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Abstract 

Oil palm Elaeis guineensis Jacq. is an important cash crop in Papua New Guinea 

(PNG).  The production of oil palm is currently under threat from Finschhafen Disorder 

(FD).  Since the first sighting of the disorder on oil palm in the mid 1990‟s, FD was 

observed more frequently on oil palm and the geographic range has spread.  The native 

planthopper, Zophiuma butawengi (Heller), was recently confirmed as the causal agent 

of FD.  The planthopper is current managed by the use of insecticides.  The need for an 

environmentally friendly strategy to manage Z. butawengi is vital since the industry is 

committed to sustainable palm oil production. 

One option is the utilization of entomopathogenic organisms as biological control 

agents.  From preliminary surveys, unidentified fungi were observed on Z. butawengi 

cadavers collected in the field.  These observations gave rise to this project whose aim 

was to investigate the entomopathogenic fungi of Z. butawengi and identify those that 

have potential as biological control agents against this pest. 

In early 2010, field collections of mycosed cadavers of Z. butawengi were conducted in 

five localities in PNG where there have been recorded cases of FD outbreaks on oil 

palm.  Mycosed cadavers were found in three of these localities.  A total of 38 samples 

of nymph and adult Z. butawengi were collected and the fungi were isolated for 

identification.  From the collection isolates, three entomopathogenic fungi were 

identified as Metarhizium flavoviride var. minus Rombach, Humber and D.W. Roberts, 

Purpureocillium lilacinum (Thom) Luangsa-ard, Hou- braken, Hywel-Jones & Samson 
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and Hirsutella citriformis Speare.  This is the first record of identified 

entomopathogenic fungi from Z. butawengi. 

The efficacy of the three fungi was tested in the laboratory on late instar nymphs of Z. 

butawengi.  Spores of M. anisopliae and of P. lilacinum, and ground mycelia of H. 

citriformis were used as inocula and each fungus was applied at three concentrations of 

1 x 10
4
, 1 x 10

5
 and 1 x 10

6
 spores per ml.  Water and nil treatment were applied as 

controls.  At the end of the experiment, the cadavers collected from the bioassay were 

isolated and identified to confirm Koch‟s postulates.  The three fungi were successfully 

isolated from the test insects, however, the majority of the isolates were saprophytic 

fungi. 

The mortality data from the bioassay were analysed using binomial generalised linear 

mixed models.  To get a general indication of how the fungal treatments performed, the 

effect of all fungal treatments were pooled and compared against the controls.  Insect 

deaths by the pooled fungal treatment was not statistically different from the control 

treatments, however, the pooled fungal treatment killed test insects quicker than the 

controls. 

When the effects of individual concentrations were tested, there was statistical 

significant difference between their cumulative mortality indicating the different 

concentrations killed differently.  The rate at which individual concentrations killed test 

insects also varied.  The best treatment concentrations were from M. flavoviride var. 

minus and H. citriformis.  
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When fungal species were tested against each other, there was also no difference in their 

cumulative mortality, however, M. flavoviride var. minus killed test insects quickest, 

followed by H. citriformis then P. lilacinum. 

The results from the bioassay indicated the three entomopathogenic fungi were able to 

kill Z. butawengi in laboratory settings, however, they might work best at different 

concentrations.  Further work is needed to determine which concentration is ideal for 

each fungus so they can be equally evaluated. 

This study has provided a record of entomopathogenic fungi of Z. butawengi and given 

an indication of their effectiveness as biological control agents.  More work is needed in 

the biology of Z. butawengi and each fungus for better handling and utilization of the 

insects and fungi during testing.  Appropriate facilities are required to continue this 

work in PNG to fully understand the potential of the three entomopathogenic fungi as 

biological control agents of Z. butawengi. 
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1.1 Oil Palm 

The African oil palm, Elaeis guineensis Jacq., has become a crop of major international 

importance since its discovery by Portuguese sailors in 1434 during their exploration 

along the West African coast.  It is believed that the use of palm oil dates back to 5,000 

years; fats found in an Egyptian tomb contained traces of palm oil (Corley & Tinker, 

2003; Rieger, 2006).  The first major trading of oil palm products was in the 1800‟s 

during the British industrial revolution when palm oil was used as an industrial 

lubricant, for the manufacture of soap and candles and as flux in the manufacture of tin 

plate.  In 1800, Britain imported 233 tonnes of palm oil from West Africa (Lynn, 1989).  

By 1850, imports reached 21,723 tonnes (Lynn, 1989).  The increasing demand for the 

product saw a shift in cultivation from smallholder cropping to the establishment of 

plantations.  After World War 2, the British established plantations in South East Asia 

(Corley & Tinker, 2003; Lynn, 1989; Rieger, 2006). 

Today, the largest producers of palm oil are Indonesia and Malaysia, which together 

account for 80% of the world palm oil production (FAOSTAT, 2011).  Countries that 

dominate the remaining percentage include Nigeria, Thailand, Colombia, and Papua 

New Guinea (PNG) (FAOSTAT, 2011).  In 2009, oil palm plantations covered ca. 15 

million hectares worldwide, produced 45 million tonnes of crude palm oil and 4.7 

million tonnes of palm kernel oil.  Total palm oil production constitutes 27% of the 

world‟s oil crop production of 130.4 million tonnes (FAOSTAT, 2011).  Palm oil is 

produced from 5.7% of the total land area occupied by oil crops, thus making it the 

most productive oil crop (FAOSTAT, 2011). 
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The first description of the African oil palm was by Nikolaus Joseph von Jacquin in 

1763.  The botanical name, Elaeis guineensis, was given because of its high oil content 

and original locality (elaion from Greek meaning oil and guineensis meaning from 

Guinea in West Africa) (Corley & Tinker, 2003).  Oil palm is a monocotyledon, 

belonging to the palm family Arecaceae and the subfamily of Cocoidea.  There are two 

other species in the same genus; the American oil palm, Elaeis oleifera Cortes, which is 

native to the Americas, and Elaeis madagascariensis (Jum. & H. Perrier) Becc. found 

on Madagascar and believed to be a variant of E. guineensis (Janick & Paull, 2008).  

Although these latter two species are used in breeding programmes, they are not widely 

preferred in plantation cultivation (Janick & Paull, 2008). 

Palms are established from seeds, and take between 100 to 120 days to germinate.  In 

commercial seed production, seed germination is achieved within 40-60 days using 

controlled heat and moisture treatments (Janick & Paull, 2008).  Pre-germinated seeds 

are grown in a nursery for 10 to 12 months before being transplanted in the field.  

Although oil palm longevity can exceed 120 years (Wahid et al., 2005), the cultivation 

of palms for long periods of time is not encouraged as they become too tall and 

unmanageable.  Palms are replanted after ca. 20 years when the palms reach around 

25m in height (Rieger, 2006; Wahid, et al., 2005).  The flowers are monoecious and 

pollination is achieved with pollinating weevils, including Elaeidobius spp. 

(Coleoptera: Curculionoidae).  Of the weevils used commercially, E. kamerunicus is the 

most efficient and the preferred species.  Oil palm fruits, the size of plums are produced 

in dense bunches.  The size and weight of bunches increases as the palm matures.  On 

average, a bunch from a 10-year-old plantation-maintained palm weighs ca. 20kg.  
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Bunches reach maturity six months after pollination (Corley & Tinker, 2003; Janick & 

Paull, 2008; Rieger, 2006).  Oil is extracted from both the mesocarp and kernel of the 

fruit.  Approximately 20-25% of a fruit bunch is crude palm oil and 3-5% is kernel palm 

oil.  A by-product of kernel palm oil extraction is kernel cake, which is used in animal 

feed. 

As with all plants, climate and soil-type play a major role in the development and 

production of oil palm.  Although oil palm grows well on a wide range of soil types, it 

prefers coastal and riverine alluvial soil, soils of volcanic or sedimentary origin, as long 

as there is good drainage and pH ranging from four to seven (Janick & Paull, 2008; 

Rieger, 2006).  Oil palm thrives in wet and humid tropical climates 15  north or south 

of the equator, extending from the coast to 300m in altitude, above which growth is 

reduced.  The preferred temperature range is 21 C - 34 C (Corley & Tinker, 2003) 

(Janick & Paull, 2008).  Other climatic factors that affect oil palm performance include 

rainfall, number of rain days and hours of sunshine (Breure, 1982).  



 

 

5 

1.2  Oil Palm in Papua New Guinea 

1.2.1  Background of Oil Palm in Papua New Guinea 

Although oil palm was introduced into PNG in the 1920s, it was not until 1967 that an 

industry was established (Allen et al., 2009).  A joint private and government venture 

was established in a nucleus estate system in the Hoskins area of West New Britain 

Province (WNBP) in response to recommendations from the World Bank.  A private 

company (Harrison & Crossfields) consequently established plantations and set up 

milling and exporting facilities.  Smallholder growers were encouraged to develop, from 

which the company bought oil palm fruits, known as fresh fruit bunches.  Harrison & 

Crossfields have since been taken over by New Britain Palm Oil Ltd (NBPOL) and the 

Hoskins project is now the largest smallholder oil palm development project in PNG 

(Allen, et al., 2009).  Since then, other projects with a similar structure were established, 

including Bialla (WNBP) which operates the milling and exporting company Hargy Oil 

Palms, Northern Province operating the milling company Higaturu Oil Palms, Milne 

Bay Province (MBP) operating the milling company Milne Bay Estates, New Ireland 

Province operating the milling company Poliamaba Ltd., and Ramu, situated in the 

plains bordering the Madang and Morobe Provinces, operating the milling company 

Ramu Agri Industries (Allen, et al., 2009).  As of 2010, the milling companies in the 

Northern Province, New Ireland, MBP and Ramu have been bought by NBPOL.  A 

comprehensive background of the industry‟s development in PNG is provided by 

Koczberski, Curry & Gibson (2001), Caudwell & Orrell (1997) and Allen et al. (2009).  

By 2009, it was estimated that the area under oil palm production was 120,000 hectares 

with a production of 470,000 tonnes of palm oil and 43,000 tonnes of palm kernel oil 
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(FAOSTAT, 2011).  With a value of almost 50% of all major agricultural export 

commodities in 2010, oil palm is PNG‟s most valuable agricultural crop generating 

some K943 million (equivalent to US$422 million) (Bank of Papua New Guinea, 2011). 

The initial developments, as per the recommendation by the World Bank, were aligned 

with the voluntary resettlement of people from overpopulated rural areas in mainland 

PNG.  Upon arrival, each family was given six hectares to grow the crop.  Currently, 

these small land areas now support up to three generations of the original family and, 

accordingly, social issues have arisen as a result.  These issues include crowded 

housing, social complications of living together, and income-sharing.  Socio-economic 

aspects of the industry are documented by the works of Curry and Koczbeski (Curry & 

Koczberski, 2009; Koczberski & Curry, 2005; Koczberski, et al., 2001). 

The change of political party policies over time has also brought new challenges.  

Policies for employment and environmental conservation have changed and people‟s 

awareness of these issues has improved as well.  These changes include a requirement 

for the industry to become more sustainable (Lord, 2004, 2007).  In PNG, all milling 

companies have since attained certification under the Roundtable for Sustainable Palm 

Oil (RSPO) and International Organisation for Standardisation (ISO) for occupational 

health and safety and environmental protection (Lord, 2004; Roundtable on Sustainable 

Palm Oil, 2011).  Maintaining these high standards, while simultaneously minimising 

costs to increase profitability, is a great challenge facing smallholder farmers and 

managers of oil palm plantations in PNG.   
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1.2.2  Oil Palm Pests, Diseases and Disorders in Papua New Guinea 

Along with these new challenges, the continual complications of plant protection and 

nutrition persistently require attention.  Pests, diseases and disorders may affect leaves, 

fruits, stem or roots of the palm.  A greater understanding of plant protection and 

nutrition is vital for the management of the crop in order to provide sustainable 

protective measures that fall within the new sustainability guidelines imposed upon the 

industry.  Insect pests and diseases of oil palm in PNG are mainly those from other 

native palms such as coconut.  Due to the abundance of oil palm and the reduction of 

preferred hosts through monoculture, pests and diseases of native palms have adapted to 

thrive on the introduced palm. 

The most devastating disease affecting oil palm in PNG is basal stem rot and upper 

stem rot.  These rots are caused by the hardwood Basidiomycete fungi, Ganoderma spp. 

(Polyporales: Ganodermataceae) (Paterson, 2007; Pilotti, 2005).  Ganoderma spp. are 

commonly found on dead hardwoods and coconut, Cocos nucifera L., logs.  A positive 

correlation has been established with high incidence of Ganoderma spp. in oil palm 

cultivation in ex-coconut areas (Pilotti, 2006).  There are two species of Ganoderma 

that affect oil palm; Ganoderma boninense Pat., being the more common species 

(Paterson, 2007), than G. tornatum Pers., which causes the same rots but occurs less 

frequently on oil palm due to its wider host range (Corley & Tinker, 2003; Paterson, 

2007; Pilotti, 2005; Pilotti et al., 2002; Pilotti et al., 2004).  Other common diseases of 

oil palm in PNG include spear rot and crown disease, however, these are of much less 

concern than Ganoderma.  The causal agents for both these diseases are still unknown.  

Spatial distribution work by Van de Lande & Zadoks (1999) suggested that spear rot is 
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contagious. Crown disease is assumed to be associated with crop rotation of the same 

genotypes of planted material (Breure & Soebagjo, 1991). 

Nutritional deficiencies and toxicities in the soil can also cause disorders in oil palm.  

Major soil elements of importance for oil palm include nitrogen (N), potassium (K), 

phosphorus (P), magnesium (Mg), manganese (Mn), and sulphur (S) (Breure & 

Rosenquist, 1977).  The imbalance of these elements cause disorders usually 

characterised by abnormal colouring and necrosis of the fronds, stunted growth and 

reduction in yield. 

Arthropods are the most important pests of oil palm.  Some of them feed on the palm 

leaves causing reduction in leaf photosynthetic area, which eventually results in lower 

crop yield (Page & Dewhurst, 2010).  Common oil palm pests in PNG include taxa 

within the insect Orders: Coleoptera, Hemiptera, Lepidoptera and Orthoptera (Caudwell 

& Orrell, 1997).  Long horned grasshoppers (commonly but incorrectly referred to as 

“sexava”) (Orthoptera: Tettigoniidae) and stick insects (Orthoptera: Phasmatidae) are by 

far the most destructive pests of oil palm in PNG (Caudwell, 2000; Caudwell & Orrell, 

1997; Page, 2005; Page & Dewhurst, 2010).  Infestations are frequent and severe 

damage by leaf feeders may result in palms taking years to recover to their productive 

potential (Page & Dewhurst, 2010).  Other destructive insects are from Coleoptera 

(Scarabaeidae: Dynastinae) known collectively as “rhinoceros” beetles.  These beetles 

burrow into the crown of palms, which in some cases are fatal, especially in younger 

palms if the apical meristem is damaged.  Fortunately, outbreaks by these beetles in 

PNG are uncommon (Masamdu, 2006).  Bagworms (Psychidae) are the most common 

Lepidoptera pests of oil palm.  Their occurrence is also sporadic in PNG.  The 
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Hemiptera pest of concern is the planthopper, Zophiuma butawengi Heller (= Zophiuma 

lobulata Ghauri) (Fulgoromorpha: Lophopidae), which causes Finschhafen Disorder 

(FD) of palms (Gitau et al., 2011a; Gitau et al., 2011b). 

1.2.3  Finschhafen Disorder of Oil Palm and Zophiuma butawengi 

FD was first described as a strange “plague infestation of coconut” (Ghauri, 1967) when 

the first recorded outbreak was observed in the Finschhafen district of Morobe 

Province, PNG.  The name Finschhafen Disorder was assigned because of the locality 

where it was first found (Finschhafen) and because it was not certain how the “plague” 

occurs, it was described as a disorder.  Affected fronds of palms were chlorotic and later 

turned necrotic with dieback from the tip towards the base of the fronds.  Observations 

on FD affected palms revealed a large population of a species of planthoppers 

(Hemiptera: Fulgoroidea: Lophopidae) described by Ghauri as Zophiuma lobulata 

(1967).  The status of this insect has since been reviewed by Gitau et al. (2011a) who 

revealed that Zophiuma lobulata Ghauri 1967 was a synonym of Zophiuma butawengi 

(Heller 1966).  Populations exceeding 1,000 insects per frond were observed during the 

1960‟s outbreak in Finschhafen (Ghauri, 1967).  Observations by Prior, Solulu, Laup & 

Gende (2001) indicated that a population of 200 to 300 planthoppers on small coconuts 

was sufficient to cause symptoms of FD.  The yellowing of the fronds can easily be 

confused with other palm nutritional deficiencies or stress due to climatic conditions.  In 

coconuts, observations from severe cases recorded 80-90% of chlorosis and subsequent 

necrosis (Prior, et al., 2001).  In extreme cases, palm spears collapsed and death of the 

palms was inevitable (Prior, et al., 2001). 
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The role of hemipteran insects as vectors of plant pathogens and, more specifically, 

planthoppers as vectors of palm pathogens, has been reviewed by Gitau, Gurr, 

Dewhurst, Fletcher, & Mitchell (2009) and Kaloshian & Walling (2005).  Smith 

(1980b) conducted transmission experiments to determine the effect of Z. butawengi on 

coconut and its role in FD.  He concluded that Z. butawengi is associated with FD and 

suggested that the disorder might be caused by a reaction to feeding by the planthopper.  

Recent research by Gitau, et al. (2011b) on the association of Z. butawengi and oil palm 

and coconut, revealed that FD is caused by the direct feeding of Z. butawengi.  

Densities of 100 insects per frond were sufficient to cause chlorosis within 3-12 months 

(Gitau, et al., 2011b) revealing that large numbers are required to cause the disorder.  

