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Abstract 

The entomopathogenic fungi Beauveria spp. and Metarhizium spp. (Ascomycetes: 

Hypocreales) occur in the soil worldwide. Research presented in this study provides 

information on the abundance, distribution and species identity of these fungi in vineyard 

soils from south eastern Australia, and their effect on the root galling (radicola) form of 

grapevine phylloxera (Daktulosphaira vitifoliae). In addition, the study explores the ability 

of B. bassiana to endophytically colonise the roots of Vitis vinifera, and examines the first 

72 hours of the infection cycle by B. bassiana and M. pingshaense in different insect hosts. 

Soil samples from eight Australian vineyards, four in each of the states of New South 

Wales and Victoria, were surveyed. Two isolation methods, insect baiting using Tenebrio 

molitor and soil dilution were used to isolate Beauveria spp. and Metarhizium spp. from the 

soil samples. DNA sequencing of the B locus nuclear intergenic region (Bloc) for Beauveria 

spp. allowed the identification of B. bassiana, B. australis and B. pseudobassiana, while 

sequencing of the elongation factor-1 alpha (EFT1) for Metarhizium spp. allowed the 

identification of M. guizhouense, M. robertsii, M. brunneum, M. flavoviride var. pemphigi, 

M. pingshaense and M. majus. 

The entomopathogenic fungus B. bassiana can endophytically colonise a wide range 

of plants, including the leaf tissue of the European grapevine V. vinifera. This study 

demonstrated the ability of B. bassiana to endophytically colonise the roots of V. vinifera. 

This was achieved by either drenching the roots with conidial suspension or by mixing 

conidia grown on solid rice culture into the potting media.  

Selected isolates from the vineyard soil surveys were tested for their virulence and 

pathogenicity in vivo. Initially, the efficacy of eight Beauveria spp. and 15 Metarhizium spp. 

isolates was tested on green peach aphid (Myzus persicae). M. robertsii, M. brunneum, M. 

guizhouense, M. pingshaense, B. bassiana and B. australis resulted in 100 % morality of M. 

persicae in 9-14 days post inoculation with a conidial suspension. The efficacy of five 

Beauveria spp. and six Metarhizium spp. isolates were also tested on three radicola grapevine 

phylloxera endemic to Australia and Europe. None of the isolates caused 100 % mortality of 

the phylloxera tested. Significant differences in phylloxera survival treated with various 

fungal isolates and control only showed significant differences between one B. australis and 

two B. bassiana isolates and control treatments. However, the number of surviving insects 



 xxi 

 

treated with fungal isolates at the end of the trial period were > 50 % of the starting number. 

While the survival reduction is statistically significant, it is not akin to the aphid survival. 

Scanning Electron Microscopy (SEM) was used to assess, within the first 72 hours, 

the infection of black bean aphid (Aphis fabae) or radicola grapevine phylloxera with a single 

strain of B. bassiana and M. pingshaense. Both fungi adhered to the cuticle of both insect 

species and geminated 48 hours post-inoculation (hpi). However, at 72 hpi A. fabae cadavers 

treated with either fungus had an abundance of fungal mycelia, while at the same time point, 

phylloxera were still alive without conidia or fungal hyphae on their surface. The expression 

of adhesin-like protein 1 genes were detected in M. anisopliae 24, 48 and 72 hpi in A. fabae 

and phylloxera while for B. bassiana it was detected at all three time points only in A. fabae. 

This demonstrates that both fungi recognise the cuticle of A. fabae as their host, and that M. 

pingshaense recognises the phylloxera cuticle as a host while this is not the case for B. 

bassiana. Overall, when comparing the first three days of infection by B. bassiana and 

M. pingshaense on A. fabae and phylloxera, it is evident that the early stages of the infection 

cycle of both fungi are different on host (aphid) and non-host (phylloxera) insects. 

This research lays the groundwork for further investigations into the use of fungal 

entomopathogens against phylloxera and other vineyard pests. These could encompass the 

testing of other entomopathogenic fungal genera to test against phylloxera, in depth 

investigations of the potential benefits of endophytically established entomopathogenic fungi 

in V. vinifera roots and further investigations on the mechanisms employed by phylloxera to 

defend itself from entomopathogenic fungi. 
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Chapter 1 

Introduction 

 

1.1. Viticulture worldwide and phylloxera 

Grapes (Vitis vinifera L.) have been grown since prehistoric times for fresh fruit, dried raisins 

and juice or wine production (Zohary et al., 2013). Worldwide grapevine production has 

largely been based on the cultivation of V. vinifera (Eurasian grapevine) as the fruit is optimal 

for winemaking due to the berries having thin skins and high sugar content (Haapala, 2004). 

