. Five 

to six-week old emerged shoots were cut from the tubers. The cut end of each vine was 

powdered with a commercial plant rooting hormone (Yates™, Australia) and raised 

separately in 140-mm pots with potting mix. Three-month old vines (~ 40-50 cm) were 

cut off at the base and the same rooting hormone was applied as previously stated before 

planting singly in 400 mm diameter pots at a planting depth of approximately 10 cm. Each 

pot was filled to a depth of 7 to 10 cm with a mixture of pasteurized sandy loam soil and 

potting mix at a ratio 2: 1. Plants were allowed to grow for five months and fertilized 

according to manufacturer’s recommendations until the experiment concluded. 
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Colonies of SPW were maintained in the laboratory [25 °C, under natural light] and fed 

with sweet potato tubers. Tubers that had been oviposited and fed on were separated and 

placed in clean plastic box cages. Emerged two to three week old adults from these tubers 

were used in this experiment.  

 

6.3.2 Fungal culture preparations 

6.3.2.1 Rice granules 

Spores of  M. anisopliae isolate QS155 were spread-plated on Sabouraud dextrose agar 

media (100 g glucose, 20 g peptone, 5 g yeast extract, 15 g agar/L distilled water) (SDAY) 

and incubated for 12 days in darkness. Spores from these cultures were used to inoculate 

250 ml of Sabouraud D extrose and Yeast broth and placed in an orbital shaker at ambient 

temperature for 5 days at 120 rpm. Ten ml of the inoculated SDY broth was pipetted into 

one kilogram of pre-cooked long grain rice in Microsac® gas-permeable bags (32 cm × 

57 cm, Mycelia, Belgium) as described in (Dotaona et al., 2015). Bags containing 

inoculated rice were incubated in the dark to allow mycelial growth and sporulation, and 

massaged weekly for five weeks to evenly distribute conidia. After this time, the contents 

of bags were emptied into aluminium trays (20 × 30 cm) and covered with cheese cloth. 

Trays were placed on a bench top at ambient temperature and air-dried for seven weeks 

to a final moisture content of 10.5%. Following drying, the sporulating rice grains were 

stored in 300 ml Schott bottles and stored at 4 °C until required. To obtain dry spores 

only, spores from other trays were harvested and stored as described in (Dotaona et al., 

2015).  
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6.3.2.2 ‘Pesta’ wheat flour granules  

 ‘Pesta’ formulations have been reported for the formulation of fungal biological control 

agents used for the management of weeds (Daigle et al., 1997; Mburu et al., 2011). Since 

inoculating M. anisopliae into wheat flour ‘pesta’ was new, contamination was an issue 

in the initial part of the procedure. One kilogram of wheat flour was poured into a plastic 

bowl and SDY broth inoculated with M. anisopliae as described in the pre-cooked rice 

granule inoculation. Ten ml broth was added into a cooled (4-5 h at room temperature) 

400 ml sweet potato root broth. This sweet potato broth volume was standardised as in 

previous preliminary trials, higher or lower broth volume caused longer time to dry or is 

too dry for ‘pesta’ making (Dotaona, unpublished data).   as a possible attractant to the 

weevil. After repeated kneading under aseptic conditions, the dough was placed into a 

Benchtop granulator (LCI Benchtop granulator, Japan) to produce 1 mm diameter pesta 

granules. The final product was poured into aluminium trays, covered with cheese cloth 

and incubated for three to four weeks. Trays were removed and air-dried for six to seven 

weeks until the moisture content reached 32%. Pesta granules were poured into Schott 

bottles and stored at 4 °C until required. The conidia viability of each formulation was 

determined monthly.   

6.3.3 Glasshouse study 

Three treatments were compared; the unformulated dry spores, wheat ‘pesta’ granule and 

rice granule. Before treatment application, spore germination in each formulation was 

determined. Each treatment was either applied into a ditch (5 cm depth), 5 to 6 cm away 

from the planted vine before being covered with soil; or as a surface application whereby 

the treatment was applied on the surface of the soil before being covered with 

approximately 150 g of commercially available sugarcane mulch. Sugarcane mulch was 

used for two reasons; firstly, organic mulch could act as shelter for possible fungal growth 
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and survival from UV light (Inglis et al., 1997) and secondly, applying grass mulch is a 

common practice for sweet potato farmers in PNG (Taraken & Ratsch, 2009) for any 

possibility to integrate these practices for weevil control. Each treatment was applied at a 

rate of 0.3 kg of granules / m2, and replicated five times in a randomised block design. 

No formulation treatment was applied in the control pots; however, each pot was either 

mulched or not mulched. 

 

 Adult, mixed sex weevils (40 weevils / pot) were released 24 h after treatment 

application. Pots were covered in cheese cloth to reduce weevil escape, and checked daily 

for weevil mortality. Dead weevils were collected from each pot daily for 25 days and 

recorded as mycosed if there was white mycelial outgrowth on the cuticle and not-

mycosed if no mycelium was visible. For weevils recorded as dead/not-mycosed, 

cadavers were placed onto damp filter paper in Petri plates and incubated at 25 °C. Plants 

were harvested after three weeks; the number of feeding punctures on vines and tubers, 

and the fresh weights of vines and tubers were recorded.  

 

The persistence of conidia in each treatment was determined at 2, 4, and 6 weeks after 

harvest. Ten grams of soil from each treatment (2 samples/treatment) were diluted in 9 

ml of 0.05% v/v Tween 80™. Three serial dilutions (10-1, 10-2 and 10-3) were made from 

each treatment and 25µl of each sample was spread onto a selective medium (Veen’s 

medium: 15 g agar, 10 g peptone, 10 g dextrose, 0.25 g cycloheximide, 0.5 g 

chloramphenicol in 1 L of water ) with modifications to that by (R. J. Milner et al., 2003). 

At the centre of each Petri plate, a 1 cm2 square was drawn. Each of the spores that 

germinated in the 1 cm2 square was regarded as a colony forming unit (CFU). Plates were 

incubated in the dark for 24 h at 25 °C.  
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6.3.4 Statistical analyses 

Mortality counts in each treatment were corrected using Abbott’s Formula (Abbott, 1925) 

before being subjected to an analysis of variance (ANOVA). Feeding punctures from 

vines and tubers were first log transformed (x+1) to normalise the data. All the 

transformed data and data from tuber and vine weight were subjected to ANOVA in 

Genstat 14th Edition. The data was log-transformed before subjected to ANOVA. The 

differences in means were compared with Fisher’s Least Square Difference method 

(LSD).    

 

6.4 Results 

There was a significant effect (P < 0.001) of treatment on weevil mortality (Figure 6.1). 

The greatest mortality (46.5%) was recorded in pots surface-inoculated with the rice 

granule; however, this treatment did not differ significantly to the surface-inoculated 

wheat ‘pesta’ granule or the ditch application of the rice granule. Excluding the control 

pots, all other treatments did not differ significantly from each other. In the controls, less 

than 2% of weevils died and none of the cadavers were mycosed.  
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Figure 6-1 Mortality of adult C. formicarius caused by the application of three different formulations 

of Metarhizium anisopliae (QS155) at 25 days after treatment.  Columns with the same letter do not 

differ significantly (P<0.05), LSD 16.04.  

 

 

A high proportion of weevils collected showed mycosis when isolated from the pots and 

after incubation (Figure 6.2). The greatest proportion (70%) of weevils showing mycosis 

were directly isolated from pots inoculated with the rice granule formulation.  
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Figure 6-2 Percent mycosis of SPW cadavers from formulation treatments recovered directly from 

pots or following incubation. Columns with the same letter do not differ significantly at P <0.05, LSD 

12.3.  