Screening for phytoplasmas and bacteria-like-organisms found no evidence that 

pathogens are involved in FD (Gitau, et al., 2011b). 

The spread of FD has extended further than Finschhafen.  Reports of the disorder were 

made from Northern Province (Page, 2004; Smith, 1980b), MBP (Prior, et al., 2001) 

and WNBP (Page, 2004; Prior, et al., 2001).  Not only was FD found on coconuts, but 

on other palms such as betel nut, Areca catechu L., and oil palm E. guineensis, 

especially when these were planted near coconuts (Prior, et al., 2001).  The first record 

of FD of oil palm occurred in WNBP in 1994 (PNG Oil Palm Research Association, 

2004; Prior, et al., 2001).  FD is now frequently and widely observed in oil palm 

plantations, with records of outbreaks in areas exceeding 100 ha (Page, 2002, 2004). 

During the FD outbreak in WNBP in 1994, the systemic organophosphate, 

Monocrotophos® was applied via targeted-trunk injection to control Z. butawengi 

(Prior, et al., 2001).  Current control is by another systemic organophosphate, 
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Methamidophos®.  The palm oil industry in PNG is committed to environmentally 

sustainable practices and the use of natural enemies in pest control is the preferred 

option (Lord, 2004, 2007).  Insecticide control is only used when pest damage is 

deemed to be above the economic injury level (Page & Lord, 2006). 

Natural enemies of Z. butawengi include lizards, geckos and hymenopteran egg 

parasitoid wasps (Huber et al., 2011; Page, 2004; Prior, et al., 2001).  The concept of 

using egg parasitoid wasps as biological control agents is not new in oil palm pest 

management.  Hymenopteran egg parasitoids are successfully used in suppressing 

populations of two of the leaf-defoliating long horned grasshopper pests of oil palm in 

PNG (Caudwell, 2000; Page & Lord, 2006).  A survey of parasitoids of Z. butawengi 

was recently conducted in WNBP and mainland PNG where egg parasitoids belonging 

to the families Mymariae and Encyrtidae were reared from Z. butawengi egg masses.  

The mymarid was identified as Parastethynium maxwelli Girault, and represented the 

first host record for this genus, whilst the encyrtid was identified as a new species of 

Ooencyrtus near minor Perkins (Huber, et al., 2011). 

In addition to the aforementioned natural enemies, there are records of unidentified 

entomopathogens affecting nymphs and adults of Z. butawengi (Page, 2004; Smith, 

1980b), suggesting there is potential to use entomopathogen-based biological control 

strategies for Z. butawengi.   
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1.3  Fungi as biological control agents 

1.3.1  Entomopathogenic Fungi as Biological Control Agents 

The use of microorganisms in the control of insects is a relatively new technology, 

despite proposals of this application by early pioneers such as Bassi, Pasteur and 

Metchnikoff (Lacey & Goettel, 1995; Steinhaus, 1975).  This approach has been 

researched since the 19
th

 century, however it was the success of the bacterium Bacillus 

thuringiensis Berliner in the late 1930s that resulted in the widespread use of microbes 

for the control of insects (Lacey et al., 2001; Lacey & Goettel, 1995).  Today, 

entomopathogenic organisms used in the control of arthropods include bacteria, viruses, 

fungi, protozoa and nematodes (Lacey, et al., 2001; Lacey & Goettel, 1995). 

When compared to chemical pesticides, entomopathogens might be more costly to 

develop and manage and their efficacy is poor (Lacey, et al., 2001).  However, when 

factors of application, human and environmental safety, host specificity, increase in 

natural enemies and biodiversity are taken into account, the value of using 

entomopathogens for biological control is great (Lacey, et al., 2001).  Entomopathogens 

can also be applied using conventional equipment, including spraying equipment 

(Bateman & Chapple, 2001; Lacey, et al., 2001) and autodissemination (Vega et al., 

2007).  Other methods used to encourage entomopathogens in an environment include 

augmentation with other naturally occurring pathogens, conservation of naturally 

occurring populations of the desired pathogen, and introduction of the desired pathogen 

(classical biological control; CBC). CBC uses either regular releases of the pathogen 

over time to establish long-term control (inoculative release), or single release in 
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response to pest infestation for rapid short term control (inundative releases) (Harper, 

1987).  The use of entomopathogens does have some disadvantages when compared to 

conventional chemical insecticides, especially in regard to costs, persistence, 

pathogenicity and specificity (they can be too broad or too narrow) (Lacey, et al., 2001). 

In most cases, entomopathogenic fungi are developed for use in inundative control 

releases (Lacey & Goettel, 1995).  Major factors that challenge the use of fungi in insect 

control relate to the strategies used for formulation and application.  Modifications to 

overcome these include the use of oil in lieu of water in the formulation to increase 

virulence in low humidity conditions (Bateman et al., 1993; Bateman & Chapple, 2001).  

Another strategy is the addition of ultra violet (UV) light protectants to increase field 

persistence (Inglis et al., 1995; Thompson et al., 2006).  Genetic manipulation of fungi 

for use as biocontrol agents has also been undertaken (Leng et al., 2011; Riba et al., 

1985; St Leger & Joshi, 1997).  Areas for genetic improvement include increasing the 

virulence, and reducing sensitivity to limiting effects of environmental conditions and 

fungicides.  Entomopathogenic fungi produce a wide range of metabolites, many of 

which are active against insects, although the use of these in medical or industrial 

purposes has not been adequately investigated (Lacey & Goettel, 1995). 

Fungi have great potential as entomopathogens and have been successful in controlling 

insect populations when well established (Lacey & Goettel, 1995; Latgé & Papierok, 

1988; McCoy et al., 1988).  Viruses, bacteria and protozoan pathogens need to be 

ingested for infection, thus are not suitable for insects with piercing and sucking 

mouthparts that can avoid ingestion.  Fungi, on the other hand, are ideal biological 
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control agents as they invade their host by directly penetrating the exoskeleton (Lacey, 

et al., 2001; Lacey & Goettel, 1995; Soper, 1985).  

1.3.2  Classification of Entomopathogenic Fungi 

Fungi are a diverse taxon of species with varying forms and functions collectively found 

in many of the ecological niches that insects occupy.  Fungi are eukaryotic organisms 

that absorb their nutrition (heterotrophic).  They are either unicellular (i.e. yeast) or 

hyphal (i.e. filamentous) and reproduce by sexual and/or asexual spores.  There are 

some 700 species of entomopathogenic fungi, all of which fall into two Kingdoms; the 

Straminipila (=Stramenopila or Straminopila, =Chromista) and Eumycota (Wraight et 

al., 2007).  It is acknowledged that there is a more recent classification of 

entomopathogenic fungi (Humber, 2008), but this thesis follows the more widely 

established classification as used by Wright et al. (2007).  

Entomopathogenic microorganisms in Straminipila include the divisions Oomycota, 

which are aquatic, and whose hyphae are mainly aseptate.  The Oomycota reproduce 

asexually by zoospores (spores with flagellae and are capable of swimming in water), as 

well as producing sexual spores called oospores.  Entomopathogenic Orders include the 

Pythiales and Saprolegniales.  There are three entomopathogenic genera in 

Saprolegniales; Aphanomycopsis Scherffel, Couchia Martin and Leptolegnia de Bary.  

The major entomopathogenic genus within the Order Pythiales is Lagenidium, of which 

L. giganteum is an important pathogen in the control of mosquitoes (Skovmand et al., 

2000).  However, no fungus under this classification has been reported as pathogenic to 

planthoppers. 
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Most of the entomopathogenic fungi belong to the Kingdom Eumycota and are 

represented by four divisions; Ascomycota, Basidiomycota, Chytridiomycota, and 

Zygomycot (Goettel et al., 2000).  With the exception of Chytridiomycota, which is 

aquatic, entomopathogenic fungi in all other divisions are terrestrial.  

Entomopathogenic fungi that infect planthoppers belong to two major taxonomic 

groups.  These are Entomophthorales (“insect destroyers”), which belong to 

Zycomycota, and hyphomycetes, which belong to the division Ascomycota. 

1.3.3  Pathobiology of Entomopathogenic Fungi 

The infection process starts when the spore of an entomopathogenic fungus lands on the 

host‟s exoskeleton.  The spore will then need to adhere to the host‟s exoskeleton.  Under 

favourable conditions, the spore germinates producing a germ tube, which with the 

assistance of enzymes, penetrates through the insect‟s cuticle.  Further development 

within the insect differs slightly between the two taxonomic groups (Soper, 1985). 

For the Entomophthorales, the penetrating hyphal tip ruptures, releasing amoeboid 

protoplasts which the insect host fails to recognise as foreign bodies, probably due to 

the absence of a cell wall (Dunphy & Nolan, 1982).  This allows the fungus to continue 

developing within the host insect.  In time, the insect is filled with fungal hyphae and 

dies.  Some members of the Entomophthorales produce rhizoids, which anchor the 

cadaver to the substrate as the fungus proliferates within the host.  Shortly afterwards, 

the fungus produces conidia or spores which are forcefully ejected and become airborne 

(Soper, 1985).  Most Entomophthorales multiply as protoplasts and/or hyphal bodies 

after invading the host.  Hyphal bodies may develop into thick-walled resting spores 
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known as azygospores or zygospores, depending on the species (Papierok & Hajek, 

1997).  The resting spore is a dormant stage for the fungus and usually requires specific 

environmental conditions for germination. 

After penetrating the cuticle, some hyphomycetes fungi release toxins to counter 

induced attack by insect defence mechanisms (Ferron, 1978; Inglis et al., 2001; Soper, 

1985).  The fungi are released as yeast-like structures called blastospores, which 

function in a similar manner to the protoplasts of the Entomophthorales.  If the insect 

host detects these blastospores as foreign, plasmatocytes in the insect haemolymph 

darken and form a membrane layer (lamellae) excluding the fungus from the rest of the 

insect body.  The insect can either develop normally from this point or the fungus can 

continue to invade the insect by the development of a mycelium able to penetrate 

though the membrane layer.  The outcome depends on the virulence of the fungus 

(Ferron, 1978).  Prior to death of the insect, the fungus hyphal bodies proliferate within 

the insect host.  During such time the insect shows symptoms of inactiveness and loss of 

coordination (Ferron, 1978).  Insect death from hyphomycetes can be due to a 

combination of actions, which include nutritional depletion, physical obstruction or 

organ invasion and toxicosis.  Once the host is deceased, the fungus then competes with 

the intestinal bacterial flora.  In most cases, the fungus releases antibodies and 

metabolites that cause the cadaver to be mummified and resistant to bacterial decay and 

from attack by other saprophytic organisms, allowing the fungus to multiply and occupy 

the cavity (Ferron, 1978; Inglis, et al., 2001).  Further development of the fungus after 

complete invasion depends on the environmental factors that allow favourable 

conditions for reproduction of the fungus.  Under such favourable conditions, hyphae 
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emerge from the host and spores are produced.  The spores are passive and rely on other 

factors like wind and rain for dispersal (Inglis, et al., 2001). 

General characteristics of the Entomophthorales and the hyphomycetes are summarised 

in Table 1.1 adapted from (Pell et al., 2001b). 
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Table 1.1:  Characteristics of Entomophthorales and hyphomycetes 

Character Entomophthorales hyphomycetes 

Conidia size and number per 
cadaver 

>10µm in length, relatively small numbers per cadaver <10µm in length, relatively large numbers per cadaver 

Conidia discharge Active, with exceptions: Massospora spp., 
Strongwellsea spp. and some Neozygites spp. 

Not active 

Preformed mucus on conidia Present  Not present with exceptions: Lecanicillium spp., 
Hirsutella spp., Aschersonia spp. 

Rhiziods Present in many species Absent 
Ability to modify host behaviour Can modify behaviour, e.g. Entomophthora muscae, 

Entomophaga grylli 
Cannot modify behaviour with exceptions: Sorosporella 
spp. 

Pre-death sporulation Present in some species: Entomophthora thripidum, 
Strongwellsea castrans and Massospora spp. 

Present in some species: Lecanicillium lecanii 

Epizootics Most common in foliar insects Common in both foliar and soil insects 

Host range Generally narrow Generally wide, with exceptions: L. lecanii, Hirsutella 
thompsonii 

Toxin production Not known Observed in some species 
Saprophytic Not known, with exceptions: Conidiobolus spp. Known in some species 
Resting spores Present in most species Not present, with exception of Sorosporella 

chlamydospores 
Virulence Few conidia required for infection Many conidia required for infection, with exception: L. 

lecanii 

Sporulation and germination rate Fast Slow 
Higher-order conidium production In all species In some species 

Conidia size and number per 
cadaver 

>10µm in length, relatively small numbers per cadaver <10µm in length, relatively large numbers per cadaver 

Conidia discharge Active, with exceptions: Massospora spp., 
Strongwellsea spp. and some Neozygites spp. 

Not active 

Source: Adapted from Pell et al., 2001, p 73.  
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1.3.4  Entomopathogenic Fungi in Insect Pest Control 

To date, hyphomycetes are the only group of fungi which contain species that have been 

developed as commercial products for the control of insect pests (Butt et al., 2001).  

Table 1.2 lists some examples of commercially available entomopathogenic fungi. 
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Table 1.2:  Some formerly and currently available commercial entomopathogenic fungi 

Product Fungus Target Producer 

Conidia Beauveria bassiana Coffee-berry borer Live Systems Technology, 
Colombia 

Ostrinil B. bassiana Corn-borer Natural Plant Protection (NPP), 
France 

CornGuard B. bassiana European corn-borer Mycotech, USA 

Mycotrol GH B. bassiana Grasshoppers, locusts Mycotech, USA 

Mycotrol WP & BotaniGard B. bassiana Whitefly, aphids, thrips Mycotech, USA 

Naturalis-L B. bassiana Cotton pests – Hemiptera, 
Coleoptera 

Troy Biosciences, USA 

Proecol B. bassiana Army worm Probioagro, Venezuela 

Boverin B. bassiana Colorado beetle Former USSR 

Boverol B. bassiana Colorado beetle Czechoslovakia 

Boverosil B. bassiana Colorado beetle Czechoslovakia 

BioGuard Rich B. bassiana Coleoptera, Hemiptera, 
Lepidoptera, Thysanoptera 

Plantrich Chemicals & 
Biofertilizers Ltd., India 

Bio-Power B. bassiana Coleoptera, Hemiptera, 
Lepidoptera 

T.Stanes & Company Ltd., India 

CornGard B. bassiana Lepidoptera Mycotech Corp, USA 

Mycontrol WP B. bassiana Coleoptera, Hemiptera, 
Thysanoptera, Lepidoptera, 
Orthoptera 

Mycotech Corp, USA 

Ago Bio Bassiana B. bassiana Soft-bodied insects Ago Biocontrol 

Engerlingspilz Beauveria brongniartii Cockchafers Andermatt, Switzerland 

Melocont B. brongniartii Cockchafers Kwizda, Austria 

Schweizer B. brongniartii & Beauveria spp. Cockchafers Eric Schweizer, Switzerland 

Mycar Hirsutella thompsonii Spider mite Abbott Labs 

PFR-97 Isaria fumoso-rosea Whitefly ECO-tek, USA 

Pae-Sin I. fumoso-rosea  Whitefly Agrobionsa, Mexico 
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Product Fungus Target Producer 

 Laginex Lagenidium giganteum Mosquito larvae AgraQuest, USA 

Biogreen Metarhizium anisopliae Scarab larvae on pasture Bio-care Technology, Australia 

Metaquino M. anisopliae Spittlebugs Brazil 

Bio-Path M. anisopliae Cockroaches EcoScience, USA 

Ago Bio Verticillium 50 Lecanicillium lecanii Greenhouse pests Ago Biocontrol 

Vertalec L. lecanii/Aphid strain Aphids Koppert, the Netherlands 

Mycotal L. lecanii/Whitefly strain Whitefly and thrips Koppert, the Netherlands 

Bio-Blast M. anisopliae Termites EcoScience, USA 

Cobican M. anisopliae Sugar-cane spittlebug Probioagro, Venezuela 

Green Guard M. anisopliae Locusts, grasshoppers SGB, Australia  

BioCane M. anisopliae Greyback cane grub Bio-Care Technology, Australia 

Ago Bio Metarhizium 50 M. anisopliae Coleoptera, Lepidoptera Ago Biocontrol 

Green Muscle Metarhizium flavoviride Locusts, grasshoppers CABI BioScience, UK 

Sources: Butt, et al., 2001; Faria & Wraight, 2007; Langeward, 1994; Milner & Hunter, 2001 
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1.3.5  Entomopathogenic Fungi of Planthoppers  

Planthoppers are insects in the Infra-Order Fulgoromorpha (= Superfamily Fulgoroidea) 

widely distributed throughout the world.  Almost all planthoppers are phloem feeders, 

apart from a few exceptions such as Javesella opaca Beamer (Delphacidae) which feed 

on moss (Wheeler Jnr., 2003).  There are ca. 9,000 identified planthopper species in 20 

families (Wilson, 2005), of which 150 species in 16 families have been recorded as 

pests of agricultural crops (Wilson & O'Brien, 1986).  Most planthoppers recorded as 

pests are of relatively minor importance because they either affect crops of lesser 

economic importance or have only been recorded as major pests in a few instances.   

However, several species of planthoppers are of major importance because they can 

cause economic injury to high value crops when present in high densities and/or are 

vectors of bacterial, phytoplasma or viral pathogens.  Some planthopper species are 

recognised as serious pests on major crops such as rice, sugarcane, corn and sorghum 

(Catingdig et al., 2009; Kuniata et al., 1994; Singh & Seetharama, 2008). 