Traditional viticulture in Europe encompassed growing vines on their “own-roots” 

(ungrafted) up until the late 19th century when vineyards were destroyed by phylloxera (Gale, 

2002). 

In 1868, grapevine phylloxera (Daktulosphaira vitifoliae Fitch. (Hemiptera: 

Phylloxeridae)) was discovered in France and soon after many countries with a significant 

viticulture industry were also affected by phylloxera, the only exception being Chile, which 

is still reportedly phylloxera free (CABI and EPPO, 1990; Gale, 2002). The introduction of 

phylloxera devastated major viticulture regions economically by destroying vineyards, 

followed by the flow on effect of loss of employment and mass migration of workers from 

these regions (Gale, 2002). Prior to the introduction of phylloxera, wine production 

represented a quarter of the total agricultural income in France, employing one sixth of the 

population (Smith, 1992). 

To preserve the industry, numerous ideas were put forward and trialled in France to 

reduce the impact of phylloxera (Ordish, 1972). The best solution, that is still used today, 

came from America, where phylloxera is native. Nine American Vitis species were identified 

in America in the late 19th century, that were not immune to attack by phylloxera but they 

displayed different levels of resistance (Smith, 1992). These American Vitis species provided 

the roots onto which the European grape varieties could be grafted (Gale, 2002). Grafting 

was already a well-established horticultural practice at this time and commonly used to graft 

pears onto quince roots (Mudge et al., 2009). By using the roots of the American Vitis species 

and grafting V. vinifera cultivars on top, the vines regained productivity, leading to the 

reconstruction of the viticulture industry (Gale, 2002). Growing vines on their own-roots 

(ungrafted where roots and tops are both V. vinifera) was only possible in sandy soils, but 

those were not the main soils in traditional viticulture regions (Gale, 2002). To date, a 



Chapter 1 2 

 

phylloxera infested vineyard can only remain economically viable if V. vinifera cultivars are 

grafted on rootstocks (Tagu et al., 2016). 

 

1.2. Grapevine phylloxera 

1.2.1. Phylloxera biology 

Grapevine phylloxera (D. vitifoliae) is a monophagous, sap-sucking insect belonging to the 

order Hemiptera (sap-sucking insects) and suborder Sternorrhyncha, along with aphids, 

jumping plant lice, whiteflies and scale insects (Gullan and Cranston, 2014). The superfamily 

Aphidoidea comprises of three families: Adelgidae (adelgids), Phylloxeridae (phylloxerids) 

and Aphididae (aphids) (Podsiadlowski, 2016). All female forms of adelgids and 

phylloxerids are oviparous and it is a plesiomorphic characteristic for aphids, with only the 

adelgids retaining an ovipositor (Podsiadlowski, 2016). There are eight genera within the 

Phylloxeridae and approximately 80 species, that induce galls on trees such as Quercus spp. 

(Fagaceae), Pyrus spp. (Rosaceae), Ulmus spp. (Ulmaceae) and one on Vitis spp. (Vitaceae) 

(Podsiadlowski, 2016). From the many species in the Phylloxeridae, only grapevine 

phylloxera (D. vitifoliae) is of economic importance (Riley, 1874). It only feeds on Vitis spp. 

(CABI and EPPO, 1990), no other member of the Vitaceae is a host (Boubals, 1966b). 

Phylloxera can exist under any climatic conditions where its hosts can survive (CABI and 

EPPO, 1990). 

Grapevine phylloxera is native to North America, living on native wild grapes (Vitis 

spp.) and it is cecidogenic (gall inducing) with above and below ground forms (CABI and 

EPPO 1990, Granett et al., 2001, Gullan and Cranston, 2014, Meyer, 1987). The above 

ground form (gallicola) induces pouch galls predominantly on leaves, occasionally on 

tendrils and young stems (Meyer, 1987) and principally on American Vitis spp. The below 

ground form (radicola) induces nodular galls (Meyer, 1987) on the fine roots (nodosities) of 

both American Vitis spp. and V. vinifera but also produces tuberous galls (tuberosities) on 

the storage roots of V. vinifera (Powell, 2008). The galls associated with either gallicola or 

radicola phylloxera form around feeding sites where phylloxera enters its relatively short 

stylet into the root or leaf of vines and the galls develop around this puncture site (Meyer, 

1987).  
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1.2.2. Phylloxera lifecycle 

The lifecycle of grapevine phylloxera on American Vitis spp., also known as the “classical 

lifecycle”, is one of the most complex insect lifecycles (Smith, 1992). As mentioned 

previously, it involves above and below ground forms, winged and wingless forms and sexual 

and parthenogenetic reproduction (Smith, 1992) (Figure 1.1).  