 

 

The presence of feeding punctures is an indication of weevil activity. Both treatment and 

application type was significant for the number of feeding punctures on tubers (Table 

6.1). The number of feeding punctures on tubers was significantly lower in all treatments 

and application types (P < 0.01) compared to the control pots, where over 120 feeding 

punctures were observed (Table 6.1). Generally, the surface application of any 

formulation was more effective than the ditch/ring application method and resulted in the 

least feeding punctures on tubers (20 punctures on wheat ‘pesta’ inoculated pots and 23 

punctures on rice grain inoculated pots).  Only the treatment type was significant (P =  

0.003) for the number of feeding punctures on vines (Table 6.1). The application of 

unformulated spores or the wheat ‘pesta’ granule resulted in the least vine feeding 
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punctures. Similarly to the tubers, the greatest number of feeding punctures was recorded 

in the controls (>94 punctures). There were no differences in tuber or vine fresh weights 

between the treated pots and the control (P = 0.869 and P = 0.949 respectively). 

 

Table 6-1 The effect of formulation types and application method on feeding of adult C. formicarius 

on sweet potato 

Treatment Fresh weights (g) Number of feeding punctures 

Tuber Vine Tuber Vine 

Surface application 

Unformulated spores 295.1 131.5 31 ab† 50 a 

Wheat ‘pesta’ granule  262.5 137.8 20 a 51 a 

Rice-based granule  308.0 119.4 23 a 81 b 

Control 311.8 138.7 121 d 102 c 

Ditch application     

Unformulated spore  289.6 140.5 68 c 51 a 

Wheat ‘pesta’ granule  299.6 130.4 47 bc 38 a 

Rice-based granule  323.5 146.2 36 bc 62 b 

Control 284.1 113.8 129 d 94 c 

P value Treatments 0.869 ns 0.949 ns 0.004 * 0.0003 * 

P value Application method 0.534 ns 0.288 ns 0.005 * 0.262 ns 

P value Treatment × 

Application method 

0.962 ns 0.740 ns 0.448 ns 0.839 ns 

LSD0.05   0.49 0.20 

*  significant at 5% level, ns not significant. 

 † Means with the same letter within a column are not significantly different at P = 0.05. Mean separation 
in the last two columns by Fisher’s Least Square Difference (LSD) at 5% level was based on log(x+1) 

transformed values. 
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Generally, the persistence of M. anisopliae spores in soil decreased over time (Figure 

6.3). There were significantly higher colony forming units recovered on the first sampling 

time compared to the succeeding samples (LSD0.01 = 0.115, P < 0.001). With different 

formulations, there were significant differences between the treatments (LSD0.01 = 0.112, 

P < 0.001). Rice-based granules had a high number of CFU units, equally followed by 

wheat ‘pesta’-based granules and unformulated spores. Ditch applied unformulated 

spores showed the least persistence in soil. However, there was no interaction between 

sampling time and the treatment combinations (P = 0.765).    

 

 

 

 

Figure 6-3 Persistence of M. anisopliae spores in soil (SE = 0.039) 
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6.5 Discussion    

The formulation of M. anisopliae is important in terms of its efficacy on the target host 

insect. In this study, of M. anisopliae isolate QS155 was formulated on different solid 

substrates and tested under glasshouse conditions. The dried M. anisopliae spores, the 

rice granules and wheat ‘pesta’- dry mycelial/conidial formulations were shown to be 

effective in the glasshouse, resulting in less feeding (as evidenced by punctures on vines 

and tubers) and mortality of SPW. Although there was a significant reduction in SPW 

numbers there was no significant difference between the treatments and the controls in 

terms of tuber and vine weights. This could be a result of the time period for the 

experiment or the density of SPW used.  

The high proportion of mycelium-coated cadavers recovered directly from the soil shows 

the potential of cadavers to act as a secondary source of inoculum. This has important 

practical implications for management of SPW in the field. 

 A study by Villacarlos and Granados-Polo (1989b) reported  high mortality of SPW on 

fungal-treated soil. This may be the only study regarding the application of formulated 

M. anisopliae spores on solid substrate, although there are reported cases of rice-based 

granule formulation for SPW control in Cuba (Grimm, 2001). In their study, a M. 

anisopliae isolate pathogenic to a Homoptera species was grown on palay grains caused 

20% mortality and a decrease in infested tubers. The application of M. anisopliae to a 

rice-based substrate reported in this study, resulted in a mortality of more than double that 

reported by Grimm (2001). Dried rice/mycelium formulations have been demonstrated as 

an effective biopesticide formulation against subterranean pests of cranberry (Boothe & 

Shanks Jr, 1998; Boothe et al., 2000) and sugarcane grubs (R. J. Milner et al., 2003). 

Metarhizium was isolated from the soil used for up to six weeks after the experiment.  By 

comparison, Boothe and Shanks (1998)  reported to have periodically re-isolated the 

pathogen from soil for more than two years and (R. J. Milner et al., 2003) reported 
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recovery for up to three years. It is possible that the formulations used could have an 

effect on the Metarhizium survival and efficacy over a prolonged period. However, it is 

evident that rice-based or wheat ‘pesta’-based formulation can effectively reduce weevil 

infestation if applied at high rates.  An advantage of dry mycelium/conidial formulation 

for use in developing countries is that it is easily and rapidly mass-produced and, when 

properly dried, will remain viable over time (Pereira & Roberts, 1990). 

 

This experiment has provided data indicating that M. anisopliae can be used to reduce the 

numbers of adult SPW in glasshouse conditions. Although there was no concurrent 

increase in the yield parameters, the results do indicate the types of formulations and 

application methods which could be used in field experiments. Further experimentation 

is warranted to determine whether yield response can be quantified in the field and 

whether these formulations can be integrated with existing cultural management practices 

to provide sustainable management of the weevil in PNG. 
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7. Summary and conclusions 

 

7.1 Introduction 

In this thesis, the results of investigations into the potential of Metarhizium anisopliae as 

a biological control agent for sweet potato weevil (Cylas formicarius) are reported and 

this work presents the first study examining the pathogenicity and virulence of Australian 

isolates of M. anisopliae against C. formicarius. Sweet potato is ranked the second most 

important crop in Papua New Guinea (Allen & Bourke, 2001), and like many other 

tropical root crops, its production is subjected to biotic and abiotic factors. Among all 

other biotic factors, the C. formicarius is an important contributing factor to yield decline. 

This insect is categorised as the fifth most important agricultural pest in Papua New 

Guinea (Waterhouse, 1997) and its management by farmers relied solely on cultural 

methods with little success. This and the rise in the cost of pesticides has prompted the 

search for other, non-chemical methods, which can be integrated into sweet potato 

production systems. The results obtained in this study show the potential of M. anisopliae 

as a part of an integrated pest management program aimed at decreasing pest damage and 

increasing the yield of sweet potato.   

 

This chapter summarises the main findings with respect to the chief aims of the study and 

positions the work into the broader context of the biological control of sweet potato 

weevil. The chapter also outlines areas for future research and provides a final conclusion. 
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7.2 Screening of M. anisopliae isolates and their virulence to C. formicarius 

 

The chief aim of Chapter 3 was to examine the virulence of Australian-isolated M. 

anisopliae against C. formicarius under laboratory conditions. The Metarhizium strains 

sourced from cultivated soils with or without sweet potato were isolated through insect-

baiting using mealworms, Tenebrio molitor, and soil dilution methods. The first objective 

of this study was to identify the isolates to species level. This was achieved through 

morphological examination of the conidia and molecular characterisation based on the 

ITS gene region. All the ten isolates examined in this study were identified as M. 

anisopliae.  