The rice agricultural system in tropical Asia is host to 65 species of planthoppers, nine 

of which are viral vectors (Dupo & Barrion, 2009; Wilson, 2005; Wilson & O'Brien, 

1986).  This includes the brown planthopper, Nilaparvata lugens Stål (Delphacidae) and 

the white backed planthopper, Sogatella furcifera Horváth (Delphacidae), both of which 

are considered serious pests of rice in Asia and in the Pacific where significant 

economic losses in rice production have been recorded (Catingdig, et al., 2009; Dyck & 

Thomas, 1979; Hinckley, 1963).  Furthermore, N. lugens is known to transmit the rice 

grassy stunt virus (RGSV) and the rice ragged stunt virus (RRSV) (Cabauatan et al., 
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2009).  The island sugarcane planthopper, Eumetopina flavipes Muir (Delphacidae), the 

vector of Ramu stunt disease, limits sugarcane production in PNG and poses a threat to 

the sugarcane industry (Anderson et al., 2009; Kuniata, et al., 1994). 

Current efforts for planthopper pest control are focused on breeding for resistance and 

integration of conventional chemical pesticides with biological agents (Brar et al., 2009; 

Dintinger et al., 2005; Fagan et al., 1998; Foissac et al., 2000; Jin et al., 2011).  

However, cases of pest resistance to chemical pesticides and breakdown of pest-

resistance genes in crops demand further investigation into alternative sustainable 

control measures (Bo et al., 2009; Endo & Tsurumachi, 2000; Wang et al., 2008) 

(Wilson & Tisdell, 2001).  

Of the possible entomopathogens that can be used in planthopper biological control, 

entomopathogenic fungi have the most potential.  Planthoppers, being piercing and 

sucking insects, can avoid infection by viruses, bacteria and protozoan pathogens.  

However, the ability of fungi to attack the hosts by directly penetrating the host‟s 

exoskeleton makes them the most likely pathogen to infect planthoppers (Hajek & St 

Leger, 1994). 

Both Entomophthorales and the hyphomycetes are known to infect planthoppers.  Of the 

150 or so reported entomophthoralean fungi, only a few are known to infect 

planthoppers (Soper, 1985).  The hyphomycetes contain the majority of 

entomopathogenic fungi (Soper, 1985) and includes the two well-known genera 

Beauveria Vuillemin and Metarhizium Sorokin.  The major entomopathogenic fungi 
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known to infect planthoppers, which may have potential for planthoppers pest 

management, are discussed in detail below: 

 

Pandora delphacis (Hori) Humber, Mycotaxon 34: 452 (1989) 

Zygomycota, Entomophthorales  

 

Teleomorph:   Unknown 

 

Synonyms:   Entomophthora delphacis Hori, 1906 

Erynia delphacis (Hori) Humber, 1981 

Zoophthora delphacis (Hori) Balazy, 1993 

Previously a subgenus, Pandora [= Erynia (Neopandora) Ben-Ze‟ev & Kenneth] 

(Humber, 1981) was reclassified as the genus Pandora by Humber (1989) along with 

other subgenera of the genus Zoophthora.  The genus originally contained 16 species 

defined by their primary and secondary generic characteristics and pathobiology.  The 

number of species in the genus Pandora has since been revised to 31 (Keller & Petrini, 

2005).  Of these, only Pandora delphacis (Hori) Humber is known to be pathogenic to 

planthoppers (Fulgoromorpha) (Matsui et al., 1998; Soper, 1985).  Initially recorded as 

Entomophthora delphacis, the fungus was isolated from N. lugens and S. furcifera in 

Japan (Hori, 1905).  Since then, the fungus has been recorded on Sogatodes oryzicola 

(Muir) (Delphacidae) and Sogatodes pusanus (Distant) (Delphacidae), and even on 

leafhoppers Empoasca fabae Harris (Cicadellidae), Nephotettix cincticeps (Uhler) 

(Cicadellidae), Recilia dorsalis (Motschulsky) (Cicadellidae), and the treehopper 

Spissistilus festinus (Say) (Membracidae), from China, Japan, Philippines, Malaysia, 

Indonesia, Australia, the Solomon Islands and United States of America (Humber, 

1989; Matsui, et al., 1998; Rombach et al., 1987b). 
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Zoophthora radicans (Brefeld) Batko, Bulletin International de l'Academie Polonaise 

des Sciences et des Lettres, Série B 12: 323 (1964) 

Zygomycota, Entomophthorales  

Teleomorph:  Unknown 

 

Synonyms:  Empusa radicans Brefeld, Botanische Zeitung, 28: 185 (1870) 

Entomophthora radicans Brefeld, Botanische Zeitung, 35: 345, 368 

(1877) 

Entomophthora sphaerosperma Fresenius, Botanische Zeitung 14: 883 

(1856) 

Erynia radicans (Brefeld) Humber, Ben-Ze'ev & R.G. Kenneth, 

Mycotaxon 13(2): 509 (1981) 

Following the reclassification of the Entomophthorales by Humber (1989), the genus 

Zoophthora was revised and confined to 33 species (Keller & Petrini, 2005).  Of these, 

only Zoophthora radicans (Brefeld) Batko is known to infect planthoppers.  Zoophthora 

radicans is a widely distributed fungus that is geographically and ecologically diverse, 

infecting a wide range of insect Orders including Coleoptera, Dipetra, Hemiptera, 

Hymenoptera, Lepidoptera, Orthoptera, Thysanoptera and Trichoptera (Glare & Milner, 

1991); Papierok (Papierok et al., 1984).  It was first named Empusa radicans Brefeld, 

and later renamed by Brefeld as Entomophthora radicans (Sawyer, 1931).  The 

common host of this fungus is the caterpillars of Pieris brassicae L. (Lepidoptera: 

Pieridae), from which another entomopathogenic fungus, Entomophthora 

sphaerosperma Fresenius, had also been described (Barta & Cagáň, 2006; Sawyer, 

1931).  Entomophthora radicans was synonymous with E. sphaerosperma until Batko 

(1964) and Remaudiére & Hennebert (1980) revised the species E. sphaerosperma and 

reinstated Empusa radicans Brefeld as the name.  Batko (1964) then proposed splitting 

E. sphaerosperma to Z. radicans and Z. phytonomi (Arthur) Bakto (Barta & Cagáň, 

2006).  However, Humber and Ben-Ze'ev (1981), when reviewing the genus Erynia, 

firmly argued the validity and classification of E. radicans.  The fungus was found to be 

epizootic to N. lugens in South East Asia and the leafhoppers E. fabae, Empoasca 
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kraemeri Ross & Moore and Empoasca flavescens Fabr. (Cicadellidae) (McGuire et al., 

1987a; McGuire et al., 1987b; Soper, 1985; Wraight et al., 2003).  Soper (1985) 

suggested the use of this fungus as a mycoinsecticide and it was trialled on E. fabae in 

the USA and Brazil (Pell et al., 2001a).  However, epizootics of the fungus are 

unpredictable and occur too late in pest population growth cycles to restrict damage 

below economic threshold levels (Pell, et al., 2001a; Vega, et al., 2007). 

Beauveria Vuillemin  

Commonly referred to as the white muscardine fungus, Beauveria contains two species 

known to be pathogenic on arthropods; B. bassiana (Balsamo-Crivelli) Vuillemin and 

B. brongniartii (Saccardo) Petch.  Both species have been developed as commercial 

biological control agents (Society for Invertebrate Pathology, 2011). 

Beauveria bassiana (Balsamo-Crivelli) Vuillemin, Bulletin de la Société botanique de 

France 59: 40 (1912) 

Ascomycota, Hypocreales, Cordycipitaceae 

 

Teleomorph:  Cordyceps bassiana Z.Z. Li, C.R. Li, B. Huang & M.Z. Fan, 2001 

 

Synonyms:  Beauveria delacroixii (Saccardo) Petch 1926 

Beauveria densa (Link) F. Picard 1914 

Beauveria doryphorae R. Poisson & Patay 1935 

Beauveria globulifera (Spegazzini) F. Picard 1914 

Beauveria shiotae (Kuru) Langeron 1936 

Beauveria stephanoderis Bally (Petch) 1926 

Beauveria sulfurescens (J.F.H. Beyma) J.J. Taylor 1970 

Beauveria tenella (Saccardo) Siemaszko 1954 

Beauveria vexans (R.H. Pettit) Petch 1926 

Botrytis bassiana Balsamo-Crivelli, 1935 

Botrytis bassiana subsp. tenella Saccardo 1882 

Botrytis bassiana var. tenella (Saccardo) ined 

Botrytis brongniartii subsp. delacroixii Saccardo 1892 

Botrytis delacroixii (Saccardo) Delacroix 1893 

Botrytis necans Massee 1914 
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Botrytis stephanoderis Bally 1923 

Botrytis tenella (Saccardo) Giard 1891 

Isaria citrinula Spegazzini 1910 

Isaria densa (Link) Giard 1891 

Isaria shiotae Kuru 1932 

Isaria tenella (Saccardo) Giard 1891 

Isaria vexans R.H. Pettit 1895 

Penicillium bassianum (Balsamo-Crivelli) Biourge, 1923 

Penicillium delacroixii (Saccardo) Biourge 1923 

Penicillium densum (Link) Biourge 1923 

Spicaria bassiana (Balsamo-Crivelli) Vuillemin, 1910 

Spicaria delacroixii (Saccardo) Vuillemin 1910 

Spicaria densa (Link) Vuillemin 1910 

Sporotrichum densum Link 1809 

Sporotrichum epigaeum var. terrestre Daszewska 1912 

Sporotrichum globuliferum Spegazzini 1880 

Sporotrichum larvatum Peck 1879 

Sporotrichum larvicola Peck 1887 

Sporotrichum minimum Spegazzini 1882 

Sporotrichum sulfurescens J.F.H. Beyma 1928 

Trichoderma minimum (Spegazzini) Gunth. Müller 1965 

Tritirachium shiotae (Kuru) Langeron 1947 

Beauveria bassiana (Bals.-Criv.) Vuillemin is a widespread fungus known to infect a 

wide range of insect hosts (Butt & Goettel, 2000; Lacey, et al., 2001; Zimmermann, 

2007), although there are strains recognised that limit it to certain hosts (Devi et al., 

2008; Varela & Morales, 1996).  The fungus has a long taxonomic history since Bassi 

identified it as the causal agent for the white muscardine disease in silkworms (Bell, 

1974).  Current fungal databases have more than 20 different synonyms for B. bassiana 

(Index Fungorum Partnership, 2008), (International Mycological Association, 2004).  

Notable synonyms include Botrytis bassiana Bals.-Criv. (Balsamo, 1835), 

Sporotrichum globoliferum (Spegazzini, 1880) and Isaria vexans (Pettit, 1895). 

Beauveria bassina was recorded on the rice green leafhoppers Nephotettix nigropictus 

Stål, and Nephotettix virescens (Distant) (Cicadellidae) and N. lugens (Soper, 1985).  It 

was also found to cause epizootics in the rice planthopper, Oliarus dimidiatus Berg 
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(Cixiidae) (Toledo et al., 2008a).  The fungus performed successfully with cumulative 

mortality of over 70% when used in laboratory bioassays against planthopper pests of 

corn Peregrinus maidis (Ashmead) (Delphacidae) and Delphacodes kuscheli Fennah 

(Delphacidae) and Dalbulus maidis (Delong and Wolcott) (Cicadellidae) (Toledo et al., 

2007) 

Beauveria brongniartii (Saccardo) Petch, Transactions of the British Mycological 

Society 10(4): 249 (1926) 

Ascomycota, Hypocreales, Cordyciptaceae 

 

Teleomorph:  Cordyceps brongniartii Shimazu 1989 

 

Synonyms: Beauveria effusa (Beauverie) Vuillemin 1912 

Beauveria melolonthae (Saccardo) Ciferri 1919 

Botrytis brongniartii Saccardo 1892  

Botrytis effusa Beauverie 1911 

Botrytis melolonthae Saccardo 1912 

Isaria kogabe Haseg & Koyama 1941 

Sporotrichum beurmanni var. fiocolli (C.W. Dodge) Redaelli & Ciferri 

1942 

Sporotrichum schenckii var. fioccoi C.W. Dodge 1935 

Beauveria brongniartii (Sacc.) Petch is pathogenic to several coleopteran species, 

particularly Scarabaeidae (Neuvéglise et al., 1994).  The fungus is considered an 

important natural pathogen of European cockchafer, Melolontha melolontha Fabricius 

(Coleopetra: Scarabaeidae) and it has been used in numerous field trials to test efficacy 

against this cockchafer (Dolci et al., 2006; Enkerli et al., 2004; Keller et al., 1997).  It 

has been developed as a commercial product (Society for Invertebrate Pathology 

(Society for Invertebrate Pathology, 2011), primarily for the control of M. melolontha 

and other Coleopteran pests.  Beauveria brongniartii has been recorded to have been 

isolated from N. lugens (Rice & Choo, 2000) but there is no record of this fungus 

causing epizootics in Hemiptera. 
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Metarhizium Sorokin 

Metarhizium species are commonly referred to as “green muscardine fungus”.  

Metarhizium contains three common species; Metarhizium flavoviride W. Gams and 

Rozsypal, Metarhizium album Petch and Metarhizium anisopliae (Metschn.) Sorokin 

(Rombach et al., 1987a; Rombach et al., 1986c; Tulloch, 1976). 

Metarhizium flavoviride var. minus Rombach, Humber & D.W. Roberts, Mycotaxon 

27: 89 (1986) 

Ascomycota, Hypocreales, Claviciptaceae 

 

Teleomorph:   Unknown 

The genus has recently been reviewed using molecular methods and 10 distinct clades 

were recognised and several new species described (Driver et al., 2000).  Of the 

currently known species, only Metarhizium flavoviride var. minus is known to attack 

planthoppers.  Metarhizium flavoviride var. minus was described by Rombach et al. 

(1986c) from specimens of N. lugens, the R. dorsalis, and an unnamed grasshopper 

(Orthoptera).  The revision of Metarhizium using molecular methods by Driver, et al. 

(2000) used isolates from N. lugens collected in Asia as the basis for identifying M. 

flavoviride var. minus.  The isolates from the work by Driver, et al. (2000) fit the 

description of M. flavoviride var. minus by Rombach et al. (1986c) of isolates from N. 

lugens and R. dorsalis collected in the Philippines and Solomon Islands, but not from 

the grasshopper which was collected from the Galapagos Islands.  This suggests M. 

flavoviride var. minus might be restricted to the Order Hemiptera (Driver, et al., 2000).  

The grasshopper isolate was re-identified as Metarhizium anispoliae var. acridum, 

which was the same as fungal isolates from other grasshoppers collected from Africa, 

Asia and South America.  This supports other research that confirmed M. anispoliae 
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var. acridum as a cosmopolitan fungus, but it may have a narrower host range, confined 

to grasshoppers and locusts (Hernández-Velázquez et al., 2003; Peveling & Demba, 

2003; Toriello et al., 2009).  An isolate of M. anisopliae var. acridum from China 

showed potential when used in laboratory bioassays on N. lugens and S. furcifera (Geng 

& Zhang, 2004).  However, these authors did not indicate how they identified the 

fungus.  This isolate could be M. flavoviride var. minus because morphological features 

of M. flavoviride var. minus, in particular the conidial size and shape, can easily be 

mistaken as M. anisopliae var. acridum (Driver, et al., 2000). 

Hirsutella citriformis Speare, Mycologia 12(2): 70 (1920) 

Ascomycota, Hypocreales, Ophiocordyciptaceae 

 

Teleomorph: Unknown 

When Hirsutella was redescribed by Speare (1920), observations were made of the 

genus preferring the Order Hemiptera.  Of the species within this genus, H. citriformis 

is known to infect planthoppers.  The original description of H. citriformis was from 

specimens of the sugarcane planthopper, Perkinsiella saccharicida Kirkaldy 

(Delphacidae), the passionvine hopper, Scolypopa australis (Walker) as Ricania 

discalis, (Ricaniidae) (Fletcher, 2009), green planthopper, Siphanta acuta (Walker) 

(Flatidae), and two other unidentified planthopper species (Fulgoroidea).  The fungus 

has been reported as the causal agent for extensive mortality in populations of N. lugens 

in Indonesia (Soper, 1985).  Hywel-Jones (1997) also collected large numbers of 

isolates of this fungus on N. lugens in the Solomon Islands.  Apart from records of H. 

citriformis being isolated from three Psocids (Humber et al., 2011) (Toledo et al., 

2008b), almost all recorded isolations of the fungus were made on Hemiptera, 
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especially planthoppers, leafhoppers and lacebugs (Hywel-Jones, 1997; Soper, 1985; 

Speare, 1920).  