 

 

Figure 1.1: Lifecycle of grapevine phylloxera (after Coombe 1963). 
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A fundatrix (female from an overwintering fertilised egg) hatches in spring and starts 

feeding on the upper surface of a young leaf. Phylloxera feeding induces a pouch-like gall 

that protrudes to the underside of the leaf with a small opening covered by hairs on the upper 

side of the leaf. The fundatrix develops into a wingless adult and lays eggs 

parthenogenetically in the gall. The emerging first instars (also known as crawlers) are all 

females. They crawl out of the gall and look for new feeding sites on young leaves where 

like their mother, they induce galls and lay eggs parthenogenetically. There are several 

successive generations (4-7) during summer. Some of the newly hatched crawlers, instead of 

finding a feeding site on the leaves, migrate to the roots and feed there, causing nodosities 

and tuberosities. By the end of summer, all leaf forms move to the roots. On the roots these 

crawlers become wingless adults and lay eggs parthenogenetically and overwinter as first 

instar crawlers on the roots. The following spring, the overwintering crawlers mature to 

adults and continue with the parthenogenetic reproduction for the whole season for up to 10 

generations. The newly hatched crawlers disperse to find new feeding sites on the roots of 

the same vine or adjacent vines. Towards the end of the season winged adults develop from 

the below ground forms. They are poor flyers and primarily disperse with the aid of the wind. 

They lay two types of egg, male and female, around the bark or cracks. The emerging male 

and female phylloxera do not feed (they do not have mouth parts), they mate and then the 

female lays a single winter egg in the bark. From this single egg a fundatrix hatches the 

following spring and starts the lifecycle again (Coombe, 1963). 

Numerous researchers have observed, and subsequently revised, the classical 

lifecycle of phylloxera and as summarised by Forneck and Huber (2009), it has been found 

that not only the winged adult (alate) can lay male and female eggs but also both the above 

and below ground (leaf and root galling) adult wingless (apterous) females, whereby 

initiating the sexual part of the lifecycle. Leaf galls can also be initiated by the below ground 

overwintering forms, as they come above ground in early spring and feed on the leaves 

(Kocsis, 2009). 

In Australia, the below ground asexual (parthenogenetic) forms are the prevailing 

phylloxera life forms (Buchanan, 1990; Coombe, 1963). This observation was later supported 

by the development of DNA microsatellite markers and genetic analysis of Australian 

phylloxera populations (Corrie et al., 2002; Corrie and Hoffmann, 2004). Leaf galls do occur 

on some American Vitis spp. in Australia (Buchanan, 1990; Coombe, 1963); however, DNA 
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microsatellite studies suggest that these populations are unlikely to originate from sexual 

recombination of insects present in that vineyard, instead they are most likely to be a 

parthenogenetically derived population (Corrie et al., 2002). Sexual forms (first instars from 

male and female eggs) of phylloxera have not been detected in Australia. However a single 

winter egg (laid by a first instar female after mating) was reported in 1953 (Buchanan, 1978; 

Coombe, 1963) suggesting that these forms could also be present in Australia. 

 

1.2.3. Damage caused by phylloxera 

Damage caused by phylloxera feeding on grapevines can be seen both above ground (leaf 

galls) and below ground (root galls). Leaf galls were reported to prevail only upon American 

Vitis spp. (Coombe, 1963), where they can be present in high numbers (Granett et al., 2001). 

However, there have been reports that note the presence of phylloxera leaf galls on V. vinifera 

in Canada (Jubb, 1976), Europe (Kocsis, 2009; Könnecke et al., 2011; Molnár et al., 2009), 

South America, (Botton and Walker, 2009; Vidart et al., 2013) and most recently in Australia 

(K. Powell, personal observation, 2016). Even though phylloxera feeding on the leaves of V. 

vinifera vines does not cause as serious damage as root feeding, partial to severe vine 

defoliation has been reported (Botton and Walker, 2009; Kocsis, 2009; Könnecke et al., 

2011; Molnár et al., 2009; Vidart et al., 2013). It is however the damage to the root system 

that can ultimately lead to the death of V. vinifera (Granett et al., 2001), within 3-10 years of 

infestation (Coombe, 1963). Symptoms associated with phylloxera root damage are stunted 

shoot growth, early leaf senescence, reduced productivity and generally a visually 

identifiable health decline that over time leads to vine death (Powell, 2008). 