 

The second objective of this study was to determine whether the isolates respond 

differently under varying temperature regimes under laboratory conditions.  Differences 

among these isolates were observed in terms of conidial germination, radial growth and 

days to sporulation. All isolates showed poor radial growth at 15 °C and a decline in radial 

growth at 35 °C. These results are consistent with the findings of other research examining 

temperature effects on the growth of M. anisopliae (Arthurs & Thomas, 2001b; Ekesi et 

al., 1999; Goettel et al., 2000; Yeo et al., 2003). The greatest radial growth of all the 

isolates examined was observed at 30 °C, implying that these isolates are well adapted to 

the tropical conditions from which they were collected. Since SPW is primarily a problem 

for sweet potato production in tropical areas, M. anisopliae strains adapted to tropical 

climates are more likely to be effective control agents than those isolated from more 

temperate environments (Boothe et al., 2000; Sutherland, 1986a).  

 

Following the confirmation that the M. anisopliae isolates (25 °C -30 °C) and SPW (27 

°C -30 °C) showed similar temperature optima, the final objective of this study was to 



104 

 

examine the pathogenicity and virulence of M. anisopliae on C. formicarius adults. At 5 

days post-treatment, only one isolate (QS001-6) caused > 90 % mortality when SPW were 

inoculated with a moderate dose of conidia (107 conidia / ml) and the mortality of SPW 

for all other isolates was recorded to be < 63%.   However, at 10 days post-treatment, 8 

of the 10 isolates caused > 90 % mortality on SPW. The work demonstrates that this 

conidial concentration is useful for screening and differentiating highly virulent from less 

virulent strains at 5 days after inoculation.  Following this screening study, the three most 

virulent isolates QS001-6, QS155 and QD66 were selected for dose-response bioassays. 

No significant differences were found between isolates for the LC50 or LC90 values. 

However, the LC50 and LC90 values for the most virulent QS155 isolate were lower than 

those obtained in the work by Ondiaka et al. (2008), who examined the virulence of M. 

anisopliae against C. puncticollis and Burdeos et al. (1989) who examined the virulence 

of M. anisopliae against C. formicarius. Based on the results of the above experiments, 

isolate QS155 (DAR 82480) was deemed to have the greatest potential to be used as a 

biological control agent based on its fast growth rate, relatively rapid sporulation, high 

germination rate and high virulence. 

 

Although acute mortality is the main effect of entomopathogenic fungal infections 

reported on hosts, the other effects such as reduced feeding (Gindin et al., 2006; Ondiaka 

et al., 2008), egg production and viability (Ekesi & Maniania, 2000; Ondiaka et al., 2008), 

and egg fertility (Sooker et al., 2014) are important. This prompted the study of the effects 

of low conidial concentrations (pre-lethal) of M. anisopliae on SPW as presented in the 

fourth chapter.  
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7.3 Pre-lethal effects of virulent M. anisopliae isolate QS155 on female fecundity 

and potential transmission of conidia 

 

The chief aim of Chapter 4 was to examine the pre-lethal effects of M. anisopliae on SPW 

female fecundity and transmission of conidia under laboratory conditions. Despite its 

importance as a biological control agent causing mortality on the host target as presented 

in Chapter 3, the pre-lethal effects of M. anisopliae are seldom studied. This is the first 

report of sub-lethal effects of M. anisopliae on C. formicarius. 

 

The first objective of this study was to examine the effect of M. anisopliae on fecundity, 

oviposition and egg viability. The virulent isolate QS155 (DAR 82480), caused a decrease 

in female fecundity, whereby infected females oviposited fewer eggs. This decrease in 

fecundity (66% - 68% relative to the controls) was observed when females were either 

directly inoculated or exposed to inoculated males. These findings are consistent with 

those reported in other similar studies (Ekesi & Maniania, 2000; Ondiaka et al., 2008; 

Sooker et al., 2014); however, they contrast to that reported by  Rana and Villacarlos 

(1991) where SPW fecundity was unaffected by the presence of infected males, and was 

only affected by the premature death of females caused by direct inoculation. This may 

have been a consequence of higher conidial concentrations causing a more rapid acute 

response in female SPW following infection. 

 

Egg oviposition anomalies were recorded in this study, whereby infected females were 

recorded to have left more eggs partially or fully exposed, allowing desiccation and 

predation.  To our knowledge, this behaviour of laying eggs by infected adults has not 

been reported in other species infected with entomopathogenic fungi. Because none of 

the exposed eggs hatched (possibly due to desiccation), this is a potential additional 
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benefit to using M. anisopliae as a biological control agent for SPW. Even if females 

survive the inoculation due to exposure to sub-lethal concentrations of conidia, population 

growth may be reduced due to lowered fecundity, exposure of eggs to desiccation, and 

reduced survival of eggs fully enclosed in the host plant.  

 

The second objective of this study was to examine the horizontal transmission of conidia 

using a series of experiments. It was hypothesised that infected individuals would 

transmit infective M. anisopliae conidia. The results of this study revealed that regardless 

of which gender was infected, the transmission of M. anisopliae conidia occurred, 

resulting in high mortality of exposed adults. In addition, high mortality was recorded in 

individuals exposed to a sporulating cadaver. These results are consistent to those found 

in other similar studies examining transmission of conidia (Peng et al., 2011; Quesada-

Moraga et al., 2004; Sooker et al., 2014; Ugine et al., 2014).  It is possible that spread of 

the fungus occurred by chain transmission between individuals through aggregation and 

mating, and perhaps grooming as is commonly observed in weevils exposed to M. 

anisopliae. Horizontal transmission of conidia from infected to healthy individuals of the 

target species is vital, as it allows repeat applications of the pathogen to be minimised. 

Cadavers or infected individuals become an additional source of inocula for secondary 

infections ultimately reducing the need for reapplication and thus providing an economic 

benefit to farmers. This cost benefit to the farmers is crucial (Jackson et al., 2010) and 

may provide an additional incentive for farmers in PNG to adopt biological control 

methods. 
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7.4 Behavioural modification of SPW in the presence of M. anisopliae  

 

The chief aim of Chapter 5 was to investigate the behaviour of C. formicarius in the 

presence of entomopathogenic fungus M. anisopliae. This study built upon preliminary 

observations in Chapter 3 that revealed that ‘clean’ adult C. formicarius avoided feeding 

on M. anisopliae-inoculated sweet potato tubers.   

 

A series of experiments were set-up to examine the behaviour of SPW in the presence or 

absence of M. anisopliae with contrasting virulence under laboratory conditions. It was 

demonstrated that adult SPW were repelled from sweet potato tubers when a highly 

virulent strain of M. anisopliae was present. The repellent behaviour of C. formicarius is 

evident in other arthropods such as in the termites and wireworms when exposed to M. 

anisopliae (Castrillo et al., 2013; Kabaluk & Ericsson, 2007b), banana weevil in the 

presence of B. bassiana (Thompson & Brandenburg, 2005), and predatory seven-spot 

ladybird beetle avoiding infected aphids and treated plants (Ormond et al., 2011). 