A list of some of the entomopathogenic fungi known from planthoppers is given in 

Table 1.3. 
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Table 1.3:  Some entomopathogenic fungi isolated or tested on planthoppers 

Entomopathogenic fungi Planthopper  Region Reference 

Beauveria bassiana  

 
Delphacodes kuscheli Argentina  Toledo, et al., 2007 

Nilaparvata lugens Philippines (lab) Aguda et al., 1984 

Philippines Rombach et al., 1986b 

Oliarus dimidiatus Argentina Toledo, et al., 2008a 

Peregrinus maidis Argentina Toledo, et al., 2007 

Sogatella furcifera Philippines (lab) Aguda, et al., 1984 

Beauveria brongniartii S. furcifera Asia Reissig et al., 1986 

Conidiobolus coronatus N. lugens Japan  Rombach, et al., 1987b 

Philippines  Rombach, et al., 1987b 

O. dimidiatus Argentina  Toledo, et al., 2008a 

Cephalosporium sp. N. lugens India Rombach, et al., 1987b 

Entomophthora sp. S. furcifera Fiji Rombach, et al., 1987b 

N. lugens Asia  Rombach, et al., 1987b 

Hirsutella citriformis Perkinsiella saccharicide Hawaii Speare, 1920 

Scolypopa australis New Zealand Speare, 1920 

Siphanta acuta Hawaii Mains, 1951; Speare, 1920 

Sogatella citriformis Solomon Islands Rombach, et al., 1987b 

Hirsutella strigosa N. lugens Philippines Rombach et al., 1994 

Isaria farinosa N. lugens Japan Rombach, et al., 1987b 

Philippines Rombach, et al., 1994 

England (lab) Inch et al., 1986 

Metarhizium anisopliae N. lugens Asia Reissig, et al., 1986 

Philippines Rombach, et al., 1986b 

Metarhizium flavoviride N. lugens Philippines Rombach, et al., 1986c 

Purpureocillium lilacinum N. lugens Philippines Rombach, et al., 1986b 

Pandora delphacis N. lugens  China Holdom et al., 1988 

India Ambethgar, 1996; Holdom, et al., 1988 
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Entomopathogenic fungi Planthopper  Region Reference 

P. delphacis N. lugens Indonesia Holdom et al., 1989; Holdom, et al., 1988 

 Japan Holdom, et al., 1988; Hori, 1905; Rombach, 
et al., 1987b 

S. furcifera Indonesia Holdom, et al., 1988 

Japan Hori, 1905; Matsui, et al., 1998 

Pandora sp. Oliarus dimidiatus Argentina  Toledo, et al., 2008a 

Zoophthora radicans N. lugens Japan Holdom, et al., 1988 

Zyginidia pullula Italy Mazzoglio et al., 2009 
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1.4 Conclusion 

In spite of numerous species of entomopathogenic fungi showing potential as biological 

control agents of pests in laboratory and glasshouse experiments, none has been developed 

as a biological control agent for planthoppers.  The development of entomopathogenic 

fungi for use in field application has yielded mixed results (Inglis, et al., 2001).  The factors 

responsible for infection and epizootics are both environmental and biotic in nature.  They 

involve complex interactions between the pathogen, insect host, environment and time 

(Inglis, et al., 2001; Lacey, et al., 2001).  An understanding of these factors is, therefore, of 

paramount importance in overcoming these constraints and achieving desirable results 

(Inglis, et al., 2001). 

It must be understood that while fungi might not be successful as the primary biological 

control agents in planthopper pest management, they will, nevertheless, be a valuable 

resource (Inglis, et al., 2001; Lacey, et al., 2001).  Possibly the best use of 

entomopathogenic fungi in planthopper pest management will be in an integrated pest 

management (IPM) approach, incorporating the use of entomopathogenic fungi with other 

biological control agents, such as the egg parasitic wasps (Pell, et al., 2001a).  Such 

integration will require detailed compatibility studies and clear guidelines for preparation 

and use.  The most likely entomopathogenic fungal candidate to work will be one that is 

native or easily adaptable to the locality and infects the pest in its natural setting.  The 

introduction of native entomopathogenic fungi also means an automatic bypass of the 
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rigorous quarantine and registration issues, which are a barrier for the introduction of 

promising foreign biological control agents. 

This study sets out to record entomopathogenic fungi that naturally infect Z. butawengi.  

From this, entomopathogenic fungi will be used in a laboratory bioassay to identify which 

fungi may have potential for utilization as biological control agents in the management of 

FD. 

 



 

Chapter 2: Collection and Identification of Entomopathogenic 

Fungi of Zophiuma butawengi 
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2.1  Introduction 

The use of naturally occurring entomopathogens as key agents in an integrated pest 

management (IPM) system for the control of pests has great potential (Steinkraus, 2007).  

Since they are already present, the effort required to make them successful needs to focus 

on enhancing their efficiency.  This approach was undertaken in the quest to identify 

biological control agents of Z. butawengi, the planthopper which is responsible for FD that 

threatens oil palm production in PNG.  Of the naturally occurring potential biological 

control agents of Z. butawengi, entomopathogenic fungi were frequently observed from 

field collections (Page, 2004; Prior, et al., 2001).  In this chapter, results on field collections 

of entomopathogenic fungi associated with Z. butawengi will be discussed.  

 

2.2  Materials and Methods 

2.2.1  Sampling Sites 

Sampling for entomopathogenic fungi of planthoppers was done at five locations; Dami, 

Siki, Numundo and Banaule in WNBP and Mariawatte in MBP, PNG between February 

and March 2010 during the (wet) monsoon season (Table 2.1).  It was expected that the wet 

and humid climate during this period would encourage fungal growth on Z. butawengi. 
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Table 2.1:  Sampling sites for entomopathogenic fungi of Zophiuma butawengi in Papua 
New Guinea 

Date Survey and 
Sampling Site 

Latitude Longitude 

16/02/09 Banaule 5°32’ 6.072” S 150°19’ 55.2” E 

17/02/09 Numundo 5° 31' S 150° 05' W 

18/02/09 Dami 5° 32' 6.072" S 150° 19' 55.1994" W 

24/02/09 Siki 5° 28' 49.944" S  150° 26' 20.3994" W 
05/03/09 Mariawatte 10° 24' 12.024" S  149° 52' 25.284" W 

 

These sites were chosen because monitoring data available at the PNGOPRA showed the 

presence of Z. butawengi in coconut and oil palms affected by FD in these regions.  Dami 

and neighbouring villages of Banaule and Mai were the first site records of FD on oil palm 

in 1994 (Page, 2002; Prior, et al., 2001).  At Numumdo, FD was observed in the oil palm 

plantation in 1998 (Caudwell et al., 1999).  At Mariawatte, FD occurrence was described as 

an outbreak, with the area affected exceeding 100ha (Page, 2004).  The only locality 

surveyed that has not yet shown FD on oil palm was Siki.  This locality is a land settlement 

scheme (LSS) with oil palm and coconut blocks and young coconuts (less than 5 years) 

planted for food near residential areas.  A chance observation by former PNGOPRA 

Entomology technician, Ms. Serah Waisale, found Z. butawengi populations on young 

coconuts near the Siki Oil Palm Industry Corporation (OPIC) compound and the local 

primary school.  Since then, the PNGOPRA Entomology team has used these sites for the 

collection of live specimens of Z. butawengi. 
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Figure 2.1:  Map of Papua New Guinea showing field sampling sites for mycosed cadavers of Zophiuma butawengi and PNGOPRA laboratories 
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2.2.2  Sampling Method 

Sampling of entomopathogenic fungi by collection of infected live insects, incubation 

and isolation (Lacey & Brooks, 1997) proved unsuccessful due to the difficulty in 

identifying infected live Z. butawengi.  Accordingly, mycosed cadavers of Z. butawengi 

were collected directly from the field. 

Palm fronds on which live Z. butawengi were found were thoroughly checked for 

mycosed cadavers.  Cadavers of Z. butawengi affected by entomopathogenic fungi 

could be identified by mycelium growing out through the inner-segmental membranes 

(Plate 2.1).  Most of the mycosed cadavers found were attached to the underside of palm 

fronds.  The cadavers were carefully collected by cutting the leaflet they were attached 

to and placing into 20ml glass collection tubes with mesh lids for transport to the 

laboratory. 

For the sites in WNBP (i.e. Numundo, Dami, Banaule and Siki), the Z. butawengi 

populations were on young coconut palms.  In Numundo, these coconut palms were 

about five metres in height.  To survey these palms for mycosed cadavers, an oil palm 

harvesting sickle on a telescopic aluminium pole was used to cut the frond near the 

base.  The frond was carefully brought to the ground and the leaflets thoroughly 

inspected.  In Dami, Banaule and Siki, most of the palms were about a meter high so the 

fronds were accessible for inspection without cutting the fronds.  Where palms were 

about three metres above the ground, a ladder was used to climb to the crown of the 

palms to inspect the fronds for mycosed cadavers.   
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  A 

 

 

 

  B 

 

 

 

  C 

 

 

 

Plate 2.1:  Mycosed cadavers of Zophiuma butawengi A = nymph infected by 
Hirsutella citriformis, B = Adult infected by H. citriformis and C = Adult infected by 
Metarhizium flavoviride var. minus 
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In Mariawatte, Z. butawengi were found on oil palm.  The palms were five years old 

and were about three metres in height.  A hooked stick was used pull down fronds for 

inspection and Z. butawengi cadavers collected.  It was observed that Z. butawengi 

population on oil palm were scattered across more palms (in lower numbers) than 

populations on coconut, which were concentrated on a few neighbouring plants.   

2.2.3  Sample Number Allocation 

After field collection, each sample was assigned a unique alphanumeric collection 

number.  The collection number included the first letter of the sampling site followed by 

a number that indicated the order in which it was collected (e.g. S7 means the sample 

was the 7
th

 one collected from Siki).  After being assigned a collection number, a brief 

description of the host and fungi were made.  The record of samples collected is 

presented in Table 3.2 in the Results section and brief descriptions are given in 

Appendix 1. 

2.2.4  Preservation and Transport of Mycosed Cadavers 

The identification of the entomopathogenic fungi of Z. butawengi was done in Australia 

because of the lack of expertise and equipment in PNG.  The quarantine permit for 

transportation of the fungal materials from PNG to Australia only allowed shipment of 

the fungi and not the cadavers.  Therefore, the fungi had to be isolated in PNG and then 

transported to Australia for the identification.  Due to the lack of an autoclave, laminar 

flow cabinet and incubator in WNBP (where most of the field work was carried out), 

the samples were packed and transported to the PNGOPRA Plant Pathology laboratory 

in Hagita, MBP, where fungal isolation was made. 
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The samples from WNBP were separately packed for storage until they could be 

transported to the laboratory in Hagita.  To retard or prevent further development of 

entomopathogenic fungi and saprophytic fungal growth on the collected samples, each 

field collected mycosed cadaver was packed individually in 1.5ml Eppendorf® vials 

with single layers of silica gel, cotton wool and filter paper (Lacey & Brooks, 1997).  

The vials were then packed into a vial collection box which was kept refrigerated at 5°C 

until transportation.  During transportation, samples were packed in a cool box.  Those 

samples collected from Mariawatte were brought straight to the Hagita laboratory for 

isolation. 

2.2.5  Isolation of Entomopathogenic Fungi 

Working in a laminar flow cabinet, mycelial growth observed on cadavers were 

extracted using sterile forceps and a scalpel.  The forceps and scalpel used in the 

laminar flow cabinet were sterilized before each use by dipping in 75% ethanol and then 

flaming.  Isolates were plated on Potato Dextrose Agar (PDA) in 90mm petri-dish 

plates.  Duplicate isolations were made on another PDA and Water Agar (WA) plates in 

case of contamination.  The edge of the plates were sealed with Parafilm® then 

incubated in the dark at 25°C. 

After isolation, all samples were re-packed into vials with single layers of silica gel, 

cotton wool and filter paper and packed into a vial collection box and posted in a cool 

box to the Dami Entomology Laboratory for long-term storage. 
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Plated isolates were checked daily for growth of the fungal cultures.  Successful fungal 

growth was defined as the growth of a fungus without any bacterial contaminants.  If 

contaminants were observed, the duplicates were used.  If fungal isolation was a 

success, the duplicates were discarded.  Subsequent cultures of the fungal isolates were 

made on PDA.  From those sub-cultured PDA plates, isolates were transferred in 50ml 

McCartney bottles containing PDA slant medium for temporary storage during 

transportation to Australia for identification (Elenwo et al., 2010; Pitt & Hocking, 

2009).  A duplicate slant was made for each culture to cover unexpected loss during 

transportation.  The bottles were labelled with the isolate numbers and the lid was 

wrapped with Parafilm® to prevent contaminants entering the cultures.  The fungal 

cultures in slants were incubated at 25°C and checked daily for growth.  

After transferring fungal isolates to PDA slants, agar plugs of isolates were made from 

the PDA plates using a sterile metal cork borer of 8mm diameter.  This work was done 

in the laminar flow cabinet and the cork borer was sterilised before each use by dipping 

in 75% ethanol and flaming.  Agar plugs of each isolate were stored in two sterilised 

1.5ml screw top vials; one of 10% propylene glycerol and the other of sterilized distilled 

water.  The vials were properly labelled with the isolate number and date, packed into a 

vial collection box and air freighted to the Dami Entomology Laboratory for storage. 

When successful growth was observed from the isolates on slants in McCartney bottles, 

they were packed and transported to the Plant Pathology Herbarium at Orange 

Agricultural Institute (OAI), New South Wales, Australia where the samples were 

identified.  The bottles were packed and double layered as per quarantine requirements.  
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The box was then packed into an icebox and air freighted with a quarantine permit to 

OAI. 

2.2.6  Identification of Entomopathogenic Fungi 

At OAI, fungal cultures were treated for any possible bacterial or mite contamination 

using the “flap” method of Cother & Priest (2009).  In the sterile conditions of a 

biosafety cabinet, a small amount of mycelium of ca. 2mm
2
 was cut out from each 

isolate culture in slants and individually placed in the centre of an empty sterile plate.  A 

larger square piece of Potato Vegemite Dextrose Agar (PVDA = PDA + 1gm/L 

Vegemite®) of about 7cm
2
 was taken out from a fresh plate and inverted over the 

mycelial agar piece sealing it airtight.  Another small piece of PVDA plug of about 

5mm
2
 was cut out from the fresh PVDA plate and placed on the large piece of inverted 

agar.  The plates were then sealed around the edge with Parafilm® and incubated at 

25°C.  Any contaminants such as bacteria or mite would be trapped under the large agar 

“flap” with only fungal mycelium growing through the agar and onto the small agar 

plug at the top which was then transferred onto a fresh PVDA plate.  The resulting 

“cleaned” cultures were used for identification.  Microscope slides were prepared from 

those cultures and were stained with acid fuchsin in 0.1% lactic acid.  Using 

morphological comparisons, the fungal samples were identified by the mycologist at 

OAI, Dr Michael Priest with the assistance of the author. 
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2.3  Results 

2.3.1  Mycosed Cadavers of Zophiuma butawengi Collected from the Field 

Mycosed cadavers of Z. butawengi were collected in Dami, Siki and Mariawatte.  

Despite the presence of Z. butawengi populations and distinct symptoms of FD on 

palms in Numundo and Banaule, no mycosed cadavers were found there.  A total of 38 

samples were collected from the field comprising 22 mycosed adult cadavers and 16 

nymphs (Table 2.2).  Details of collected cadavers are presented in table affixed as 

Appendix 2.  Except for S1, S12 and M3, all other cadavers were found attached to the 

underside of coconut and oil palm leaflets.  An attempt was made to determine the sex 

of all the adult specimens but this was not always possible due to the advanced state of 

fungal growth on some cadavers and some cadavers were partly eaten. 
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Table 2.2:  Mycosed cadavers of oil palm pest, Zophiuma butawengi, from selected 
locations in Papua New Guinea 

Locality Date Sample 
Number 

Zophiuma lobulata stage Host plant 

Dami 18/2/2009 D1 Adult male Coconut 

Dami 18/2/2009 D2 Adult female Coconut 

Dami 18/2/2009 D3 Nymph Coconut 

Dami 18/2/2009 D4 Adult female Coconut 

Dami 18/2/2009 D5 Nymph Coconut 

Dami 18/2/2009 D6 Nymph Coconut 

Dami 18/2/2009 D7 Nymph Coconut 

Siki 24/2/2009 S1 Adult (sex not determined) Coconut 

Siki 24/2/2009 S2 Nymph Coconut 

Siki 24/2/2009 S3 Adult (sex not determined) Coconut 

Siki 24/2/2009 S4 Nymph Coconut 

Siki 24/2/2009 S5 Adult male Coconut 

Siki 24/2/2009 S6 Adult female Coconut 

Siki 24/2/2009 S7 Adult male Coconut 

Siki 24/2/2009 S8 Adult male Coconut 

Siki 24/2/2009 S9 Adult (sex not determined) Coconut 

Siki 24/2/2009 S10 Nymph Coconut 

Siki 24/2/2009 S11 Nymph Coconut 

Siki 24/2/2009 S12 Adult (sex not determined) Coconut 

Siki 24/2/2009 S13 Adult (sex not determined) Coconut 

Siki 24/2/2009 S14 Adult (sex not determined) Coconut 

Siki 24/2/2009 S15 Nymph Coconut 

Siki 24/2/2009 S17 Nymph Coconut 

Siki 24/2/2009 S18 Nymph Coconut 

Siki 24/2/2009 S19 Nymph Coconut 

Siki 24/2/2009 S20 Nymph Coconut 

Siki 24/2/2009 S21 Adult (sex unknown) Coconut 

Siki 24/2/2009 S22 Nymph Coconut 

Siki 24/2/2009 S23 Nymph Coconut 

Siki 24/2/2009 S24 Adult (sex not determined) Coconut 

Siki 24/2/2009 S25 Adult (sex not determined) Coconut 

Mariawatte 5/3/2009 M1 Adult (sex not determined) Oil palm 

Mariawatte 5/3/2009 M2 Adult (sex not determined) Oil palm 

Mariawatte 5/3/2009 M3 Adult (sex not determined) Oil palm 

Mariawatte 5/3/2009 M4 Adult (sex unknown) Oil palm 

Mariawatte 5/3/2009 M5 Adult (sex not determined) Oil palm 

Mariawatte 5/3/2009 M6 Adult (sex not determined) Oil palm 

Mariawatte 5/3/2009 M7 Nymph Oil palm 
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2.3.2  Identified Fungi of Zophiuma butawengi 

Identified fungi isolated from the 38 field-collected mycosed cadavers of Z. butawengi 

included three recognised entomopathogenic fungi; Purpureocillium lilacinum (Thom) 

Luangsa-ard, Hou- braken, Hywel-Jones & Samson (isolate S3), Metarhizium 

flavoviride var. minus Rombach, Humber and D.W. Roberts (isolate S23) and Hirsutella 

citriformis Speare (isolates D3 and S21) (Table 2.3). 