Phylloxera feeding on the root system reduces some of the vine’s biomass. However, 

comparing the total nitrogen of the insect population feeding on the roots to the nitrogen 

available in the grapevine roots might indicate that phylloxera populations are not limited by 

available food and therefore vine death is not caused directly by the depletion of nutrients 

(Ryan et al., 2000). Phylloxera feeding sites have been associated with secondary fungi such 

as Fusarium sp., Trichoderma sp., Rhizoctonia sp., Alternaria sp., Pythium sp., Mucor sp. 

and Penicillium sp. (Omer et al., 1995). These secondary fungi gain entry into the plant 

through phylloxera feeding sites and thus contribute to vine decline (Omer et al., 1995). In 

Australia, the following three pathogenic fungi were most frequently isolated from 

phylloxera infested roots: Fusarium oxysporum (Schltdl.), Cylindrocarpon destructans 
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((Zinssm.) Scholten) and Macrophomina phaseoli ((Maublanc) S.F. Ashby), with F. 

oxysporum isolated most frequently and causing the most root necrosis (Edwards et al., 

2007). These studies indicate that vine decline and subsequent vine death is not caused purely 

by phylloxera feeding but rather it is initiated by phylloxera feeding, followed by entry of 

soil borne pathogens into the root (Edwards et al., 2007). 

 

1.2.4. Phylloxera biotypes and genotypes 

Researchers working with phylloxera in the years following its introduction to France 

observed differences in phylloxera feeding preferences (summarised by Granett et al., 2001). 

Some phylloxera populations were more likely to form either leaf or root galls while others 

were not able to feed on some rootstock hybrids (summarised by Granett et al., 2001). Similar 

observations were made later in Canada, Europe, South Africa, United States (summarised 

by Granett et al., 2001), New Zealand and Germany (King and Rilling, 1985; King and 

Rilling, 1991) and Australia, suggesting the existence of phylloxera biotypes. 

Two morphometric methods have been tested to determine if morphological 

differences exist between phylloxera strains originating from different geographical areas of 

South Africa (de Klerk, 1979). While morphometric differences were recorded between 

phylloxera strains, it was concluded that these methods have no practical value in 

distinguishing between strains because the measured values overlap between the strains and 

the differences do not stay constant from year to year (de Klerk, 1979). With the advance of 

molecular techniques however, researchers investigated the frequency of sexual 

recombination in phylloxera populations using different molecular markers such as RAPD 

(random amplified polymorphic DNA), AFLP (amplified fragment length polymorphism), 

polygenetic analyses of mtDNA and microsatellite markers (Corrie et al., 2002; Forneck et 

al., 2000). As a consequence, a number of phylloxera genotypes were identified (summarised 

by Forneck and Huber 2009) and a biotype classification system was recently described 

(Forneck et al., 2016). 

 

1.2.5. Phylloxera in Australia 

Phylloxera was first detected in Australia in 1877, in Fyansford, near Geelong (Victoria), 

only 9 years after the first discoveries in France. In an effort to eradicate the insect from 

Australia, all vineyards in the Geelong region were destroyed (Wallis and Hopton, 1878). 



Chapter 1 7 

 

The destruction of many vineyards in Victoria in the late 19th century did not result in the 

eradication of phylloxera from Australia; however, fortunately, phylloxera did not spread to 

all other viticultural regions of Australia. 

 

1.2.5.1. Distribution 

Today, in Australia, phylloxera is present in a number of viticultural regions of Victoria and 

New South Wales. According to their phylloxera status, all Australian viticultural regions 

have been classified into one of three phylloxera management zones by the National Vine 

Health Steering Committee (2009). Regions that include vineyards known to be infested by 

phylloxera are called phylloxera infested zones (PIZ); regions that are proven free of 

phylloxera (or historically declared free) are called phylloxera exclusion zones (PEZ); and 

finally regions that are neither (that is not infested by phylloxera but have not proven their 

free status) are phylloxera risk zones (PRZ).  

The classification of these regions changes when their phylloxera status changes. 

Until 2000 there were only five phylloxera infested regions in Australia, three in Victoria 

(Northeast, Nagambie and Upton) and two in New South Wales (Sydney region and 

Albury/Corowa) (Corrie et al., 2002). Since then, as a result of several phylloxera detections 

in Victoria, either new PIZs have been declared or existing ones expanded. Such phylloxera 

detections happened in Victoria in the Buckland and Ovens Valleys in 2003, Murchison and 

Yarra Valley in 2006, Mansfield in 2010 and the Yarra Valley again in 2012, resulting in six 

designated Victorian PIZs (North East, Maroondah, Nagambie, Mooroopna, Upton and 

Whitebridge). The boundaries of the Maroondah PIZ have since been adjusted, due to more 

phylloxera detections within the zone (Vine Health Australia, 2019). 