However, the choice of migrating to sweet potato inoculated with less virulent M. 

anisopliae isolate over the virulent isolate has not been observed elsewhere. This may be 

due to the effects of volatiles emitted from each isolate, which may illicit a repellent or 

non-responsive effect. Furthermore, the introduction of male and female SPW separately 

into the arenas did not alter the choice despite the original hypothesis that male migration 

towards either arena was due to female movement. Although Reddy et al. (2014) 

successfully used pheromone-baited traps to reduce weevil damage, incorporating M. 

anisopliae spores into such traps is also an option which requires further investigation. 

Such traps will not only increase captures, but will also increase the possibility of 

transmission of spores between individuals at mating. 
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7.5 Pot experiments of M. anisopliae dry formulation 

 

The use of available solid growth substrate for culture and application of M. anisopliae is 

important to effectiveness control. In the pot experiments, the results showed that rice-

based and wheat ‘pesta’-based granules were effective against C. formicarius, as evident 

in an increase in weevil mortality and decrease in feeding punctures. In the surface 

application, the trash from sugarcane was used purposely to protect the granules, which 

were exposed on the surface, unlike the ring application whereby the ditch containing 

granules around the plant was covered with top soil. Since C. formicarius is a soil-

inhabitant the dry mycelium formulation is suitable for a poor flyer, which may force 

contact with the infective conidia. Rice-based dry mycelium has been investigated on 

sugarcane grubs (R. J. Milner et al., 2003) and black vine weevil (Boothe & Shanks Jr, 

1998). However, the low persistence in soil is one setback with such formulation (R. J. 

Milner et al., 2003), and this type of granule formulation may not persist through time. 

However, the ease of producing these relatively inexpensive formulations may make them 

an attractive option for the control of SWP in Papua New Guinea.  
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7.6 Future research and recommendations 

 

Following the results presented in this thesis, there are several opportunities requiring 

future research: 

 

 Comparing the virulence and pathogenicity of the isolates from this study with PNG 

isolates on West Indian sweet potato weevil (Euscepes postfasciatus), as this insect is 

gaining importance in PNG. Successful deployment of those isolates may depend on 

their ability to protect from a number of insects simultaneously.  

 Determining the interaction of M. anisopliae isolates with sweet potato, to assess 

rhizosphere competence and so better assess the potential of biological control of 

sweet potato in the field. 

 Determining the preference of C. formicarius (and Euscepes postfasciatus) and effect 

of tuber age. Information gathered from such study will be useful for time to 

M.anisopliae application in field situation.  

 Examining the effect of incorporating M. anisopliae with a sex pheromone on the 

behaviour of C. formicarius in a trap and release strategy. Although studies on 

behaviour of SPW in the presence of M. anisopliae were conducted, there is a gap in 

knowledge as to how SPW male will respond to the presence of female sex 

pheromone. This has important implications for management of the weevil in the 

field.  

 One of the findings presented in the Chapter 5 was the repellent effect of a virulent 

isolate (DAR 82480). There is a gap in our understanding as to why the less virulent 

isolate (QS002-3) was ineffective in repelling SPW compared to the virulent isolate. 
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This has important ramifications in biopesticide development and the selection of 

isolates for the control of SPW as virulence can be ‘lost’ in pathogens, rendering pest 

control less useful.  Headspace sampling and analysis of volatiles from QS002-3 and 

QS155 cultures may identify differences in volatile profiles once identified, could be 

tested using an olfactometer. Identification of repellent compounds within the VOC 

profile may provide an opportunity for alternative approaches to SPW control. 

 Field testing of the virulent DAR 82480 isolate in dry rice/mycelium formulation and 

its efficacy not only on SPW but also other sweet potato insect pests, and possibly 

combining this isolate with other virulent SPW-pathogenic fungi. 

 

7.7 Conclusion 

The results of this study have demonstrated the potential of M. anisopliae to be an 

effective control agent against C. formicarius. While a number of isolates were identified, 

DAR 82480 appears to have the most potential given its high conidial germination, rapid 

hyphal growth at moderate temperatures, sporulation rate and an optimal temperature 

range that coincides with that experienced by C. formicarius. 

 

Use of cheap and easily obtained materials for wheat ‘pesta’-based and rice-based 

granules make this a highly potential method of administering the M. anisopliae isolate 

in PNG. These applications, using dry mycelium/conidial formulations which suit the 

soil-inhabiting C. formicarius, would serve two functions: repelling C. formicarius from 

the sweet potato plants, as well as infecting any weevils that did come in contact, thus 

minimizing weevil damage. These infected weevils would then spread the isolate among 

the colony, particularly important when low numbers are often encountered, reduce 
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population growth so that it may remain below economic threshold levels, and maintain 

the isolate in the fields without the need for further applications. An additional strategy 

that still requires investigating is the use of M. anisopliae as part of a “lure and infect” 

program.  

 

It is important when investigating potential control strategies for crops to consider 

effectiveness as well as potential uptake by the target market. This research has 

demonstrated that M. anisopliae appears to be an effective control agent to target an 

important pest of a priority PNG crop, and one that can also be applied in a relatively 

cheap manner. This means it has the potential to be well utilized by the local growers. 

Naturally, field testing will first need to be completed before the full potential of this 

isolate of M. anisopliae against SPW can be realised. 
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Metarhizium anisopliae (Hypocreales:
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Abstract. The sweet potato weevil (SPW), Cylas formicarius, is a serious pest of sweet
potato in Australia and Papua New Guinea. Ten strains of Metarhizium sp. isolated from
Australian soil samples were evaluated for their growth characteristics and screened for
virulence to adult SPW under laboratory conditions. All isolates except QD62 (48.6%) had
moderate to high germination (66–97%), and all took 2 to 4 days to sporulate at 25 8C. The
optimal temperature for radial growth for the majority of isolates was 30 8C, and there was
a significant interaction between isolate and temperature (P , 0.05). Isolate QS155 showed
the fastest radial growth at 30 8C. The internal transcribed spacer sequences showed slight
variations among the isolates; however, all isolates were shown to be Metarhizium
anisopliae. Isolates varied greatly in their virulence. At 10 days after inoculation (DAI) by
immersion in a suspension of 1 £ 107 conidia/ml, 9 of the 10 isolates were virulent, causing
80–100% mortality of adult SPW. Only two isolates (QS001-6 and QS155) caused more
than 50% mortality at 5 DAI. In dose-mortality bioassays, isolate QS155 had the lowest
20-day LC50 and LC90 values; however, there were no statistically significant differences in
mortality among the three most promising isolates tested (QD66, QS001-6 and QS155).
These results show that M. anisopliae isolate QS155 has potential as a microbial control
agent for SPW, and that further evaluation under glasshouse and field conditions is
warranted.
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Introduction

Sweet potato is the dominant root crop in Papua
New Guinea (PNG), replacing other widely
cultivated root crops, including taro (Colocasia
esculenta [L.] Schott) and yam (Dioscorea alata L.
and Dioscorea esculenta L.) (Bourke and Rama-
krishna, 2009). The crop is grown at a subsistence
level with low to medium agricultural inputs. The
sweet potato weevil (SPW), Cylas formicarius
(Fabricius) (Coleoptera: Brentidae), which can
cause yield losses of up to 50% (Sar, 2006), seriously
impacts sweet potato production. Furthermore,
feeding injury on storage roots or tubers can lead
to fungal infection, downgrading the quality of
the crop (Wamalwa et al., 2014). The adult SPW is
nocturnal and completes its life cycle on the crop.
Generally, the female oviposits eggs singly, either
on the vines or on the crown, and the larvae then
burrow down and into the tubers (Sutherland,
1986a). When infestations are at their peak in the
drier months, adults access the tubers through soil
cracks, with the female ovipositing directly into the
tubers. The larval stage spends 3–4 weeks inside
the tuber feeding before pupation and adult
emergence.