Ten fungal samples were sterile and could not be identified by use of morphological 

features (Pearson, 1995).  Other fungi isolated and identified were the basidiomycete 

Vararia spp., a myco-parasitic fungus Calcarisporium spp., plant-parasitic fungi 

Microsphaeropsis spp. and Phomopsis spp., and the saprophytes Fusarium oxysporum 

Schlecht., Pestalotiopsis spp., Arthrinium spp. and Penicillium spp., the latter also 

known as a common laboratory contaminant (Aziz et al., 1998; Leifert & Woodward, 

1998).  Four of the samples were contaminated by bacteria and four others had 

unidentified contaminants that restricted their growth on PVDA when the “flap” method 

was applied.   
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Table 2.3:  Identity of fungi found on Zophiuma butawengi cadavers collected from 
coconut and oil palm in Papua New Guinea. 

Sample 
Number 

Fungus 

D1 Mycelia sterilia 

D2 Mycelia sterilia 

D3 Hirsutella citriformis + Calcarisporium sp. 

D4 Mycelia sterilia 

D5 Vararia sp. 

D6 Contaminated - slow growing 

D7 Calcarisporium sp. 

S1 Mycelia sterilia 

S2 Mycelia sterilia 

S3 Purpureocillium lilacinum 

S4 Mycelia sterilia 

S5 Mycelia sterilia 

S6 Penicillium sp. 

S7 Mycelia sterilia 

S8 Penicillium sp. 

S9 Microsphaeropsis sp. 

S10 Penicillium sp. 

S11 Microsphaeropsis sp. 

S12 Contaminated - bacteria 

S13 Contaminated - slow growing 

S14 Phomopsis sp. 

S15 Microsphaeropsis sp. 

S17 Contaminated - slow growing 

S18 Penicillium sp. 

S19 Contaminated - bacteria 

S20 Contaminated - slow growing 

S21 Hirsutella citriformis 

S22 Contaminated - bacteria 

S23 Metarhizium flavoviride var. minus 

S24 Arthrinium sp. 

S25 Vararia sp. 

M1 Fusarium oxysporum 

M2 Contaminated - bacteria 

M3 Penicillium sp. 

M4 Mycelia sterilia 

M5 Mycelia sterilia 

M6 Pestalotiopsis sp. 

M7 Penicillium sp. 
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2.4  Discussion 

The three identified entomopathogenic fungi of Z. butawengi, namely M. flavoviride 

var. minus, H. citriformis and P. lilacinum were recognised as having some potential for 

use as biological control agents for the control of the planthopper in the IPM of FD. 

Metarhizium flavoviride var. minus has previously been isolated from numerous 

planthopper and leafhopper species (Driver, et al., 2000; Rombach, et al., 1986c).  

Molecular studies by Driver et al. (2000) indicated that M. flavoviride var. minus has a 

narrow host range restricted to planthoppers and leafhoppers and to have a limited 

distribution in the South East Asian and Pacific regions.  Currently, there are no 

available commercial products derived from this species although other species of the 

genus Metarhizium are also recognized pathogens of insects with several having been 

developed for use as biopesticides (Butt, et al., 2001; Faria & Wraight, 2007; Milner et 

al., 2002). 

Hirsutella citriformis appears to be limited to hosts in the Order Hemiptera with known 

isolates being mainly from planthoppers (Hywel-Jones, 1997; Mains, 1951; Soper, 

1985).  Of the 38 fungal isolates collected from the field, only two were identified as H. 

citriformis.  These two isolates, D3 and S21, had the same visual characteristics 

observed on 17 other samples (Table 2).  The 17 samples were D7, S1, S4, S7, S8, S9, 

S13, S14, S15, S17, S18, S19, S20, S24, S25, M1 and M4.  However, H. citriformis was 

not identified from these 17 other samples.  This difficulty in isolation of this fungus 

was also reported in work by Toledo et al. (2008b).  It is, therefore, likely that the field-

collected cadavers did contain H. citriformis which was not successfully isolated.  There 
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is the possibility that the majority of the fungal isolates of H. citriformis collected were 

of the same developmental stage, which was quite difficult to isolate.  Sampling for 

mycosed cadavers of Z. butawengi from the same sites at varying intervals might 

increase the chance of isolating H. citriformis at varying developmental stages.  The 

visual observations imply that H. citriformis could be present and active in the wild 

making the fungus a worthy candidate for testing as a potential biological control agent 

for Z. butawengi.   

Purpureocillium lilacinum has been widely tested as a biological control agent for 

nematode pests (Dube & Smart, 1987; Jatala, 1986; Mittal et al., 1995).  It has also been 

isolated and used in laboratory bioassays on hemipterans where it produced promising 

results with mortality of up to 100% (Rombach et al., 1986a; 1986b).  It may also have 

potential and should be considered when screening fungi for biological control agents of 

Z. butawengi. 

Despite careful and diligent efforts in the isolation and transportation of field-collected 

samples, there were bacteria-contaminated cultures and saprophytic fungi isolated from 

the samples collected.  The three identified entomopathogenic fungi were only found on 

four specimens out of the total of 38 collected.  The change in sampling, from infected 

live insects to mycosed cadavers did introduce a greater chance in the isolation of 

saprophytes, which are known to quickly invade the host insect after death.  Therefore, 

when mycosed cadavers were used, immediate isolation of the fungi was very necessary 

as any additional time lapse from collection until isolation increased the opportunity for 

saprophytes to colonize the cadaver and outgrow the primary fungus.  Samples collected 

from WNBP had to be stored for weeks before they could be isolated as the equipment 
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for isolation work was not immediately available.  Equipment needed for the isolation 

work was located at the Hagita Plant Pathology Laboratory in MBP, which was on a 

different island to WNBP, where most of the fungal collections were made.  The author 

was limited to one trip to MBP during this period and therefore scheduled that trip to be 

at the end of the survey.  As a result, all samples collected in WNBP were stored until 

the travel to MBP.  A higher rate of isolation of uncontaminated fungi would probably 

have resulted if isolations from the samples, especially those from WNBP, were done 

immediately.  Any future work will require immediate access to proper fungal isolation 

and culturing facilities to increase the chances of isolating clean cultures. 

Nevertheless, this work was a success with the isolation and identification of three 

entomopathogenic fungi, which will be used in laboratory bioassays to assess their 

potential as biological control agents of Z. butawengi. 

 



 

Chapter 3: Laboratory evaluation of field-collected 

entomopathogenic fungi against Zophiuma butawengi 

 



 

 

54 

3.1  Introduction 

Of the available entomopathogens that can be used in planthopper pest control, fungi 

provide great promise with their ability to invade their hosts, as discussed in Chapter 1.  

As a group, fungi have the widest host range compared to other pathogens (Inglis, et al., 

2001). 

The sampled field collections of entomopathogenic fungi taken from Z. butawengi 

cadavers, identified three known entomopathogenic fungi, namely P. lilacinum, M. 

flavoviride var. minus and H. citriformis (Chapter 2).  In this chapter, these identified 

entomopathogenic fungi were tested in a laboratory bioassay to determine their 

efficiency in killing Z. butawengi under tropical conditions; the same conditions under 

which this insect thrives in the wild.  Pure cultures of each of these fungi were used for 

evaluation; isolate S3 for P. lilacinum, S21 for H. citriformis and S23 for M. flavoviride 

var. minus. 

The bioassay method chosen was based on Toledo et al. (2007) who used fungi against 

the maize planthopper, P. maidis and Rombach et al. (1986b) who used fungi against 

the rice brown plant hopper, N. lugens.  
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3.2  Materials and Methods 

3.2.1  Preparation of Fungal Inoculum 

The three entomopathogenic fungal isolates used in the bioassay were cultured on 

PVDA plates.  For P. lilacinum and M. flavoviride var. minus, spores were used as the 

source of inocula.  After 14 days of incubation in darkness at 25°C, P. lilacinum and M. 

flavoviride var. minus had sporulated sufficiently to be harvested.  The spores were 

harvested by gently washing the surface of the plates with 5ml of sterilized distilled 

water and the spores and sterilized distilled water solution was decanted into a 50ml 

McCartney bottle.  A further 5ml of sterilized distilled water was added to make the 

volume of the spore solution to 10ml.  

The collected spore solution was the „stock solution‟ from which varying concentrations 

of fungi were to be made for use in the bioassay.  It was initially proposed that the 

concentration of 1 x 10
7
, as used by Toledo et al. (2007), was to be the concentration by 

which the test fungi were to be compared in the bioassay.  However, this could not be 

achieved due to the inadequate concentrations of the spores harvested from both P. 

lilacinum and M. flavoviride var. minus cultures.  Harvested spores varied in 

concentration from 10
9
 to 10

6
.  It was then decided that 1 x 10

6
 was to be the strongest 

concentration and weaker concentrations of 1 x 10
5
 and 1 x 10

4
 were to be used as well. 

Hirsutella citriformis grew on PVDA but had low and irregular sporulation rates.  For 

this fungus, viable mycelial fragments were used as inocula.  To harvest the mycelium, 
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the isolate was cultured on a modified agar broth used for mass production of Hirsutella 

thompsonii F.E. Fisher (McCoy et al., 1975) (Table 3.1).  

Table 3.1:  Composition of Hirsutella citriformis broth. 

Ingredients Quantity per litre 

Sucrose 10g 

Yeast extract 15g 

Peptone (Bacto) 5g 

MgSO4 (anhydrous) 0.25g 

KH2PO4 (anhydrous) 1.5g 

NaCl2 (anhydrous) 5g 

Distilled water 1000ml 

pH 6.31 

Source: Adapted from McCoy et al., 1975, p 231. 

Once an adequate quantity of mycelium was produced, it was filtered and then freeze-

dried before being ground into a fine powder in a Breville™ food processor.  The 

ground mycelium powder was then packed into 50ml McCartney bottles.  Due to the 

lack of facilities in PNG to prepare dried mycelial powder of H. citriformis, this was 

done at Orange Agricultural Institute (OAI), Australia and airfreighted under permit to 

Dami for use in the bioassay.  The author travelled ahead to Dami to set up the bioassay 

before the liquid culture of H. citriformis was ready for harvesting.  Therefore, Dr. 

Priest of OAI assisted with harvesting and preparing the mycelium fragments and 

posted them to Dami.  Prior to posting, some mycelial fragments were streaked on 

PVDA to test for viability.  The fungi grew successfully. 

In Dami, the mycelial powder was added to 10ml of sterilized distilled water in a 50ml 

McCartney bottle and vigorously shaken to give a homogenous solution, which was 

used as a stock solution.  Initial concentrations of the stock solutions were determined 
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by use of a Neubauer haemocytometer and then diluted to final concentrations of 1 x 

10
4
, 1 x 10

5
 and 1 x 10

6
 spores per ml.  There were a total of eleven treatments used in 

the bioassay; three concentrations of the three fungi, one of sterilized distilled water and 

one nil treatment (Table 3.2).  Distilled water and nil were control treatments. 

Table 3.2: Treatments used in the Zophiuma lobulata bioassay 

Treatment Fungus Concentration/ml 

1 M. flavoviride var. minus  1 x 10
4
 

2 M. flavoviride var. minus  1 x 10
5
 

3 M. flavoviride var. minus  1 x 10
6
 

4 P. lilacinum  1 x 10
4
 

5 P. lilacinum  1 x 10
5
 

6 P. lilacinum  1 x 10
6
 

7 H. citriformis  1 x 10
4
 

8 H. citriformis  1 x 10
5
 

9 H. citriformis  1 x 10
6
 

10 Water Water 
11 Nil Nil 

 

3.2.2  Collection of Zophiuma butawengi Nymphs 

To minimise the mortality of Z. butawengi due to old age when used in the bioassay, 

nymphs of 3
rd

 to 5
th

 instar were used.  Insects were collected from Mr. Otto Laduku‟s 

coconut block (5°32' 6.072" S - 150°19' 55.2" E) in Banaule, which was adjacent to 

Dami Research Station.  The coconuts were about five metres high, many with 

“volunteer” seedlings growing from uncollected fruits beneath the taller palms.  

Nymphs were collected from these seedlings, especially the underside of leaflets where 

the insects often hide. 

Due to the delicate nature of the nymphs, pooters were not used for collecting insects.  

From preliminary sampling, the majority of the nymphs collected using pooters died 
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shortly after.  The nymphs were collected in 50ml glass collection tubes with mesh lids.  

The nymphs are easily agitated and collecting them was difficult.  Their collection was 

done by approaching them from their rear with tubes that had their lids removed.  The 

nymphs tend to jump backwards so when they did, they were caught in the tubes.  The 

lids were gently put on and the nymphs in the tubes were transported back to the 

laboratory.  

At the Dami Entomology Laboratory, the nymphs were released into a “holding cage”; a 

wooden-framed cage measuring 1.8m in length, 1.8m in width and 2.5m in height and 

covered with shade cloth.  The nymphs were kept in the holding cage overnight until 

they were used in the bioassay the next day.  A potted six-month old seedling of 

coconut and a potted six-month old seedling of oil palm were provided as food. 

3.3.3  Experimental Setup 

During the bioassay, insects were confined in 1.5L polyethylene terephthalate (PET) 

bottles containing oil palm seedlings for food in a design adapted from Toledo et al., 

(2007).  The bases of the PET bottles were removed and bottles were inverted over 

individual 8-week old oil palm seedlings in a pre-nursery bag (15 x 25cm lay-flat).  The 

seedlings used were of the same progeny bought from the New Britain Palm Oil Ltd. 

(NBPOL) Bebere nursery where detailed records of the seedlings‟ linage were kept. 

To ensure the bottle remained upright, two pieces of wire (5mm in diameter) were cut to 

20cm lengths and placed firmly into the soil on opposite sides of the bottle and then a 

rubber band was used to attach the bottle to the wire in an upright position (Plate 3.1). 
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Plate 3.1:  PET bottle used to house Zophiuma butawengi during the bioassay. 

 

The opened base of the PET bottle was covered with muslin netting held in place with a 

rubber band.  Moistened tissue paper was used to block the gap between the base of the 

seedling and the bottleneck opening and to add extra humidity. 

The bioassay was repeated four times (Runs).  For each Run of the bioassay, 44 bottles 

were used with the bottles divided into four Blocks of 11 bottles, each Block containing 
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one bottle for every Treatment.  Each PET bottle was labelled with a sticker identifying 

the date insects were put in, Run, Block and Treatment number. 

The Blocks of bottles were each placed on tables (100cm x 50cm), raised above the 

ground by 20cm.  The legs of the four tables were placed into a 1L bowl filled with 

water to deter ants from climbing up the legs of the table and into the bottles.  Detergent 

was also added to break the water surface tension so ants could not cross. 

3.3.4  Application of Fungal Treatments and Layout of Setup 

Zophiuma butawengi nymphs were individually collected from the holding cage and 

transferred into 50ml collection tubes with mesh lids (Plate 3.2 A).  To each nymph, 

5µL of treatment solution was applied through the mesh lid and onto the nymph using 

an Eppendorf™ micropipette (Plate 3.2 B).  A fresh tube was used for each nymph and 

a new pipette tip was used for every treatment to avoid cross-contamination.  The 

insects subjected to the same treatments were then placed in the PET bottles in groups 

of 10 (Plate 3.2 C).  The PET bottles were laid out in a randomised block design on the 

four tables, with each table representing a Block (Figure 3.1).  This same layout was 

used for all four Runs of the bioassay. 
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  A 

 

 

 

  B 

 

 

 

  C 

 

 

 

Plate 3.2:  Process of fungal treatment application to Zophiuma butawengi nymphs: 
A = collection of individual nymphs into collection tubes from the holding cage, B = 
application of fungal treatment onto nymph in collection tube using a micropipette 
and C = placement of treated nymphs to PET bottle housings in the experimental 
cage.    



 

 

62 

     Door      

            

                     

  Block 4 7 1 2  Block 1 7 2 1   

   4 3 10   3 10 6   

   5 11 8   5 8 9   

    9 6    4 11   

             

  Block 3 5 6 1  Block 2 1 3 10   

   4 11 7   8 5 4   

   2 9 10   9 11 6   

    8 3    2 7   

                      

Figure 3.1:  Layout of PET bottles on tables in the experimental cage of Zophiuma 
butawengi bioassay.  Numbers in cells refer to treatment numbers (see Table 3.2). 

 

3.3.5  Monitoring of Bioassay 

Each PET bottle was examined every 24 hours for 14 days.  The temperature and 

humidity of the experimental cage was recorded daily.  Records were made of mortality 

in each PET bottle during the daily checking.  Cadavers were removed by tapping the 

bottle until they fell to the bottom of the inverted bottleneck.  The moistened tissue 

paper blocking the bottleneck and seedling base was then carefully removed with pre-

sterilised forceps (sterilised by wiping with 70% ethanol).  Cadavers from the same 

bottle were then placed together in a Petri dish, labelled with the date, Run, Block 

(table) number and Treatment (bottle) number. 

A stock-take count of insects in each bottle was made after Day 7 (midpoint of each 

Run) from the initial treatment to ensure accountability of all insects used.  At the end 

of each Run of the bioassay (Day 14), the bottles were removed and the seedlings 

thoroughly inspected for any cadavers that may have been missed. 
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3.3.6  Surface Sterilization and Incubation of Cadavers from the Bioassay 

Immediately after collection, cadavers were surface sterilized using the method of 

Lacey & Brooks (1997).  In the absence of a laminar flow cabinet at the Dami 

Entomology Laboratory, a glass fish tank (30cm x 60cm x 30cm) was used as a work 

station for cadaver sterilization.  The fish tank was laid flat on one side with the opening 

exposed and facing the operator (Figure 3.2).  The opening was then partially covered 

with clear plastic “cling film” food wrapping, leaving a hand space of 10cm wide to 

allow work inside the tank.  The inside of the tank was surface sterilized with 90% 

ethanol prior to each use.   