 

1.2.5.2. Genotypes 

Australian phylloxera genotypes have been classed using a mtDNA partial COI (cytochrome 

oxidase subunit 1) gene (Corrie and Hoffmann, 2004), four microsatellite loci (DVIT1-4) 

(Corrie et al., 2002; Corrie and Hoffmann, 2004) followed by the addition of another two 

microsatellite loci (DVIT 5-6) (Umina et al., 2007). Based on the mtDNA COI partial gene 

sequence, Australian phylloxera populations were classed into eight mitochondrial 

haplotypes in two distinct clades (Umina et al., 2007). When four microsatellite loci were 

used (DVIT 1-4) 45 phylloxera genotypes were identified in Australia (Corrie et al., 2002), 
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and with the addition of another two microsatellite loci (DVIT 5-6) this number increased to 

83 different phylloxera genotypes (Umina et al., 2007). More recently a further five 

genotypes have been found and identified, all originating from vineyards in Victoria (Powell, 

2017). Describing the genetic variability of phylloxera in Australia was predicted to be 

sufficient using the six microsatellite loci (Umina et al., 2007). 

All 83 Australian phylloxera genotypes have been found in Victoria while only a 

single genotype (G1) was found in New South Wales (Umina et al., 2007). The most 

geographically widespread genotypes in Australia are G1 and G4 (Corrie et al., 2002). These 

two genotypes have higher reproduction rates on V. vinifera compared to the other genotypes 

tested in both controlled (Herbert et al., 2010; Korosi et al., 2011a; Korosi et al., 2011b; 

Korosi et al., 2007) and natural environments (Powell et al., 2009a). 

The six microsatellites used to classify Australian phylloxera populations however, 

are not used universally for phylloxera classification. The current international 

recommendation is to use 10 SSR (single sequence repeat) markers to identify phylloxera 

genotypes worldwide (Forneck et al., 2017). Only two (DVIT 3 and DVIT 6) of the 

recommended 10 markers are identical to the six markers previously used to identify 

Australian endemic phylloxera populations. 

 

1.2.6. Phylloxera management options 

The below ground form of phylloxera is difficult to control because of its soil dwelling 

lifestyle. Firstly, it is difficult to detect phylloxera infestations because they are rarely on the 

roots of dying vines. By the time it is suspected as a result of above ground symptoms, the 

bulk of the population would have mostly moved onto the asymptomatic vines adjacent to 

the one with symptoms (Powell et al., 2009a). Secondly, in an established perennial crop it 

is difficult to implement a soil application that would reach every part of the root system 

evenly. There have been two longstanding phylloxera management alternatives in Australia; 

to adhere to strict quarantine regulations and/or to graft susceptible V. vinifera onto resistant 

rootstocks (Buchanan, 1978). 

 

1.2.6.1. Quarantine 

Quarantine regulations were introduced in Australia to prevent the spread of phylloxera 

shortly after phylloxera was first introduced. In 1878, the Vine Disease Eradication Bill was 
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passed in Victoria in an effort to eradicate phylloxera from Australia (Buchanan, 1990) but 

eradication was not achieved and phylloxera is still present in some Australian viticultural 

regions that are designated PIZs. 

The most dispersive life stages of phylloxera are the first instar nymphs and the 

winged adult (alate). While alates are not considered as a major quarantine risk (Powell, 

2008) the newly hatched first instar nymphs are relatively mobile in a pursuit of new feeding 

sites. Their natural dispersal distance is 15-27 m (up to 100 m) within a vineyard but they 

can also be spread by wind (King and Buchanan, 1986). Between vineyards, the transfer of 

phylloxera nymphs is due to inadvertent human activity. Phylloxera infested material, such 

as vehicles and machinery, plant material, clothing and footwear can unintentionally transfer 

crawlers to an uninfested vineyard if quarantine regulations are not adhered to (Powell, 

2008). 

The National Vine Health Steering Committee (2009) developed the National 

Phylloxera Management Protocols as an industry standard in an effort to stop the spread of 

phylloxera. All viticultural regions in Australia must adhere to these protocols, which are 

enforced by the state governments. Most of the protocols are based on research carried out 

on phylloxera first instar survival in Australia. Phylloxera mortality has been assessed in 

sodium hypochlorite (Dunstone et al., 2003), in compost (Keen et al., 2002) and composting 

organic materials in windrow and in-vessel composting systems (Bishop et al., 2002), in post-

harvest handling of wine grapes (Deretic et al., 2003; May, 1994), in winery waste (Korosi 

et al., 2009) and under different humidity and temperature regimes (Korosi et al., 2012; 

Korosi et al., 2009). However, the National Phylloxera Management Protocols are not 

definitive and additional research has been performed to validate the current 

recommendations, particularly for disinfestation procedures. In one study, the efficacy of hot 

water and steam application on first instar phylloxera was tested and found the current 

recommendations effective (Clarke et al., 2017a). In another study however, where the 

survival of phylloxera first instars in sodium hypochlorite was tested, found the 

recommendations of the National Phylloxera Management Protocols inappropriate and called 

for the revision of the disinfestation treatments (Clarke et al., 2017b). 
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1.2.6.2. Rootstocks 