In PNG, farmers depend exclusively on cultural
control practices for SPW management, including
crop rotations, intercropping, good sanitation,
destruction of old vines and selection of deep-
rooted cultivars (Coleman et al., 2009; Hughes et al.,
2009). Although the larvae mainly cause the
damage, the primary target for insecticidal control
is the adult (Sutherland, 1986a). However, the use of
insecticides is often impractical as SPW spends
most of its life cycle underground, and insecticide
resistance has also been demonstrated (Sutherland,
1986b; Collins et al., 1991). Employing environmen-
tally friendly approaches (such as biological
control) may be a sustainable option for SPW
control in the longer term. Recently, use of the
entomopathogenic fungi Metarhizium anisopliae
(Metschnikoff) Sorok. and Beauveria bassiana (Bals.-
Criv.) Vuill. has been a focus of attention for
microbial insect control. Unlike other microbial
agents that require ingestion, the entomopathogenic
fungi provide several practical advantages, as the
infective propagules or spores grow upon contact
with the target (Lomer et al., 2001). In addition, the
infected targets may act as a primary source of
inoculum for secondary infection, and spores can
persist in the soil (Moorhouse et al., 1993; Milner,
1997; Boothe et al., 2000). Metarhizium anisopliae and
B. bassiana are naturally associated with SPW and
have been reported to cause 70–80% mortality (Su
et al., 1988; Rana and Villacarlos, 1991; Ondiaka et al.,
2008). In PNG, field infections of M. anisopliae have
been reported on coconut pests (Prior and Arura,

1985), sugarcane borer (Sesamia grisescens) (Arzu-
manov et al., 2005) and taro beetles (Papuana
uninodis) (Theunis and Aloali’i, 1998). In the
Bundaberg area of Queensland, Australia, where
sweet potato is cultivated commercially, natural
infection by M. anisopliae has been associated with
sugarcane white grubs (Antitrogus consanguineus)
(Allsopp et al., 1994). However, the infectivity and
deliberate use of this entomopathogenic fungus
against SPW has not been investigated in either of
these regions. In this study, we evaluate the
potential of tropical strains of M. anisopliae obtained
from Queensland as microbial control agents for
adult SPW.

Materials and methods

Insect cultures

A SPW colony was cultured from insects
collected in 2010 from infested sweet potato plants
in Bundaberg (Queensland, Australia) and main-
tained in the laboratory at Yanco Agricultural
Institute, NSW, Australia. Part of the colony was
transferred to Charles Sturt University in Wagga
Wagga (NSW, Australia) in 2011 for further culturing
and experimentation. Insects were reared on the
tubers of the sweet potato variety ‘Beauregard
Gold’, maintained at 23 – 30 8C, 60% relative
humidity (RH) with a 12 L:12 D photoperiod.
Infested tubers were replaced every 2 to 3 weeks
and placed in clean plastic containers (30 cm £
15 cm £ 10 cm) for adult emergence. Two- to three-
week-old males and females (post-emergence)
were used in all bioassays.

Fungal isolates

Isolates of M. anisopliae were obtained directly
from soil samples collected in Queensland, Aus-
tralia (Table 1), with the exception of isolates
QD61–QD64 and QD66. Dr Ian Newton from the
Queensland Department of Agriculture, Fisheries
and Forestry supplied these isolates that also
originated from Queensland. Thirty percent of the
samples were obtained from cultivated sweet
potato fields, whereas the remaining samples were
from abandoned lands. Three isolates, QD66,
QS001-6 and QS155, have been lodged in the New
South Wales Department of Primary Industries
Herbarium with the accession numbers DAR 82478,
DAR 82479 and DAR 82480, respectively.

The ‘Galleria bait method’ (Zimmerman, 1986),
using larvae of the mealworm beetle, Tenebrio
molitor (Coleoptera: Tenebrionidae), was used to
isolate the fungi from soil samples. Between 200 to
300 g of air-dried soil was placed in a clear
resealable plastic bag before releasing 10 to 12

R. Dotaona et al.154



T. molitor larvae. The bags were sealed and placed in
the dark at 25 ^ 2 8C and the soil turned weekly for
2 to 3 weeks. Dead larvae were removed, surface
sterilized with 70% alcohol and rinsed three times
in distilled water. To stimulate mycosis, larvae were
placed on moistened Whatman No. 1 filter papers
in 90-mm Petri plates and incubated at 26 8C. After
sporulation, a sterilized micro-needle probe was
used to gently touch the cadaver surface and then
the conidia were inoculated onto Sabouraud
dextrose with yeast extract (SDY) media. A loopful
of conidia from 3-week-old cultures of each fungal
isolate was inoculated into 150 ml SDY broth and
placed in an orbital shaker in the dark for 5–6 days.

For culture on rice, 1 kg of long-grain rice in
Microsacw gas-permeable bags (32 cm £ 57 cm,
Mycelia, Belgium) was heat sterilized for 15 min at
121 8C. Sterilized water was then added at a ratio of
1:2 before autoclaving again. Bags were cooled to
room temperature and shaken well before being
inoculated with 10 ml of SDY broth and sealed.
Cultures were maintained at 25 8C for 3 to 4 weeks.
The bags were shaken well to promote even
sporulation a few days after the start of incubation.
The contents of the bags were emptied into
aluminium trays (45 cm £ 25 cm £ 5 cm) to dry at
room temperature, and covered with a muslin cloth.
The spores were harvested using a mechanical sieve
shaker (Endecotts EFL2000/1; Endecotts Ltd., UK)
fitted with a nest of sieves (1 mm, 120mm and
32mm). The spores were weighed to determine
the decrease in initial moisture content weekly for
4 to 5 weeks until 30% of the moisture content was
achieved. The dry-sieved conidia were stored at
4 8C in sterile 100 ml Schott bottles until required.

Morphology and growth assessments

Sporulation colour in Metarhizium can be light to
very dark green (Bischoff et al., 2006), and while

green sporulation is characteristic of Metarhizium
spp. (Fig. 1), it cannot be considered as diagnostic,
because other fungi also produce green spores. To
assess the cultures for germination, approximately
0.1 ml of a 1 £ 107 conidia/ml suspension of each
isolate was spread on four Sabouraud dextrose agar
with yeast extract (SDAY) Petri plates and incu-
bated in the dark for 18–24 h at 25 8C. A total of 100
conidia per plate were then examined under an
inverted Epi-fluorescence compound microscope
(Olympus IX70-S8F; Olympus Optical Co., Japan)
at £ 400 magnification. The conidia with a visible
germ tube were regarded as germinating conidia.
The plates were replaced in the incubator and then
re-examined daily until the first spores were
produced. To determine the radial growth rate of
each isolate, cultures were spread plated on SDAY
and maintained at 15 8C for 4 days. Four round agar

Table 1. Source of Metarhizium anisopliae isolates tested against adult SPW. All insect
baiting was conducted using Tenebrio molitor larvae

Isolate/Accession Locality
Cropping
system

Method
of collection

QD61 (MBY1-1) Mowbray, QLD Abandoned Insect baiting
QD62 (MBY2-1) Mowbray, QLD Abandoned Insect baiting
QD63 (STR1-5) Mowbray, QLD Abandoned Insect baiting
QD64 (STR3-7) Stratford, QLD Abandoned Insect baiting
QD66 (PD3-6) Port Douglas, QLD Abandoned Insect baiting
QS001-6 Palm Cove, QLD Abandoned Insect baiting
QS002-3 Port Douglas, QLD Abandoned Insect baiting
QS155 Mapuru, QLD Sweet potato Insect baiting/soil dilution
QS161 Gapulyak, QLD Sweet potato Insect baiting/soil dilution
QS171 Alyangula, QLD Sweet potato Soil dilution

Fig. 1. Cadaver of a female Cylas formicarius infected with
Metarhizium anisopliae isolate QS155. Green conidia
observed on the cuticle at 3 days after treatment.
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plugs (c. 5 mm diameter) were cut from these plates
using a 5 mm diameter cork borer. Each plug was
placed upside down in the centre of a new SDAY
plate with pre-marked intercepting lines on the
underside of each plate to assist in assessing
colony diameter. The plates were sealed and
incubated in the dark at constant temperatures of
15, 20, 25, 30 and 35 8C. Radial growth was assessed
at 6 and 12 days. Individual plates were treated as
replicates.