  



 

 

64 

 

 

Figure 3.2:  Drawing of workstation used in surface sterilization of Zophiuma 
butawengi cadavers 

 

Inside the tank, four glass Petri dishes of 90mm diameter were set up in a line from left 

to right containing; i) 70% ethanol, ii) sterilized distilled water, iii) dilute sodium 

hypochlorite (0.5% NaClO), and iv) sterilized distilled water.  Due to the fragile nature 

of the cadavers, a small strainer was employed into which the cadavers were 

individually placed and the strainer and cadaver submerged into the sterilising solutions.  

The strainer was made from the mesh lid of a collection tube with a handle made from a 

length of 5mm-thick wire twisted around the mesh lid.  Working from left to right, the 

order in which the sterilising solutions were laid out, the cadavers were individually 
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surface-sterilised by dipping them in 70% ethanol then rinsing in sterilized distilled 

water, followed by brief immersion in dilute sodium hypochlorite (0.5% NaClO) for 

three seconds and again rinsing in sterilized distilled water.  The sterilised cadavers 

were then individually placed on a distilled-water moistened filter paper in a clean Petri 

dish, which was then sealed for incubation.  The strainer and forceps used were surface 

sterilized before each use on a new cadaver by dipping into 90% ethanol in a 250ml 

beaker.  After use, the workstation was surface sterilised and the opening completely 

sealed off. 

There was no incubator available for use at the Dami Entomology Laboratory, so sealed 

plates containing surface-sterilized cadavers of Z. butawengi were placed in a clean 

cupboard in an air-conditioned room within the laboratory.  The temperature in the 

room was maintained at ca. 24°C.  All incubated cadavers were kept in the cupboard 

until the end of the bioassay, at which time they were packed in a cool box and 

airfreighted to the Hagita Plant Pathology Laboratory in MBP for fungal isolation.  The 

laboratory in MBP was better equipped for this work. 

Fungal isolation was conducted in a laminar flow cabinet.  Mycelial growth observed on 

cadavers was extracted using sterile forceps and a scalpel and transferred to PDA plates.  

Subsequent sub-cultures were made to isolate the fungi when contaminants were 

observed. 

The three fungal isolates used in the bioassay had distinctive colouration when grown 

on PDA: H. citriformis began as a profuse white mycelial growth which then changed to 

brownish-grey when older and about to sporulate; P. lilacinum also started as a white 
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colour but was less profuse than H. citriformis and quickly changed to dull purple, then 

pink as spores were produced; and M. flavoviride var. minus was very quick growing 

and produced thick clusters of green spores.  These colour characteristics were used for 

preliminary characterisation during fungal isolation, and any fungi isolated that did not 

develop these characteristics (colour or growth characters) were discarded. 

Following this preliminary culling of isolates, a total of 105 plates were packed in a 

cool box and air freighted to the Plant Pathology Laboratory at OAI for confirmation 

whether the isolated fungi were the same as originally applied to the insects (Koch‟s 

Postulate).  Upon arrival at OAI, the fungal cultures were checked for bacterial or mite 

contamination and cleaned using the technique of Cother & Priest (2009) (see Chapter 

2).  Subsequent sub-cultures were then made from the cleaned cultures onto PVDA for 

final identification. 

3.3.7  Statistical Analysis 

After logit transformation, statistical analysis of insect mortality used binomial 

generalized linear mixed models to estimate the probability of cumulative mortality 

using the formula [Treatment x Day 7], as the fixed effect, with Day as a continuous 

variable not a factor, and Block (a factor with 16 levels) as the random effect.  Day 7 

was chosen for analysis of effect of treatments, as it was the median day of the 14-day 

run of the bioassay. 

Models were fitted using GenStat 13.1, VSN International (2010).  The models fitted a 

separate straight line showing the probability of cumulative mortality against Day 7 for 
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each treatment.  The analysis tested for differences between the intercepts (on Day 7) 

and the slopes of the lines. 

The GenStat output is attached as Appendix 2.  Raw data used in the analysis is in the 

CD affixed as Appendix 3. 
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3.4  Results 

3.4.1  Koch’s Postulates 

Microscopic identification of the selected 105 plates from the bioassay found that only 

20 of the 105 plates were the fungi that were originally applied to the insects.  Of these, 

10 plates were P. lilacinum, eight were M. flavoviride var. minus, and two isolates 

contained both P. lilacinum and M. flavoviride var. minus.  No isolate of H. citriformis 

was recovered.  The rest of the isolates were saprophytic fungi of the genera Fusarium, 

Penicillium and Aspergillus. 

3.4.2  Mortality Data 

3.4.2.1  Pooled Fungal Treatment versus Controls 

In the first analysis, mortality by fungal treatments (M. flavoviride var. minus, H. 

citriformis and P. lilacinum, each at concentrations of 1 x10
4
, 1 x10

5
 and 1 x 10

6
) were 

pooled and compared with mortality from the control water and nil treatments (Figure 

3.3).  The graph (Figure 3.3) showed significant increase in mortality from Day 4 to 

Day 10.  Based on these findings, the median day (Day 7), was chosen for separate 

analysis.  On Day 7, the mortality from the pooled fungal treatment was not found to be 

statistically different from that of the controls of water and nil treatments (P = 0.709) 

(Table 3.3).  However, there was a significant difference (P <0.001) in the rate of 

increase in mortality of Z. butawengi between the pooled fungal treatments compared to 

water and nil treatments, indicating the fungal treatments killed insects faster than the 

control treatments.   
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Figure 3.3:  Probability of Zophiuma butawengi mortality comparing pooled fungal 
treatments, water and nil treatment. 

 

Table 3.3:  Table of fixed effects for pooled fungal treatments versus controls 

 df F stat P 

Fungus or No fungus 2 0.34 0.709 

Day 7 1 3800.42 <0.001 

Fungus or No fungus x Day 7 2 7.49 <0.001 
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3.4.2.2  Individual Treatments 

Comparison of the probability of mortality for all 11 treatments (M. flavoviride var. 

minus, H. citriformis and P. lilacinum, each at concentrations of 1 x10
4
, 1 x10

5
 and 1 x 

10
6
, plus the control treatments of water and nil) at Day 7, found significant differences 

between treatments (P = 0.003).  The estimate of cumulative mortality per treatment on 

Day 7 is given by the estimates of the back transformed intercepts (Table 3.5).  The 

most effective treatment at killing test insects (by Day 7) was the concentration of 1 x 

10
5
 spores per ml of M. flavoviride var. minus, followed by 1 x 10

4
 spores per ml of M. 

flavoviride var. minus.  The concentrations of 1 x 10
5
 and 1 x 10

4 
spores per ml of H. 

citriformis were third and fourth best respectively.  The most effective concentrate of P. 

lilacinum was 1 x 10
4
 spores per ml and that was ranked fifth best at killing test insects. 
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Table 3.4:  Table of fixed effects for treatments 

 df F stat P 

Treatment 10 2.78 0.003 

Day 7 1 5903.39 <0.001 

Treatment x Day 7 10 8.07 <0.001 

 

Table 3.5:  Back-transformed estimates of Z. butawengi probability of cumulative 
mortality at Day 7 with 95% confidence intervals 

 

  

Fungus/Concentration 1 x 10
4
 1 x 10

5
 1 x 10

6
 Water Nil 

H. citriformis 0.6617 0.6245 0.5454 * * 

 (0.5672, 
0.7449) 

(0.5266, 
0.7132) 

(0.4461, 
0.6412) 

  

M. flavoviride var. minus 0.6658 0.6776 0.5260 * * 

 (0.5702, 
0.7494)  

(0.5835, 
0.7592) 

(0.4270, 
0.6231) 

  

P.  lilacinum  0.5870 0.4690 0.5214 * * 

 (0.4878, 
0.6796) 

(0.3712, 
0.5692) 

(0.4231, 
0.6181) 

  

Water * * * 0.4600 * 

    (0.3641, 
0.5590) 

 

Nil * * * * 0.4395 

     (0.3448, 
0.5387) 
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There was also a statistically significant interaction between treatments and [Day 7] (P 

<0.001) indicating different rates of increasing cumulative mortality between treatments 

over time.  The treatment with the highest rate of increase in cumulative mortality was 

the concentration of 1 x 10
4
 spores per ml of M. flavoviride var. minus.  This was 

followed by the concentration of 1 x 10
5
 spores per ml of M. flavoviride var. minus, then 

by 1 x 10
5
 spores per ml of H. citriformis, before 1 x 10

5
 spores per ml of P. lilacinum, 

and 1 x 10
4
 spores per ml of H. citriformis (Figure 3.4).  
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Figure 3.4:  Probability of Zophiuma butawengi mortality comparing three 
concentrations (1 x 10

4
, 10

5
 and 10

6
) of Metarhizium flavoviride var. minus (Mfv), 

Purpureocillium lilacinum (Pl) and Hirsutella citriformis (Hc) isolates, distilled water 
and nil treatment. 
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3.4.2.3  Fungi.water.nil versus Application Rate versus Day 7 

There was no statistically significant interaction in the three-way interaction of fungi 

(all concentrations of same species pooled together), water and nil treatments versus 

rate of application versus Day 7 (P = 0.197) (Table 3.6).   

In comparing the effect of the three fungal species, water and nil treatment at Day 7 

(Table 3.6), there was also no significant difference in the cumulative mortality (P = 

0.984).  However, the increase of cumulative mortality by fungus over time was 

significantly different (P <0.001).  Comparing just three fungal species, the increase in 

cumulative mortality is highest for M. flavoviride var. minus followed by H. citriformis 

and then P. lilacinum. 

The application rates did not have an effect on cumulative mortality (P = 0.912) (Table 

3.6).  However, there were significant differences between application rates in the 

increase in cumulative mortality over time (P <0.001).  For the fungal treatments only, 

the most effective rate that caused the most cumulative mortality over time was 1 x 10
5
 

spores per ml followed by 1 x 10
4
 spores per ml and 1 x 10

6
 spores per ml. 
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Table 3.6:  Table of fixed effects of fungus.water.nil versus rate versus Day 7 

 df F stat P 

Fungi 4 0.10 0.984 

Rate 2 0.09 0.912 

Day 7 1 5927.32 <0.001 

Fungi.Water.Nil x Rate 4 0.83 0.508 

Fungi.Water.Nil x Day 7 4 12.05 <0.001 

Rate x Day 7 2 13.22 <0.001 

Fungi.Water.Nil x Rate x Day 7 4 1.15 0.197 
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3.5  Discussion 

Initially, it was planned that late instar Z. butawengi nymphs for use in the bioassay 

were to be reared in the laboratory.  This was attempted, however, the high mortality 

rate of the insects could not guarantee a consistent supply of 440 late instar nymphs for 

each Run, let alone 1760 nymphs for use throughout the course of the bioassay study.  

This difficulty in rearing Z. butawengi in captivity was also faced by Smith (1980b) 

when he conducted biology studies on the insect.  Therefore, the decision to use field-

collected nymphs was inevitable.  Using field-collected nymphs increased the chance of 

nymphs being infected by fungi prior to their use in the bioassay.  In one instance, an 

observation was made of a mycosed cadaver from a treatment of P. lilacinum at 1x10
6
, 

which had external synnemata growth that was typical of H. citriformis.  The infection 

of H. citriformis would probably be a field infection given the poor isolation of H. 

citriformis from the bioassay. 

Results from the bioassay studies indicated that M. flavoviride var. minus showed the 

greatest increase in mortality of the three fungi tested.  This fungus grew and sporulated 

well in-vitro, and spores used as inoculum were easily extracted.  These factors, and the 

indication that in this study it killed Z. butawengi more rapidly than the other fungi 

tested, made M. flavoviride var. minus a promising candidate for use as a biological 

control agent of Z. butawengi.  The fungus is a well-known pathogen of planthopper 

species (Driver, et al., 2000; Rombach, et al., 1986c).  The genus Metarhizium contains 

recognized taxa of entomopathogenic fungi, with several species currently developed 

for use as biopesticides (Butt, et al., 2001; Faria & Wraight, 2007; Milner, et al., 2002).  

However, M. flavoviride var. minus has not yet been developed as commercially 
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available biopesticide.  However, the application of current techniques and processes 

used to develop other species of the genus Metarhizium as biopesticides could be 

applied to develop M. flavoviride var. minus.  This makes M. flavoviride var. minus a 

potential candidate as a biological control agent in FD IPM.  

Hirsutella citriformis was identified as the next most-promising isolate from the 

bioassay studies.  However, in culture the fungus was very slow to sporulate, taking up 

to two months before spores were observed.  When it did sporulate, the sporulation rate 

was low and irregular.  Hywel-Jones (1997) reported H. citriformis isolates from 

Thailand producing conidia on synnemata after 4-6 weeks, however, reliable production 

of conidia has been reported to be difficult due to low sporulation rates and the irregular 

growth pattern of the fungus (Rombach, et al., 1986b).  Due to this constraint, in this 

work the fungus was grown on liquid media, and the mycelium extracted and ground 

into a powder in Australia before transportation to PNG for use in the bioassay.  Despite 

this complication, the fungus performed well in the bioassay.  The rate of re-isolation of 

the inoculated fungi from cadavers was much lower than expected.  This has previously 

been reported as a characteristic of this fungus (Toledo, et al., 2008b) and similar results 

were experienced during isolation from field collections of mycosed cadavers (Chapter 

2).  The difficulty in isolating H. citriformis from host tissues and then manipulation in 

vitro are less desirable traits of this fungus.  However, the observation that H. 

citriformis is common on mycosed cadavers in the field (Chapter 2) indicates that this 

fungus is very much present and active in the wild and has potential for use in Z. 

butawengi IPM.  Prior to any further work with H. citriformis, there is an immediate 
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need for the development of reliable isolation and cultural techniques for this fungus so 

its full potential can be explored.  

Purpureocillium lilacinum has been widely tested as a biological control agent for 

nematode pests (Dube & Smart, 1987; Jatala, 1986; Mittal, et al., 1995).  It has also 

been isolated from, and used in bioassays on, hemipteran insects where it has produced 

promising results with mortality up to 100% (Rombach, et al., 1986a, 1986b).  In this 

study, the fungus did not perform as well as M. flavoviride var. minus and H. 

citriformis.  Nevertheless, this fungus was isolated from a field-collected cadaver of Z. 

butawengi and successfully re-isolated after infection on test insects, indicating this 

fungus can kill Z. butawengi.  Further detailed work is needed to understand its 

potential for use in FD IPM.  

The bioassay studies reported here were conducted in very basic laboratory facilities in 

Dami, which is on a different island to Hagita where the fungal isolations were 

performed (refer to map of PNG, Figure 2.1).  The difficulty in transporting materials 

and the large distance between locations resulted in a delay of up to month from the 

collection and incubation of cadavers to subsequent isolation of the fungi.  Despite 

being kept at low temperatures these conditions provided an ideal environment for fast-

growing saprophytic fungi which may have already been present to colonize the 

cadavers, which was evident in the low target fungal re-isolation results and high 

numbers of saprophytic fungi being isolated.  Further work will require access to an 

adequate supply of insects and more adequate fungal isolation and culturing facilities. 



 

Chapter 4: General Discussion, Recommendation for Future 

Research and Conclusion 
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4.1  General Discussion 

Oil palm is a very important crop in PNG constituting over 45% of agricultural exports 

(Bank of Papua New Guinea, 2011).  However, production of this crop is under threat 

from FD which is caused by the native planthopper, Z. butawengi.  Currently control of 

this pest is by use of systemic insecticides.  In supporting the industry‟s commitment to 

sustainable agricultural practices, biological control options for Z. butawengi were 

investigated. 

Although the first mention of FD and Z. butawengi was in the 1960s (Ghauri, 1967), 

research into the disorder and the planthopper have been few and scattered throughout 

the decades.  Smith (1980b) investigated the transmission of FD on coconuts and 

biology of the Z. butawengi (Smith, 1980a) to which he concluded the planthopper was 

responsible for the disorder but no microorganism was involved.  He suggested the 

disorder must be caused by the toxic reaction of the palms to the feeding by Z. 

butawengi (Smith, 1980b).  Despite continuous monitoring of FD by the PNGOPRA 

Entomology team since the first mention of the disorder on oil palm in 1994 (Caudwell, 

et al., 1999; Page, 2004; Prior, et al., 2001), no further research on the planthopper and 

the disorder was undertaken until work by Gitau et al. (2011b).  That recent work 

confirmed that Z. butawengi causes FD when feeding in large numbers (Gitau, et al., 

2011b). 

Since then, potential biological control agents of Z. butawengi were investigated for use 

in FD IPM.  Egg parasitoids were identified from Z. butawengi egg masses and have 
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been recommended for integration into the control strategy (Huber, et al., 2011).  

Unidentified fungi were observed on field-collected cadavers of nymph and adult Z. 

butawengi (Page, 2004; Smith, 1980b).  In this study, the possibility of utilising 

entomopathogenic fungi as biological control agents of Z. butawengi was investigated. 

Prior to the project being carried out, available literature was reviewed.  There was 

limited literature on Z. butawengi and no published records of any identified 

entomopathogenic fungi associated with Z. butawengi.  Therefore, a literature review 

was conducted to discover any possible entomopathogenic fungi known to infect insects 

in Fulgoromorpha (Hemiptera), the Superfamily to which Z. butawengi belongs.  

Entomopathogenic fungi most commonly associated with Fulgoromorpha included P. 

delphacis, Z. radicans, B. bassiana, B. brongniartii, M. flavoviride var. minus and H. 

citriformis.  These fungi are discussed in detail in Chapter 1. 