Rootstocks provide the root system while the scion is the upper part of the grafted plant 

(cultivar) (Mudge et al., 2009). Grafting creates a vascular continuity between a rootstock 

and a scion and it has been used as a horticultural practice since before the modern era with 

mention of the practice from ancient Greece and Rome (Mudge et al., 2009). In the late 19th 

century when phylloxera was introduced to France, grafting was a well-established practice 

in pomology where rootstocks were mostly used to control the size of the scion cultivars 

(Mudge et al., 2009). 

Grafting V. vinifera cultivars on North American Vitis species that have natural 

resistance against phylloxera (Granett et al., 2001; Omer et al., 1999) has become the best 

and most widely practiced management method against phylloxera. Initially, varieties of 

single Vitis species were used but later hybrids of these species became the rootstocks of 

choice (Whiting, 2003). Hybrids of V. riparia, V. rupestris and V. berlandieri are the most 

commonly used rootstocks (Whiting, 2003). Some rootstocks have V. vinifera in their 

parentage but these rootstocks do not provide acceptable protection against phylloxera 

(Granett et al., 1996). Resistance of some rootstocks against phylloxera also coincides with 

resistance against F. oxysporum (Omer et al., 1999). There are numerous grapevine rootstock 

breeding programs worldwide, and while phylloxera resistance remains a major selection 

criterion for rootstocks, other traits can also be important for different viticultural regions 

(Granett et al., 2001). For Australian growers, aside from phylloxera resistance, nematode 

resistance, drought tolerance, improved water-use efficiency and reduced salt uptake are also 

important performance indicators (Dry, 2007; May, 1994). 

The origin of resistance in American Vitis species against phylloxera has not yet been 

defined. Boubals (1966a) concluded that several genes are responsible for phylloxera 

resistance in the genus Vitis while Ramming (2010) found that two complementary dominant 

genes control resistance against phylloxera induced root galls. In the rootstock Börner, 

phylloxera resistance was found to be controlled by a single dominant gene (Hausmann et 

al., 2011). Börner, however is of different parentage than the other commonly used rootstocks 

that were tested in the other studies (Hausmann et al., 2011). 

It is possible that rootstocks employ a variety of defence mechanisms and so the 

various phylloxera genetic lineages are capable of overcoming one mechanism but not the 

other. Phylloxera population studies have shown that different phylloxera genetic lineages 
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produce contrasting numbers on various rootstocks under controlled environment conditions 

in laboratory and glasshouse experiments (De Benedictis and Granett, 1993; De Benedictis 

et al., 1996; Granett et al., 1987; Grzegorczyk and Walker, 1998; Kellow et al., 2002; Kocsis 

et al., 2002; Korosi et al., 2007). A clear association was also found between phylloxera 

lineages and rootstock types in the field in Australia (Corrie et al., 2003) and the USA (Islam 

et al., 2013). It is therefore recommended that when choosing a rootstock for a particular 

situation, the resistance or tolerance against specific phylloxera lineages is to be taken into 

account (Powell and Krstic, 2015). In Australia, rootstock breeding includes testing the 

potential new rootstock biotypes against diverse phylloxera lineages before their commercial 

release (Korosi et al., 2011b). 

 

1.2.6.3. Chemical control 

An insecticidal remedy has been sought for phylloxera ever since its introduction to France. 

The first insecticide used against phylloxera was carbon disulphide (CS2) that was injected 

into the soil around the infested vines (Ordish, 1972). This method was also briefly used in 

Australia, however it was more economical to replant on rootstock than continue with this 

treatment (Buchanan, 1990). Since then, a number of other chemicals have been tested 

against both gallicola and radicola form of phylloxera in laboratory and field trials (Benheim 

et al., 2012). Compounds belonging to carbamate, organophosphate, organochlorin and 

neonicotinoid classes were tested (Benheim et al., 2012). Most of the compounds tested had 

a suppressive effect on phylloxera populations but their effect on vines and grape quality has 

not been tested (Benheim et al., 2012). For the radicola phylloxera; however, it is not enough 

to have a chemical compound that can successfully kill phylloxera, these chemical 

compounds must reach all parts of the root system where phylloxera is present and must be 

perfectly timed to the insect’s life cycle to be most effective. 