DNA extraction and sequencing

Conidia from 2-week-old cultures were grown
in 150 ml SDY broth, and harvested after 4 days
using a vacuum pump and Buchner flasks. The
mycelial mats were dried at room temperature for
1 h, wrapped with aluminium foil then frozen in
liquid nitrogen for 5 min. The samples were stored
at 280 8C. The phenol/chloroform method (Raeder
and Broder, 1985; Al-Samarrai and Schmid, 2000)
was used to extract genomic DNA from the ground
mycelium. Samples of genomic DNA from the 10
isolates were prepared for amplification with the
internal transcribed spacer (ITS) primers ITS1 and
ITS4 (ITS1 50-TCCGTAGGTGAACCTGCGG-30;
ITS4 50-TCCTCCGCTTATTGATATGC-30) (White
et al., 1990). Each 54-ml reaction contained: 25ml
of Invitrogen 1x DNA SuperMix X, 12ml of each
forward and reverse primers (10 mM), and 5ml of
template DNA (diluted to a final concentration of
25 ng/ml). DNA from Zymoseptoria tritici was used
as a positive control. A thermal cycler (Hybaid
Express C3000; Thermo Hybaid, UK) was pro-
grammed for the following conditions: initial
denaturation at 94 8C for 60 s; followed by 35
cycles of: denaturation at 94 8C for 30 s; annealing
at 55 8C for 30 s; extension at 68 8C for 30 s; and final
extension at 68 8C for 3 min. The PCR products
were purified using the Axygen Purification kit
(Corning, Australia) following the manufacturer’s
protocol. The samples were sent to the Australian
Genome Research Facilities (Brisbane) for sequen-
cing. Sequence editing and alignment was
achieved with the BioEdit sequence alignment
editor (version 7.0.0, Ibis Biosciences, Carlsbad,
California) and BLASTN to query the GenBank
database (National Centre for Biotechnology
Information) to determine similarity between the
sequences of Metarhizium spp. isolated from this
study and those represented in GenBank. ITS
sequences from 13 additional M. anisopliae isolates,
including two from northern Australia (M.a. 69
and KJ872681), were included in a dendrogram
based on the UPGMA method (unweighted pair
group method with arithmetic mean) using MEGA
version 6 (Tamura et al., 2013; Centre for
Evolutionary Medicine and Informatics, Tempe,

Arizona) and tested using the bootstrap method
with 1000 replications.

Single-concentration screening bioassay

To screen the M. anisopliae strains against SPW,
we used spore suspensions of each isolate with a
uniform concentration of 1 £ 107 conidia/ml. Dry
fungal conidia (0.25 g) of each isolate harvested from
rice grain cultures were suspended into 10 ml of
sterile distilled water containing 0.05% Tweenw 80 in
50 ml screw-capped specimen containers, and
vortexed. Initial conidial concentrations were
determined with a Neubauer haemocytometer and
adjusted to 1 £ 107 conidia/ml. The fungus was
applied by individually dipping (Ansari and Butt,
2012) five male and five female SPW adults into the
conidial suspension for 10–12 s. Weevils were
removed with sterile tweezers and each group
of 10 placed in a 750 ml clear plastic container
with 50 g of diced sweet potato tuber. The top of each
container was covered with white cheese cloth
fastened with rubber bands. At each inoculation, the
suspension was agitated for 2–3 s. For the control
treatments, adult SPW were dipped in 10 ml
sterile distilled water containing 0.05% Tweenw 80
solution. After inoculation, all insects were
incubated at 26 ^ 1 8C and 60–70% RH. Tubers
were replaced every 3 days and mortality was
recorded daily for 10 days. Dead SPW were removed
and transferred to 90-mm Petri plates with
moistened Whatman No. 1 filter papers to encou-
rage mycosis and sporulation. Mycosed weevils
were recorded and regarded as killed by the fungus.
Five replicates were conducted for each isolate.

Dose–mortality relationships

Based on the screening bioassay and growth
data, two fast growing and virulent isolates (QS155
and QS001-6) were selected for further testing.
Isolate QD66 was also included as it caused
moderate SPW mortality at 5 DAI. The procedure
followed the same basic protocol used for the
single-concentration screening assay. To determine
the LC values at lower conidial concentrations, five
concentrations (1 £ 103, 1 £ 104, 5 £ 104, 1 £ 105,
1 £ 106 conidia/ml) were prepared, and five male
and five female weevils inoculated with each
concentration as described previously. Control
weevils were dipped in 0.05% Tweenw 80 solution
without conidia, and each treatment was replicated
five times, giving a total of 50 SPW exposed to each
concentration of each isolate. Treated insects
incubated at 26 ^ 1 8C and 60–70% RH. Tubers
were replaced every 3 days. Mortality was recorded
daily for 20 days.
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Statistical analyses

One-way analysis of variance (ANOVA) was
used to analyse germination and hyphal length
data. The Nemenyi test, a non-parametric Tukey-
type multiple comparison test (Zar, 1984) was used
to analyse time to sporulation data. Radial growth
was assessed using Restricted Maximum
Likelihood (REML). For the single-concentration
bioassay, mortality was corrected using Abbott’s
formula (Abbott, 1925). Data collected at 5 DAI
were arcsine transformed to remove variance
heterogeneity before analysis using ANOVA.
Mortality data at 10 DAI were analysed using the
Nemenyi test, since many isolates caused 100%
mortality at 10 DAI and the data could, therefore,
not be transformed to meet the criteria for ANOVA.
All of these analyses were performed with Genstat
14th Edition (VSN International Ltd., UK). For the
multiple dose rate bioassays, data were analysed
without replicate pooling using a stand-alone probit
program, following the approach developed by
Barchia (Barchia, 2001) for use in the GenStat statistical
environment. The program applies the method
outlined in Finney (1971), including data adjustment
for natural mortality using Abbott’s formula (Abbott,
1925). This approach was taken to ensure variability
between replicates was taken into account during the
analysis. Significant heterogeneity was identified
using a x 2 test of residual deviance. When hetero-
geneity was significant (5% level), the variance of the
estimated parameters was scaled by the correspond-
ing heterogeneity factor equal to the residual mean
deviance (Finney, 1971). Lethal concentration (LC)
ratios, plus the associated 95% confidence intervals

calculated as described by Robertson et al. (Robertson
et al., 2007), were used to determine the significance of
differences between LC values.