Field collections of entomopathogenic fungi of Z. butawengi were conducted in selected 

locations in WNBP and MBP (Chapter 2).  From the samples, three entomopathogenic 

fungi were isolated and identified, namely P. lilacinum, M. flavoviride var. minus and 

H. citriformis.  This is the first record of entomopathogenic fungi of Z. butawengi. 

The three entomopathogenic fungi were then used in a laboratory bioassay.  Since this 

was the first of such work done on this insect, it was not known which concentrations of 

fungi were best to use.  Therefore, similar works were reviewed.  In work by Toledo et 

al. (2007) on P. maidis, five different fungi were used (none of which included the three 

fungi used in this study), the application rate was 1 x 10
7
 conidia per ml and they 

applied 350µL to 20 insects in a 500ml PET bottle.  For this work, application was done 
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to individual insect confined in a 25ml collection tube with 5µL per insect.  Therefore, it 

was decided that a range of concentrations similar to those reviewed were to be trialed.  

The three concentrations were 1 x 10
4
, 1 x 10

5
, and 1 x 10

6
 spores per ml.  Statistical 

analysis from the bioassay mortality data indicated that the concentrations used did not 

have an effect on the total number of dead insects.  However, the concentrations did 

have an effect on the how quickly the insects died.  The concentration that killed the test 

insects quickest was 1 x 10
5
 spores per ml.  This does not necessarily mean that this 

concentration of 1 x 10
5
 spores per ml was ideal for each individual fungus, but of the 

concentrations used, this was the most effective at killing test insects quickest.  The 

ideal concentration for each fungus will be something future research will have to 

investigate. 

The results from the bioassay indicated that there were no differences between the 

deaths caused by the pooled fungal treatments and the control treatments.  However, the 

test insects in the pooled fungal treatments died quicker than the controls.  When 

comparing the three fungi, there was no statistical difference in their cumulative 

mortality, however they were different in their rate of cumulative mortality with M. 

flavoviride var. minus killing the test insects quickest, followed by H. citriformis then P. 

lilacinum.  The results generally indicated that the fungal treatments worked but none of 

the individual fungi or the concentration at which they were applied was a clear 

standout success.  These findings mean that the fungi did work but more work is needed 

in determining at which concentration individual fungus worked best.   
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4.2  Recommendation for Future Research 

Of the five sites surveyed, mycosed cadavers of Z. butawengi were only found from 

three of those sites.  The reasons as to why mycosed cadavers were not found from the 

other two locations are unknown.  Fungi are specific to conditions under which they 

thrive as pathogens of insects (Inglis, et al., 2001).  Future research is recommended 

into understanding why fungi were found in some areas and not in others.  Information 

gained from that research would be crucial to understanding the success of field-applied 

entomopathogenic fungi. 

The difficulty faced with encouraging H. citriformis to reliably sporulate for spores to 

be harvested for the bioassay was also reported by Rombach et al. (1986b) in their field-

based efficacy testing on the brown planthopper, N. lugens.  They applied H. citriformis 

as a mixed suspension of mycelia and spores.  The present study used ground dry 

mycelium fragments as inoculum.  The fungus performed relatively well in the study of 

Rombach et al (1986b), as it did and also in the present work (Chapter 3).  However, the 

performance of H. citriformis when applied as spores is still unknown.  Future work 

will need to investigate possible ways of encouraging H. citriformis to produce spores 

reliably so they could be used as inoculum.  One option would be to investigate media 

constituents that will encourage H. citriformis to produce adequate spores readily. 

The potential for the application of both M. flavoviride var. minus and P. lilacinum as 

mycelial inoculum is also unknown, but if successful would increase the chances of 

producing large quantities of inoculum by way of large tank liquid mycelium 

production, such has been the practise for some entomopathogenic fungi like Hirsutella 
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thompsonii (McCoy, et al., 1975).  However, from research by Rombach et al. (1986b) 

where they used both spores and mycelial fragments, they suggested mycelial fragments 

were not as effective as spores in causing direct infection.  Nevertheless, they observed 

that applied mycelial fragments remained attached to the host plant for a while before 

producing spores.  The use of mycelial fragments has also been recommended in the 

application of other entomopathogenic fungi, for example B. bassiana in the control of 

soil dwelling insect pests (Feng et al., 1994).  There is also the possibility of mixing 

both spores and mycelial fragments for application as used for H. citriformis by 

Rombach et al. (1986b). Application methods, such as the use of impregnated non-

woven bands technique, as used by Shanley et al (2009), could be adopted for the 

application of both mycelial and spore fragments. 

Findings from this study indicated that fungal concentration plays an important part in 

the success of the fungi causing mortality of Z. butawengi.  Individual fungal isolates 

will need to be thoroughly tested to determine at which concentration each fungus 

works at greatest efficiency against Z. butawengi.  Once determined for each fungus, the 

fungi can then be tested against each other at their optimum concentrations to determine 

which is more effective at controlling Z. butawengi. 

The choice of which fungus to use as a biological control agent must also consider the 

nature and ease of handing each fungus.  For example, during this study, H. citriformis 

showed a lot of promise when most of the field-collected specimens exhibited typical 

morphological characters of this fungus.  This gave an indication that H. citriformis 

might be the most common pathogen in the field.  However, the isolation of H. 

citriformis proved to be very difficult, has had been previously reported by Toledo et al. 
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(2008b).  The difficulty in inducing sporulation in this fungus is also a known 

characteristic (Hywel-Jones, 1997; Rombach, et al., 1986b).  However, even if H. 

citriformis was shown to be an effective fungus against Z. butawengi, it might not be 

considered for use if it is difficult to use in an oil palm plantation setting. 

The decision to use late instar nymphs in the bioassay was based on the need to 

eliminate the possibility of the insects dying of old age.  However, nymphs of Z. 

butawengi are difficult to rear in captivity as reported by Smith (1980b), who in his 

biological studies of Z. butawengi could only account for about 15% of test insects that 

were successfully reared from nymphs to adult stage.  From Smith‟s work, the mean 

lifespan of 4
th

 instar Z. butawengi nymphs is 17.7 days (n = 50), 5
th

 instar nymphs is 

25.4 days (n = 32) and adults is 30 days (n = 30) (Smith, 1980b).  The bioassay in this 

work, ran for 14 days and therefore, the risk of insects dying of old age is greatly 

reduced.  In this study it was difficult to rear adequate numbers of late instar nymphs in 

time to use in my bioassay, and therefore had to collect these from the wild populations 

which may have already carried some infection or contamination.  It would have been 

ideal to use reared insects that were clean and free of any unknown pathogens. 

Caged insects could be easily stressed, and stressed planthoppers are known to be more 

susceptible to infection than those not under stress, like the ones in the wild (Rombach, 

et al., 1986b).  Due to the fragile nature of the nymphal stage, stressed or handled 

insects could easily die without infection.  All these factors mean that a better method of 

Z. butawengi rearing and handing will need to be devised for use in further research. 
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Different insect developmental stages are more susceptible to fungal infection.  For 

example, adult N. lugens was found to be more susceptible to M. anisopliae var. 

acridum (= M. flavoviride var. minus, see Chapter 1, page 32) than nymphs (Geng & 

Zhang, 2004)).  It was suggested that ecdysis could have been a factor, with the nymphs 

moulting before the fungus had the chance to infect them (Geng & Zhang, 2004).  

Screening for the effects of the fungi on different developmental stages of Z. butawengi 

will need to be examined in any future research. 

If Z. butawengi susceptibility to entomopathogenic fungi differs according to 

developmental stage, fungi could then be utilised in an IPM system along with other 

potential biological control agents that target other developmental stages of the insect, 

such as the egg parasitic wasps (Huber, et al., 2011).  In the event of a FD outbreak, the 

wasps could be reared and released to control Z. butawengi egg numbers and the fungi 

subsequently released to control whichever development stage it is found to be most 

effective against. 

This work has identified naturally occurring entomopathogenic fungi infecting Z. 

butawengi.  The discovery of these entomopathogenic fungi in the field means that 

application techniques can be focused on augmentative biological control techniques, 

either using inundative or innoculative approaches as these fungi were already 

established.  Inglis et al. (2001) reviewed a number of cases where entomopathogenic 

fungi were present in the field but did not have an impact on the target insect pests until 

inundative releases were made.  The three entomopathogenic fungi will need to be 

further evaluated to see if inundative releases will improve their performance in the 

field. 
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My studies were conducted in a very basic entomology laboratory setting with limited 

infrastructure to support mycological studies.  Previous attempts at entomopathogenic 

work on long-horned grasshopper pests in this laboratory also involved preparation of 

inocula overseas (PNG Oil Palm Research Association, 2009).  Mixed results were 

obtained from that previous work.  The Hagita Plant Pathology Laboratory that was 

used for fungal isolation, was on a different island to where the bioassay was conducted 

and was not easily accessible.  It was not possible to conduct the bioassay near the plant 

pathology laboratory as adequate numbers of test insects was not guaranteed.  This 

meant that the bioassay was done in the Dami Entomology Laboratory, and not until the 

end of the bioassay, were the insects transported to the Hagita Plant Pathology 

laboratory where fungal isolation could be made.  This time delay allowed adequate 

opportunities for saprophytes to colonise the cadavers resulting in poor isolation of the 

entomopathogens from the test insects.  For future research, equipment for use in the 

testing will need to be readily available. 
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4.3  Conclusion 

The aims of this project were to identify naturally occurring entomopathogenic fungi of 

planthoppers and by use of laboratory-based bioassay, identify if any had potential to be 

used as biological control agents for Z. butawengi.  These aims were achieved, to a 

useful degree, despite it proving impracticable to rear the insect (necessitating the use of 

field collected insects for the bioassay) and poor laboratory infrastructure in PNG (and 

it not being possible to transport live insects to Australia).  The key outcomes of the 

project were the identification of H. citriformis, P. lilacinum and M. flavoviride var. 

minus as native entomopathogens of Z. butawengi, which were then used in laboratory 

bioassays against Z. butawengi.  This work is preliminary but very necessary in setting 

benchmarks on which future research in this area can be built.  As discussed in the 

preceding section, there are a number of areas that will need further investigation before 

any entomopathogenic fungi can be reliably used as biological control agents in the 

management of Z. butawengi.  A suggested approach is to develop a better 

understanding of the test insects and how they can be handled and used in the bioassays.  

A detailed study of each of the fungi should follow, firstly discovering the best practice 

to harvest adequate inoculum (be it spores or mycelial fragments), determining their 

optimal potential and then comparing their optimal potential so they can be fairly 

evaluated to determine which entomopathogenic fungus is ideal for use as a biological 

control agent for Z. butawengi.  The availability of adequate test subjects, equipment 

and facility to carry out this is of paramount importance. 
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Appendix 1:  Descriptions of mycosed cadavers of oil palm pest, Zophiuma butawengi, from selected locations in Papua New Guinea  

Locality Date Sample 
number 

Insect host 
stage 

Host plant Description of sample collected 

Dami 18/2/2009 D1 Adult male Coconut Cadaver attached to underside of leaflet.  White mycelium 
emerging from insect joints. 

Dami 18/2/2009 D2 Adult female Coconut Cadaver attached to underside of leaflet.  White mycelium 
emerging from insect joints. 

Dami 18/2/2009 D3 Nymph Coconut Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with brown spores on 
synnemata. 

Dami 18/2/2009 D4 Adult female Coconut Cadaver attached to underside of leaflet.  White mycelium 
emerging from insect joints. 

Dami 18/2/2009 D5 Nymph Coconut Cadaver attached to underside of leaflet.  White mycelium 
emerging from insect joints. 

Dami 18/2/2009 D6 Nymph Coconut Cadaver attached to underside of leaflet.  White cotton-like 
mycelium covering insect. 

Dami 18/2/2009 D7 Nymph Coconut Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with brown spores on 
synnemata. 

Siki 24/2/2009 S1 Adult (sex not 
determined) 

Coconut Partly eaten cadaver attached to the topside of leaflet.  
Brownish-grey mycelia from all over cadaver with brown 
spores on synnemata. 

Siki 24/2/2009 S2 Nymph Coconut Cadaver attached to the underside of leaflet.  White mycelia 
from all over cadaver with synnemata-like structures but no 
spores observed. 

Siki 24/2/2009 S3 Adult (sex not 
determined) 

Coconut Cadaver attached to the underside of leaflet.  White mycelia 
from all over cadaver with synnemata-like structures but no 
spores observed. 
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Locality Date Sample 
number 

Insect host 
stage 

Host plant Description of sample collected 

Siki 24/2/2009 S4 Nymph Coconut Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with brown spores on 
synnemata. 

Siki 24/2/2009 S5 Adult male Coconut Cadaver attached to the underside of leaflet.  White mycelia 
from all over cadaver with synnemata-like structures but no 
spores observed. 

Siki 24/2/2009 S6 Adult female Coconut Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with white synnemata. 

Siki 24/2/2009 S7 Adult male Coconut Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with brown spores on 
synnemata. 

Siki 24/2/2009 S8 Adult male Coconut Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with brown spores on 
synnemata. 

Siki 24/2/2009 S9 Adult (sex not 
determined) 

Coconut Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with brown spores on 
synnemata. 

Siki 24/2/2009 S10 Nymph Coconut Cadaver attached to underside of leaflet.  White mycelium 
emerging from insect joints. 

Siki 24/2/2009 S11 Nymph Coconut Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with brown spores on 
synnemata. 

Siki 24/2/2009 S12 Adult (sex not 
determined) 

Coconut Partly eaten cadaver attached to the topside of leaflet.  
Cotton-like brown mycelia cover cadaver. 

Siki 24/2/2009 S13 Adult (sex not 
determined) 

Coconut Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with brown spores on 
synnemata. 

Siki 24/2/2009 S14 Adult (sex not 
determined) 

Coconut Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with brown spores on 
synnemata. 
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Locality Date Sample 
number 

Insect host 
stage 

Host plant Description of sample collected 

Siki 24/2/2009 S15 Nymph Coconut Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with brown spores on 
synnemata. 

Siki 24/2/2009 S17 Nymph Coconut Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with brown spores on 
synnemata. 

Siki 24/2/2009 S18 Nymph Coconut Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with brown spores on 
synnemata. 

Siki 24/2/2009 S19 Nymph Coconut Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with brown spores on 
synnemata. 

Siki  S20 Nymph Coconut Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with brown spores on 
synnemata. 

Siki 24/2/2009 S21 Adult (sex 
unknown) 

Coconut Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with brown spores on 
synnemata. 

Siki 24/2/2009 S22 Nymph Coconut Cadaver attached to underside of leaflet.  Thick white 
mycelium emerging from insect joints with synnemata. 

Siki 24/2/2009 S23 Nymph Coconut Cadaver attached to the underside of leaflet.  Greenish-grey 
mycelia covering cadaver. 

Siki 24/2/2009 S24 Adult (sex not 
determined) 

Coconut Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with brown spores on 
synnemata. 

Siki 24/2/2009 S25 Adult (sex not 
determined) 

Coconut Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with brown spores on 
synnemata. 
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Locality Date Sample 
number 

Insect host 
stage 

Host plant Description of sample collected 

Mariawatte 5/3/2009 M1 Adult (sex not 
determined) 

Oil palm Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with thin brown synnemata-like 
structure. 

Mariawatte 5/3/2009 M2 Adult (sex not 
determined) 

Oil palm Cadaver attached to underside of leaflet. Thick white 
mycelium emerging from insect joints with synnemata. 

Mariawatte 5/3/2009 M3 Adult (sex not 
determined) 

Oil palm Partly eaten cadaver attached to the topside of leaflet.  
Brownish-grey mycelia from all over cadaver. 

Mariawatte 5/3/2009 M4 Adult (sex 
unknown) 

Oil palm Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with brown spores on 
synnemata. 

Mariawatte 5/3/2009 M 5 Adult (sex not 
determined) 

Oil palm Partly eaten cadaver attached to the topside of leaflet. 
Cotton-like brown mycelia cover cadaver. 

Mariawatte 5/3/2009 M6 Adult (sex not 
determined) 

Oil palm Partly eaten cadaver attached to the topside of leaflet. 
Brownish-grey mycelia from all over cadaver. 

Mariawatte 5/3/2009 M7 Nymph Oil palm Cadaver attached to the underside of leaflet.  Brownish-grey 
mycelia from all over cadaver with thin brown synnemata-like 
structure. 

NB – There is no sample S16.  This number was allocated to a spider egg mass mistakenly collected for a Z. butawengi egg mass infected by fungi.  

This sample number has since been omitted from the sampling list. 



Appendix 2:  GenStat Output 

2.1 Pooled fungal treatments vs. Controls 

Generalized linear mixed model analysis 
  

Method:  c.f. Schall (1991) Biometrika 

Response variate:  cum_mort 

Binomial totals:  Totalnoknown 

Distribution:  binomial 

Link function:  logit 

Random model:  Time + (Time.Block) 

Fixed model:  Constant + FungusOrNot + Day 7 + (FungusOrNot.Day 7) 

 

 

Dispersion parameter estimated 

 

  

Monitoring information 

  

 Iteration  Gammas  Dispersion  Max change 

 1  0.03050  0.02742  1.547  5.0999E-01 

 2  0.03314  0.03040  1.449  9.8605E-02 

 3  0.03226  0.02948  1.488  3.9685E-02 

 4  0.03226  0.02948  1.489  4.8402E-04 

 5  0.03225  0.02947  1.489  2.7502E-06 

  

 

  

Estimated variance components 

  

Random  term component s.e. 

Time   0.048  0.051 

Time.Block  0.044  0.022 

  

  

Residual variance model 

  

Term  Factor  Model(order) Parameter Estimate s.e. 