Currently there are no registered chemical insecticides for the control of grapevine 

phylloxera in Australia (Powell, 2008). Overseas, chemicals have been used against the 

gallicola form of phylloxera in North (Sleezer et al., 2011) and South America (Botton and 

Walker, 2009). In Brazil, the use of pyrethroids and neonicotinoids as foliar sprays against 

phylloxera has led to increased numbers of mites (Tetranychus urticae Koch and 

Polyphagotarsonemus latus Banks) that are also able to damage the plants (Botton and 

Walker, 2009). 
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1.2.6.4. Biological control 

Biological control (biocontrol) is “the use of living organisms to suppress the 

population density or impact of a specific pest organism, making it less abundant or less 

damaging than it would otherwise be” and the intentional mass release of these organisms 

for rapid effect is called inundation biocontrol (Eilenberg et al., 2001). Biological control of 

phylloxera has been of interest since phylloxera was introduced to France (Steinhaus, 1956) 

and there have been numerous observations and trials published on this topic. Most of the 

observations were of generalist predators feeding on the foliar form (gallicola) of phylloxera 

in leaf galls (Gorkavenko, 1972; Gorkavenko, 1976; Jubb et al., 1979; Kögel et al., 2013; 

Riley, 1874; Stevenson, 1967; Wheeler and Henry, 1978; Wheeler and Jubb, 1979). There 

was only one observation of a parasite (Riley, 1874) and one study on entomopathogenic 

nematodes (English-Loeb et al., 1999). The most numerous studies published examine the 

use of entomopathogenic fungi to control phylloxera (Ficiu and Dejeu, 2012; Goral et al., 

1975; Huber and Kirchmair, 2007; Kirchmair et al., 2004a; Kirchmair et al., 2004b). No 

biological control studies have ever been conducted in Australia.  

 

1.3. Entomopathogenic fungi  

Microorganisms, such as entomopathogenic fungi can be used as inundative biocontrol 

agents (Eilenberg et al., 2001). Entomopathogenic fungi occur naturally in the soil 

environment and attack arthropods; however, they can survive in the soil as saprophytes 

(Bidochka et al., 1998). The largest number of these fungi belong to the Ascomycete: 

Hypocreales (Bruck, 2009). The two most widely studied entomopathogenic fungi in the 

world belong to the genera Beauveria (Hypocreales: Cordycipitaceae) and Metarhizium 

(Hypocreales: Clavicipitaceae) (Bidochka et al., 1998; Bruck, 2009; Chandler et al., 1997). 

Prior to infection, the conidia of entomopathogenic fungi germinate on the insect 

surface and the germ tube enters the insect by penetrating the cuticle (Milner, 2000) (Figure 

1.2). The hyphae breach the cuticle and epidermis and enter the haemocoel where they grow 

as single cell blastospores (Valero-Jimenez et al., 2016) (Figure 1.2). In the haemocoel, they 

move freely and utilise the available nutrition and in the case of Beauveria spp. and 

Metarhizium spp., they release toxins (Valero-Jimenez et al., 2016). Mycelia then grow out 

of the cadaver and sporulate on the insect surface, producing conidia that can be picked up 
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from the surface by the next insect (Milner, 2000) (Figure 1.2). The insect cadavers become 

inflexible and brittle when filled with fungal mycelia (Milner, 2000). Warm conditions and 

very high humidity is required for the conidia to germinate and enter the insect by penetration 

of the cuticle, such conditions occur during summer in Australian soils (Milner, 2000). 

 

 

 

Figure 1.2: Infection of insects by entomopathogenic fungi. A; conidium adheres to insect 

host, germinates on the surface and the germ tube enters, producing blastospores in the 

haemocoel. B; mycelia grow out of the cadaver and sporulate on the insect surface (after Butt 

et al., 2016; Clarkson and Charnley, 1996; Valero-Jimenez et al., 2016). 
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Some entomopathogenic fungi can be formulated into mycoinsecticides, where the 

active constituent is the live conidia (Milner, 2000). Fungal conidia are mass produced by 

semi-solid substrate fermentation and then formulated (Milner, 2000). Currently in Australia 

there are insecticides registered by BASF Australia with entomopathogenic fungi as active 

constituents but none are registered for control of phylloxera. These mycoinsecticides, for 

the control of Coleoptera and Orthoptera, are based on the fungi Beauveria bassiana (Bals.-

Criv.) Vuill. (BroadBand®), Metarhizium anisopliae (Metschn.) Sorokin (Chafer GuardTM 

and BioCaneTM) and M. anisopliae var. acridum Driver & Milner (Green Guard®) (APVMA, 

2019).  

 

1.3.1. Surveying for entomopathogenic fungi 

Entomopathogenic fungi are commonly isolated from insect cadavers and soil. Finding the 

target insect with symptoms of mycoses would indicate host suitability; however, this 

approach can be very labour intensive and cost prohibitive, especially in the case of soil 

dwelling insects (Zimmermann, 1986). 