Results

Morphology and growth assessments

Green sporulation was evident in all the isolates;
however, isolates QD61–QD63 were substantially
darker in colour compared with the remaining
isolates. The shape of conidia from each isolate was
strongly similar to those illustrated by Bischoff et al.
(2006), providing additional evidence to support
the assertion that all isolates belong to the genus
Metarhizium. Significant differences (P , 0.05) were
recorded in time to sporulation, which ranged from
2 to 4 days (Table 2). Isolates QD66 and QS001-6
took the least time to sporulate, with all other
isolates taking significantly (P , 0.05) longer. There
were no further significant differences in time to
sporulation detected between isolates. For percen-
tage germination, significant differences (P , 0.05)
were also found between isolates (Table 2). The
highest germination (89.6 to 97.4%) was recorded
for isolates QD61, QD64, QS001-6, QS002-3, QS155,
QS161 and QS171, which did not differ significantly
from each other. The lowest germination (48.6%)
was recorded with isolate QD62, which differed
significantly from all other isolates. Significant
differences (P , 0.05) were also recorded for hyphal
length (Table 2). The greatest hyphal length was
measured in isolates QS155 and QS171, which
differed significantly from all other isolates

Table 2. Percentage germination, hyphal length and days to sporulation for Metarhizium
anisopliae isolates

Isolate
% Germination

mean (^SE)
Hyphal length (mm)
at 48 h mean (^SE)

Days to sporulation
mean (^SE)

QD61 92.8 ^ 4.0c1 0.315 ^ 0.008a2 4 ^ 0.2b3

QD62 48.6 ^ 7.4a 0.435 ^ 0.018b 3 ^ 0.2b
QD63 66.2 ^ 4.9b 0.347 ^ 0.013a 4 ^ 0.0b
QD64 89.6 ^ 2.2c 0.478 ^ 0.015bc 4 ^ 0.3b
QD66 66.0 ^ 7.8b 0.525 ^ 0.007c 2 ^ 0.2a
QS001-6 97.4 ^ 1.2c 0.786 ^ 0.013e 2 ^ 0.0a
QS002-3 93.0 ^ 2.7c 0.855 ^ 0.022f 3 ^ 0.2b
QS155 94.6 ^ 3.7c 0.938 ^ 0.042g 3 ^ 0.32b
QS161 92.8 ^ 1.9c 0.617 ^ 0.009d 3 ^ 0.32b
QS171 90.6 ^ 4.3c 0.967 ^ 0.035g 3 ^ 0.32b

1 Means with the same letter within a column do not differ significantly at P , 0.05
(ANOVA and LSD test; n ¼ 4).
2 Means with the same letter within a column do not differ significantly at P , 0.05
(ANOVA and LSD test; n ¼ 3).
3 Means with the same letter within a column do not differ significantly at P , 0.05
(Nemenyi test; n ¼ 4).
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(Table 2). Isolates QD61 and QD63 had the shortest
hyphal length.

Radial growth increased by at least 50% as
temperatures rose from 15 to 35 8C (Fig. 2). At 6 DAI,
the interaction between isolate and temperature
was significant (P , 0.05) for radial growth. At
15 8C growth was poor and there were no
differences between isolates; however, at 20 8C, the
isolates were separated into two groups. Isolates
QS002-3, QS001-6, QS155, QS161 and QS171 had
significantly greater growth compared with all
other isolates. As the temperature increased, the
differences in radial growth declined and were
almost absent at 30 8C as the rate of increase in
growth of these isolates decreased. The optimal
temperature for all isolates was 30 8C, except for the
isolate QS171 that had a broad temperature
tolerance range between 20 and 35 8C. The greatest
radial growth was recorded for the isolate QS155 at
30 8C.

At 12 DAI, the interaction between isolate and
temperature was also significant (P , 0.05). At
15 8C, the growth continued to be poor and there
were no differences between isolates. At 20 8C,
isolates QS002-3 and QS155 showed rapid growth
and were significantly (P , 0.05) different to all

other isolates. The poorest growth at 20 8C was
observed in isolates QD66 and QD61. The majority
of isolates showed optimal growth at 30 8C with the
exception of isolates QD66 and QS161, which
showed a decline in growth. The growth of all
isolates decreased at the highest temperature
with isolates QD66 and QS001-6 showing the
least growth.

Molecular identification of Metarhizium isolates

The dendrogram divided into two
distinct clades (1 and 2) at a dissimilarity of 0.4744
(Fig. 3). The first clade contained the ITS sequences
of the isolates in this study and two other isolates
from northern and south-eastern Australia (M.a. 69
and KJ872681, respectively). Isolates QS002-3
through to QD64 are identical (cluster 1). Clade 1
is made up of three additional clusters, in which
isolates QD62 and QD66 show a high similarity
(cluster III) and isolate QS001-6 represents the
cluster IV alone. Cluster IV separates from the
other clusters at a similarity of 0.1336. Clade 2 is
represented by two large clusters (V and VI);
these sequences show the lowest similarity to the
ITS sequences of the isolates used in this investi-
gation. Sequences FJ545306, FJ545286, FJ545302
and JQ889704 are of Chinese origin, EU307893 and
HQ331464 are of Australian origin, FJ545314
and FJ545308 are of Laotian origin, EU307890 is of
Canadian origin, KF766520 is of Indian origin and
FJ545321 is of Dutch origin.

Single-concentration screening bioassay

At 5 DAI, the effect of isolate on SPW mortality
was significant (P , 0.05). Mortality ranged from
0% (isolate QD64) to 94% (QS001-6). However, the
majority of isolates (8 of 10) caused ,35% mean
corrected mortality (Table 3). At 10 DAI, the effect of
isolate on SPW mortality was also significant
(P , 0.05). With the exception of isolates QD64
and QS161, which caused 54 and 80% mortality,
respectively, all other isolates caused $ 98%
mortality (Table 3).

Dose–mortality relationships

In the dose – mortality bioassay, isolate
QS155 had the lowest LC50 and LC90 values
(1.7 £ 105 and 5.0 £ 106 conidia/ml, respectively)
and isolate QS001-6 had the highest (2.4 £ 107 and
3.2 £ 1011 conidia/ml, respectively). However,
there were no significant differences between any
of the isolates when pair-wise comparisons were
made (Table 4).
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Fig. 2. The effect of temperature on radial growth (mm/
day) of Metarhizium anisopliae isolates at (A) 6 DAI and (B)
12 DAI. The interaction between isolate and temperature
was significant at both 6 and 12 DAI (P , 0.05, REML).
Values are the means of four replicates.
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Discussion