Dispersn  Identity  Sigma2  1.489   0.041 

  

  

  

Estimated variance matrix for variance components 

  

  

          

Time  1  0.0025588 

Time.Block 2  -0.0001208  0.0004898 

Dispersn  3  -0.0000002  -0.0000119  0.0016929 

      1  2   3 
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Tests for fixed effects 

  

Sequentially adding terms to fixed model 

  

Fixed term  Wald statistic n.d.f. F statistic d.d.f. F pr 

FungusOrNot  0.69  2 0.34  2621.1  0.709 

Day 7  3800.42  1 3800.42  2627.3  <0.001 

FOrNot.Day 7  14.98  2 7.49  2619.0  <0.001 

  

Dropping individual terms from full fixed model 

  

Fixed term  Wald statistic n.d.f. F statistic d.d.f. F pr 

FOrNot.Day 7 14.98  2 7.49  2619.0  <0.001 

  

  

  

Table of effects for Constant 

  

  0.3145    Standard error: 0.12470 

  

  

Table of effects for FOrNot 

  

  

 FOrNot  Fungus  H2O  Nil 

   0.0000  -0.4731  -0.5902 

  

  

Standard errors of differences 

  

Average:  0.09668 

Maximum:  0.1162 

Minimum:  0.08579 

  

Average variance of differences: 0.009538  

  

  

Table of effects for Day 7 

  

  0.6281    Standard error: 0.01132 

  

  

Table of effects for FOrNot.Day 7 

  

  

 FOrNot Fungus H2O Nil 

  0.00000 -0.11052 -0.04051 

  

  

Standard errors of differences 

  

Average:  0.03369 

Maximum:  0.04011 

Minimum:  0.02912 

  

Average variance of differences: 0.001157  

  

Warning 2, code VC 19, statement 310 in procedure GLMM 
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Command:  VKEEP #PFORM; MEANS=MEANS[] 

Table/sed matrix not available for mean effects of covariates. 

Table of mean effects cannot be saved for term Day 7 

as it is a variate/covariate 

  

  

Warning 3, code VC 19, statement 310 in procedure GLMM 

  

Command:  VKEEP #PFORM; MEANS=MEANS[] 

Table/sed matrix not available for mean effects of covariates. 

Table of mean effects cannot be saved for term FOrNot.Day 7 

as it is a variate/covariate 

  

  

  

Tables of means with standard errors calculated using covariate mean values 

  

  

  

Message: a table of mean effects for term Day 7 is not available as it is a variate/covariate 

  

  

Message: a table of mean effects for term FOrNot.Day 7 is not available as it is a variate/covariate 

  

  

Table of predicted means for FOrNot 

  

  

 FOrNot  Fungus  H2O  Nil 

   0.3145  -0.1586  -0.2757 

  

  

Standard errors of differences 

  

Average:  0.09668 

Maximum:  0.1162 

Minimum:  0.08579 

  

Average variance of differences: 0.009538  

  

  

Back-transformed Means (on the original scale) 

  

  

calculated using covariate mean values 

  

 FOrNot   

 Fungus 0.5780 

 H2O 0.4604 

 Nil 0.4315 

 

 

Note: means are probabilities not expected values.  
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2.2 Individual treatments 

Generalized linear mixed model analysis 
  

Method:  c.f. Schall (1991) Biometrika 

Response variate:  cum_mort 

Binomial totals:  Totalnoknown 

Distribution:  binomial 

Link function:  logit 

Random model:  TB_B_T 

Fixed model:  Constant + Day 7 + (Fungus.Rate) + (Fungus.Rate.Day 7) 

 

 

Dispersion parameter estimated 

 

  

Monitoring information 

  

 Iteration  Gammas  Dispersion  Max change 

 1  0.4206  1.130  5.5274E-01 

 2  0.7576  0.7720  3.5780E-01 

 3  0.6526  0.9033  1.3131E-01 

 4  0.6397  0.9188  1.5461E-02 

 5  0.6398  0.9185  3.1852E-04 

 6  0.6399  0.9185  5.6266E-05 

  

  

Estimated variance components 

  

Random term  component  s.e. 

TB_B_T    0.5877    0.0745 

  

  

Residual variance model 

  

Term  Factor  Model(order) Parameter Estimate s.e. 

Dispersn  Identity  Sigma2  0.918   0.0263 

  

  

  

Tests for fixed effects 

  

Sequentially adding terms to fixed model 

  

Fixed term  Wald statistic n.d.f. F statistic d.d.f. F pr 

Day 7   5903.39  1 5903.39  2515.3  <0.001 

Fungus.Rate  27.81  10 2.78  159.5  0.003 

Day 7.Fungus.Rate 80.66  10 8.07  2516.3  <0.001 

  

Dropping individual terms from full fixed model 

  

Fixed term  Wald statistic n.d.f. F statistic d.d.f. F pr 

Day 7.Fungus.Rate 80.66  10 8.07  2516.3  <0.001 
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Table of effects for Constant 

  

  0.1822    Standard error: 0.20331 

  

  

Table of effects for Day 7 

  

  0.6158    Standard error: 0.02632 

  

  

Table of effects for Fungus.Rate 

  

  

 Rate 104 105 106 H2O Nil 

 Fungus   

 Hc 0.0000 0.3265 0.4888 * * 

 Mfv -0.0780 0.5604 0.5070 * * 

 Pl -0.0965 -0.3064 0.1695 * * 

 H2O * * * -0.3425 * 

 Nil * * * * -0.4255 

  

  

Standard errors of differences 

  

Average:  0.2891 

Maximum:  0.2929 

Minimum:  0.2861 

  

  

Table of effects for Day 7.Fungus.Rate 

  

  

 Rate 104 105 106 H2O Nil 

 Fungus   

 Hc 0.00000 0.11165 0.00819 * * 

 Mfv 0.06904 0.16908 0.19918 * * 

 Pl -0.05201 0.08960 0.03126 * * 

 H2O * * * -0.06075 * 

 Nil * * * * 0.00551 

  

  

Standard errors of differences 

  

Average:  0.04083 

Maximum:  0.05053 

Minimum:  0.03254 

  

Average variance of differences: 0.001684  

  

Warning 27, code VC 19, statement 310 in procedure GLMM 

  

Command:  VKEEP #PFORM; MEANS=MEANS[] 

Table/sed matrix not available for mean effects of covariates. 

Table of mean effects cannot be saved for term Day 7 

as it is a variate/covariate 
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Warning 28, code VC 19, statement 310 in procedure GLMM 

  

Command:  VKEEP #PFORM; MEANS=MEANS[] 

Table/sed matrix not available for mean effects of covariates. 

Table of mean effects cannot be saved for term Day 7.Fungus.Rate 

as it is a variate/covariate 

  

  

  

  

Tables of means with standard errors 

  

  

calculated using covariate mean values 

  

  

  

Message: a table of mean effects for term Day 7 is not available as it is a variate/covariate 

  

  

  

Message: a table of mean effects for term Day 7.Fungus.Rate is not available as it is a variate/covariate 

  

  

Table of predicted means for Fungus.Rate 

  

  

 Rate 104 105 106 H2O Nil 

 Fungus   

 Hc1 0.1822 0.5088 0.6710 * * 

 Mfv1 0.1042 0.7426 0.6892 * * 

 Pl 0.0857 -0.1242 0.3517 * * 

 H2O * * * -0.1603 * 

 Nil * * * * -0.2433 

  

  

Standard errors of differences 

  

Average:  0.2891 

Maximum:  0.2929 

Minimum:  0.2861 

  

 

 

 

 

Standard error of differences for same level of factor: 

  

  Fungus  Rate 

   

Average:  0.2895   0.2895 

   

Maximum:  0.2929   0.2917 

   

Minimum:  0.2872   0.2865 

 

 

Back-transformed Means (on the original scale) calculated using covariate mean values 
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 Rate 104 105 106 H2O Nil 

 Fungus   

 Hc 0.5454 0.6245 0.6617 * * 

 Mfv 0.5260 0.6776 0.6658 * * 

 Pl 0.5214 0.4690 0.5870 * * 

 H2O * * * 0.4600 * 

 Nil * * * * 0.4395 

  

  

Note: means are probabilities not expected values. 
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2.3 Fungus vs. Application rates vs. Day 7 

Generalized linear mixed model analysis 
  

Method:  c.f. Schall (1991) Biometrika 

Response variate:  cum_mort 

Binomial totals:  Totalnoknown 

Distribution:  binomial 

Link function:  logit 

Random model:  TB_B_T 

Fixed model:  Constant + Fungus + Rate + Day 7 + (Fungus.Rate) + (Fungus.Day 7) + (Rate.Day 7) 

+ (Fungus.Rate.Day 7) 

 

 

Dispersion parameter estimated 

 

  

Monitoring information 

  

 Iteration  Gammas  Dispersion  Max change 

 1  0.4206   1.130   5.5274E-01 

 2  0.7576   0.7720   3.5780E-01 

 3  0.6526   0.9033   1.3131E-01 

 4  0.6397   0.9188   1.5461E-02 

 5  0.6398   0.9185   3.1852E-04 

 6  0.6399   0.9185   5.6266E-05 

  

  

Estimated variance components 

  

Random term component s.e. 

TB_B_T   0.5877   0.0745 

  

  

Residual variance model 

  

Term  Factor  Model(order) Parameter Estimate s.e. 

Dispersn  Identity  Sigma2  0.918   0.0263 

  

  

  

Estimated variance matrix for variance components 

  

  

        

 TB_B_T 1  0.005552   

 Dispersn 2  -0.000075  0.000689 

     1  2 
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Tests for fixed effects 

  

Sequentially adding terms to fixed model 

  

Fixed term  Wald statistic n.d.f. F statistic d.d.f.  F pr 

Fungus   0.38  4 0.10  157.9   0.984 

Rate   0.18  2 0.09  160.4   0.912 

Day 7   5927.32  1 5927.32  2515.3   <0.001 

Fungus.Rate  3.32  4 0.83  160.6   0.508 

Fungus.Day 7  48.19  4 12.05  2513.9   <0.001 

Rate.Day 7  26.44  2 13.22  2519.6   <0.001 

Fungus.Rate.Day 7 6.03  4 1.51  2517.4   0.197 

  

Dropping individual terms from full fixed model 

  

Fixed term  Wald statistic n.d.f. F statistic d.d.f.  F pr 

Fungus.Rate.Day 7 6.03  4 1.51  2517.4   0.197 

  

  

  

Table of effects for Constant 

  

  0.1822    Standard error: 0.20331 

  

  

Table of effects for Fungus 

  

  

Fungus  Hc  Mfv  Pl  H2O  Nil 

  0.0000 - 0.0780  -0.0965  -0.3425  -0.4255 

  

  

Standard errors of differences 

  

Average:  0.2870 

Maximum:  0.2876 

Minimum:  0.2861 

  

  

Table of effects for Rate 

  

  

 Rate 104 105 106 H2O Nil 

  0.0000 0.3265 0.4888 0.0000 0.0000 

  

  

Standard errors of differences 

  

Average:  0.2887 

Maximum:  0.2896 

Minimum:  0.2882 

  

  

 

 

Table of effects for Day 7 

  



 

 

118 

  0.6158    Standard error: 0.02632 

 

Table of effects for Fungus.Rate 

  

  

 Rate 104 105 106 H2O Nil 

 Fungus   

 Hc1 0.0000 0.0000 0.0000 * * 

 Mfv1 0.0000 0.3118 0.0961 * * 

 Pl 0.0000 -0.5364 -0.2228 * * 

 H2O * * * 0.0000 * 

 Nil * * * * 0.0000 

  

  

Standard errors of differences 

  

Average:  0.4140 

Maximum:  0.5012 

Minimum:  0.4069 

  

Average variance of differences: 0.1718  

  

  

Table of effects for Fungus.Day 7 

  

  

Fungus  Hc  Mfv  Pl  H2O  Nil 

  0.00000  0.06904 - 0.05201  -0.06075  0.00551 

  

  

Standard errors of differences 

  

Average:  0.03570 

Maximum:  0.03877 

Minimum:  0.03254 

  

Average variance of differences: 0.001277  

  

  

Table of effects for Rate.Day 7 

  

  

Rate 104  105  106  H2O  Nil 

 0.00000  0.11165  0.00819  0.00000  0.00000 

  

  

Standard errors of differences 

  

Average:  0.04014 

Maximum:  0.04226 

Minimum:  0.03805 

  

Average variance of differences: 0.001614  

  

Table of effects for Fungus.Rate.Day 7 

  

 Rate 104  105  106  H2O  Nil 

 Fungus   
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 Hc 0.00000  0.00000  0.00000  *  * 

 Mfv 0.00000  -0.01161  0.12195  *  * 

 Pl 0.00000  0.02997  0.07508  *  * 

 H2O *  *  *  0.00000  * 

 Nil * * *  *    0.00000 

  

  

Standard errors of differences 

  

Average:  0.05884 

Maximum:  0.07337 

Minimum:  0.05274 

  

Average variance of differences: 0.003485  

  

Warning 23, code VC 19, statement 310 in procedure GLMM 

  

Command:  VKEEP #PFORM; MEANS=MEANS[] 

Table/sed matrix not available for mean effects of covariates. 

Table of mean effects cannot be saved for term Day 7 

as it is a variate/covariate 

  

  

Warning 24, code VC 19, statement 310 in procedure GLMM 

  

Command:  VKEEP #PFORM; MEANS=MEANS[] 

Table/sed matrix not available for mean effects of covariates. 

Table of mean effects cannot be saved for term Fungus.Day 7 

as it is a variate/covariate 

  

  

Warning 25, code VC 19, statement 310 in procedure GLMM 

  

Command:  VKEEP #PFORM; MEANS=MEANS[] 

Table/sed matrix not available for mean effects of covariates. 

Table of mean effects cannot be saved for term Rate.Day 7 

as it is a variate/covariate 

  

  

Warning 26, code VC 19, statement 310 in procedure GLMM 

  

Command:  VKEEP #PFORM; MEANS=MEANS[] 

Table/sed matrix not available for mean effects of covariates. 

Table of mean effects cannot be saved for term Fungus.Rate.Day 7 

as it is a variate/covariate 

  

  

Tables of means with standard errors 

  

  

calculated using covariate mean values 

  

  

  

Message: a table of mean effects for term Day 7 is not available as it is a variate/covariate 
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Message: a table of mean effects for term Fungus.Day 7 is not available as it is a variate/covariate 

  

  

  

Message: a table of mean effects for term Rate.Day 7 is not available as it is a variate/covariate 

  

  

  

Message: a table of mean effects for term Fungus.Rate.Day 7 is not available as it is a variate/covariate 

  

  

Table of predicted means for Fungus 

  

  

 Fungus Hc1 Mfv Pl H2O Nil 

  * * * * * 

  

  

All values in table missing: due to missing factor combinations in higher order interactions. 

  

  

Table of predicted means for Rate 

  

  

 Rate 104 105 106 H2O Nil 

  * * * * * 

  

  

All values in table missing: due to missing factor combinations in higher order interactions. 

  

  

Table of predicted means for Fungus.Rate 

  

  

 Rate 104 105 106 H2O Nil 

 Fungus   

 Hc 0.1822 0.5088 0.6710 * * 

 Mfv 0.1042 0.7426 0.6892 * * 

 Pl 0.0857 -0.1242 0.3517 * * 

 H2O * * * -0.1603 * 

 Nil * * * * -0.2433 

  

  

 

Standard errors of differences 

  

Average:  0.2891 

Maximum:  0.2929 

Minimum:  0.2861 

  

Standard error of differences for same level of factor: 

  

 Fungus Rate 

   

Average:  0.2895  0.2895 

   

Maximum:  0.2929  0.2917 
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Minimum:  0.2872  0.2865 

   

  

  

  

  

Message: a table of mean effects for term Day 7 is not available as it is a variate/covariate 

  

  

  

Message: a table of mean effects for term Fungus.Day 7 is not available as it is a variate/covariate 

  

  

  

Message: a table of mean effects for term Rate.Day 7 is not available as it is a variate/covariate 

  

  

  

Message: a table of mean effects for term Fungus.Rate.Day 7 is not available as it is a variate/covariate 

  

  

Table of predicted means for Fungus 

  

  

 Fungus Hc Mfv Pl H2O Nil 

  * * * * * 

  

  

All values in table missing: due to missing factor combinations in higher order interactions. 

  

  

Table of predicted means for Rate 

  

  

 Rate 104 105 106 H2O Nil 

  * * * * * 

  

  

All values in table missing: due to missing factor combinations in higher order interactions. 

  

  

Table of predicted means for Fungus.Rate 

  

  

 Rate 104 105 106 H2O Nil 

 Fungus   

 Hc 0.1822 0.5088 0.6710 * * 

 Mfv 0.1042 0.7426 0.6892 * * 

 Pl 0.0857 -0.1242 0.3517 * * 

 H2O * * * -0.1603 * 

 Nil * * * * -0.2433 

  

  

Standard errors 

  

Average:  0.2044 

Maximum:  0.2073 

Minimum:  0.2019 
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Back-transformed Means (on the original scale) 

  

  

calculated using covariate mean values 

  

 Fungus   

 Hc * 

 Mfv * 

 Pl * 

 H2O * 

 Nil * 

  

 Rate   

 104 * 

 105 * 

 106 * 

 H2O * 

 Nil * 

  

 Rate 104 105 106 H2O Nil 

 Fungus   

 Hc 0.5454 0.6245 0.6617 * * 

 Mfv 0.5260 0.6776 0.6658 * * 

 Pl 0.5214 0.4690 0.5870 * * 

 H2O * * * 0.4600 * 

 Nil * * * * 0.4395 

  

Note: means are probabilities not expected values. 
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Appendix 3:  Raw Data (CD Attached) 

 