Metarhizium anisopliae has a worldwide distri-
bution and has been recovered from a variety of
soils (St. Leger et al., 1992). Previous work by several
authors (Vänninen, 1996; Vänninen et al., 2000;
Quesada-Moraga et al., 2007) has shown the
association between the abundance of M. anisopliae
and crop cultivation. The M. anisopliae isolates
tested here have been sourced from soils with a
history of cultivation, and varied significantly in
their germination, time to sporulation and response
to temperature, as determined in radial growth
studies. These factors, however, did not always
closely correlate with one another. While some
isolates showed high germination, fast hyphal
growth and moderate to rapid sporulation (e.g.
QS155, QS171 and QS001-6), others, for example,
showed high germination combined with slow
hyphal growth and relatively slower sporulation
(e.g. QD61). Characteristics such as fast growth rate

and sporulation are considered important for
virulence and dispersal (Ekesi et al., 1999).
Entomopathogenic fungi tolerate a wide range of
temperatures up to 35 8C beyond which germina-
tion is reduced (Sun et al., 2003). Lomer et al. (2001)
reported growth and sporulation of M. anisopliae on
locusts at 35 8C. The isolates studied here exhibited
slow growth at low temperatures (15 8C), as did
those studied by Arthurs and Thomas (2001) and
Yeo et al. (2003). Although the entomopathogenic
fungi tolerate varying temperature regimes, the
optima for growth ranges between 20 and 30 8C, and
temperature does influence virulence (Goettel et al.,
2000). Our test isolates were sourced from tropical
Queensland, Australia, and high temperatures
(typically 30 8C for most isolates) increased their
radial growth, indicating these isolates are well
adapted to the tropical conditions where they were
originally found. Since SPW is primarily a problem
for sweet potato production in tropical areas,
M. anisopliae strains adapted to tropical climates
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Fig. 3. Dendrogram showing the relative genetic distances resulting from alignment of the 10 tested experimental isolates
of Metarhizium anisopliae, plus 13 additional isolates (GenBank data) (5.8S rDNA-ITS sequences). The analyses were
conducted using the UPGMA method in MEGA 6.0 (Tamura et al., 2013).
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are more likely to be effective control agents than
those isolated from more temperate environments.
However, if tropical isolates are used at lower
temperatures, suboptimal germination and slow
growth may lead to reduced efficacy, as demon-
strated by Ekesi et al. (1999) who found reduced
virulence of tropical M. anisopliae strains against
thrips (Megalurothrips sjostedti) at 15 8C. For an insect
pest of tropical origin like SPW with an optimum
development temperature of between 27 and 30 8C
(Sutherland, 1986a), it is essential to select isolates
of entomopathogenic fungi (such as M. anisopliae)
for biological control purposes that thrive at the
optimal temperatures for host development.

The phylogenetic analysis of ITS sequences of
isolates used in this study suggests that the isolates
are relatively closely related. These isolates
clustered more closely to M. anisopliae isolated
from agricultural soils in Queensland and New
South Wales, Australia (M.a. 69 and KJ872681,
respectively) than to M. anisopliae isolated from
China, Laos, India, Canada or the Netherlands.
Further analysis using techniques such as AFLPs
(amplified fragment length polymorphisms) would

better characterize the genetic relationships
between geographically disparate isolates. This
technique has been reportedly used with reprodu-
cible results, distinguishing M. anisopliae var.
anisopliae from other pathogenic fungal isolates
(Inglis et al., 2008).

The isolates screened had varying degrees of
virulence to adult SPW. At 5 DAI, isolate QS001-6
exhibited high virulence (94% mortality) and
isolate QS155 exhibited moderate virulence (62%
mortality) at 107 conidia/ml. These isolates were
obtained using mealworms as bait in soil samples
obtained from abandoned lands and sweet potato
fields, respectively. At 107 conidia/ml, other
researchers were able to perform initial pathogen-
icity screening of M. anisopliae isolates using varied
modes of infection against a range of Coleoptera
(including Cylas puncticollis) (Ondiaka et al., 2008)
and larvae of the black vine weevil (Bruck, 2004).
The data generated in this work demonstrate that
this concentration is useful for screening and
differentiating highly virulent from less virulent
strains at 5 DAI. Although different life stages of a
target insect vary in susceptibility to entomopatho-
gens (Ekesi and Maniania, 2000), this study
concentrated on the infection of the adult stage of
SPW, as other life stages are spent within the storage
roots of the host plant.

In the dose–mortality bioassay, isolate QS155
had the lowest LC50 and LC90 values, followed by
QD66 then QS001-6. However, there were no
significant differences between isolates for the
LC50 or LC90 values when pair-wise comparisons
were made, in part owing to the broad fiducial
limits, which reflect the relatively high variability
between replicates. Our most virulent isolate,
QS155, has lower LC50 and LC90 values than the
virulent M. anisopliae isolate tested and found
effective against C. puncticollis by Ondiaka et al.
(2008), although the LC values were generated
using different application methods in the two
studies, making direct comparisons problematic.
The three isolates tested in the 20-day dose–
mortality experiments showed a different order of
activity against SPW than in the shorter term single-
concentration screening assay. At five DAI with
107 conidia/ml, isolate QS001-6 produced the high-
est SPW mortality (Table 3), while in the 20-day

Table 3. Corrected mortality of adult SPW after inocu-
lation (1 £ 107 conidia/ml) with Metarhizium anisopliae
isolates and incubation at 26 ^ 1 8C. DAI, days after
inoculation. n ¼ 5 with 10 SPW (five males and five
females) per replicate

% Corrected mortality (SE)

Isolate 5 DAI 10 DAI

QD61 12 ^ 5.8b1 98 ^ 2.0b2

QD62 22 ^ 3.7bc 100 ^ 0.0b
QD63 14 ^ 6.0b 98 ^ 2.0b
QD64 0 ^ 0.0a 54 ^ 8.1a
QD66 34 ^ 6.8c 100 ^ 0.0b
QS001-6 94 ^ 6.0e 100 ^ 0.0b
QS002-3 12 ^ 5.8b 100 ^ 0.0b
QS155 62 ^ 7.4d 100 ^ 0.0b
QS161 18 ^ 3.7bc 80 ^ 13.8ab
QS171 18 ^ 3.7bc 100 ^ 0.0b

1 Means with the same letter within a column do not differ
significantly at P , 0.05 (ANOVA and LSD test).
2 Means with the same letter within a column do not differ
significantly at P , 0.05 (Nemenyi test).

Table 4. LC50 and LC90 values and associated 95% fiducial limits for Metarhizium anisopliae isolates tested against adult
SPW. Mortality assessed 20 DAI, incubation at 26 ^ 1 8C. n ¼ 5 with 10 SPW (five males and five females) per replicate

Isolate LC50 (conidia/ml) 95% Fiducial limits LC90 (conidia/ml) 95% Fiducial limits

QD66 4.8 £ 105 8.9 £ 104–4.5 £ 107 1.3 £ 108 2.5 £ 106–2.2 £ 1014

QS001-6 2.4 £ 107 9.8 £ 104–1.9 £ 1013 3.2 £ 1011 5.3 £ 105–2.0 £ 1026

QS155 1.7 £ 105 7.5 £ 104–5.2 £ 105 5.0 £ 106 1.2 £ 106–1.3 £ 108

R. Dotaona et al.160



experiment this isolate produced the lowest
response (highest LC50 and LC90 estimates;
Table 4). Since the 20-day dose–response bioassays
did not identify statistically significant differences
between isolates, care must be taken in comparing
the two experiments; however, it should be noted
that of the two isolates that showed high initial
germination rates, QS001-6 had the fastest time to
sporulation. This may account for the stronger
response to this isolate in the shorter-term test. We
believe that isolate QS155 has the greatest potential
to be used as a biological control agent based on its
fast growth rate, relatively rapid sporulation, high
germination rate and high virulence.

The effects of infection preceding mortality, such
as reduced feeding, restlessness and susceptibility
to predators at lower Metarhizium dosages, have
been reported in studies on other coleopterans
(Hajek et al., 2008), and should be evaluated in
relation to the response of SPW adults to virulent
Metarhizium isolates (such as QS155). Additional
information on the potential for horizontal trans-
mission of M. anisopliae, and on the efficacy of
conidial treatments under glasshouse and field
conditions, is also required to determine whether
isolate QS155 has the potential to provide effective
SPW control in commercial and subsistence sweet
potato production.
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