Entomopathogenic fungi are usually isolated from soil samples using one of two 

methods (Medo and Cagáň, 2011). One is where bait insects, usually larvae of Galleria 

mellonella, (Lepidoptera: Pyralidae) or other insects such as Tenebrio molitor L (Coleoptera: 

Tenebrionidae) are confined in a container filled with the soil sample. The insects are forced 

to move around in the sample by the way of regularly inverting the containers and thus fungal 

spores in the soil get in contact with the insect cuticle (Zimmermann, 1986). The containers 

are regularly inspected for dead cadavers, which are removed, surface sterilised and placed 

in a moist chamber for fungal sporulation to occur (Zimmermann, 1986).  

In the second method a series of soil dilutions are prepared from the soil samples and 

plated on semi-selective media (Medo and Cagáň, 2011; Meyling, 2007). Numerous semi-

selective media have been used (Medo and Cagáň, 2011; Meyling and Eilenberg, 2007; 

Rocha et al., 2013; Veen and Ferron, 1966) to isolate entomopathogenic fungi from soil 

samples and plant material (Meyling and Eilenberg, 2006b). The plates of semi selective 

media are also inspected regularly for entomopathogenic fugal colonies. 

Environmental factors have an impact on the presence or absence of certain 

entomopathogens in the soil. Tillage intensity has been shown to have a negative impact on 

both B. bassiana and M. anisopliae (Bing and Lewis, 1993; Hummel et al., 2002). In pecan 
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orchards, high manganese levels were negatively correlated with both B. bassiana and M. 

anisopliae occurrence, while calcium and magnesium can be positively correlated with both 

of these fungi (Shapiro-Ilan et al., 2003). Fresh cow manure has been shown to have a 

negative effect on entomopathogenic fungi (Rosin et al., 1996), however compost and 

manure were found to be most supportive of B. bassiana colonies in the soil compared with 

synthetic fertilisers (Ficiu and Dejeu, 2012). High C:N ratio in the soil and increased copper 

content was found to boost Metarhizium spp. numbers in vineyard soils in Germany (Uzman 

et al., 2019). 

Habitat also has an impact on the composition of entomopathogenic fungi in the soil. 

Beauveria bassiana has been associated with more natural habitats, such as forests, while M. 

anisopliae was not affected by intensive agriculture and was most often found in neutral or 

alkaline soil pH (Medo and Cagáň, 2011). Only minor differences were found in the 

abundance of entomopathogenic fungi in organically and conventionally managed vineyards 

in Germany, with Metarhizium spp. being more abundant in the conventionally managed 

ones (Uzman et al., 2019). 

Numerous agricultural crop habitats have been surveyed worldwide for the presence 

of entomopathogenic fungi, such as corn, wheat, oats, triticale, vegetable crops and plant 

nurseries, banana and pecan orchards (Bing and Lewis, 1993; Bruck, 2004; Fisher et al., 

2011; Hatting et al., 1999; Hummel et al., 2002; Lopes et al., 2013; Shapiro-Ilan et al., 2003). 

In Australia thus far, only a few surveys have been published specifically on the existence of 

native entomopathogenic fungi in the soil, insect material or matter associated with insects. 

The presence of M. anisopliae was assessed in Tasmanian pastures (Rath et al., 1992) and 

the presence of M. anisopliae and B. bassiana were studied in the sub-antarctic Macquarie 

Island (Roddam and Rath, 1997). M. anisopliae and other entomopathogenic fungi (including 

B. bassiana) were assessed in termite-associated material, such as from termite mounds and 

other matter produced by termite feeding (Milner et al., 1998). A study from Western 

Australia found B. bassiana in the soil, rhizosphere and the roots of wheat (Triticum 

aestivum L.), pre- and post- fumigation with a 2:1 mixture of chloropicrin and methyl 

bromide (Sivasithamparam et al., 1987). In addition, other studies of soil and rhizosphere 

fungi in Australian tropical rainforests have shown the presence of entomopathogenic fungi 

in these habitats (Curlevski et al., 2010a; Curlevski et al., 2010b). However, there are no 

published surveys on the presence of entomopathogenic fungi in Australian vineyards. 



Chapter 1 16 

 

Overseas and in Australia, vineyard soils and grapevine root samples have been 

surveyed for soil borne phytopathogens but the scope of these studies did not extend to 

include entomopathogenic fungi (Edwards et al., 2007; Huber et al., 2007). In Europe another 

study examined the density of M. anisopliae isolate M500 in vineyard soils at two sites, one 

and two years post application by plating soil suspensions. While the applied M. anisopliae 

isolate M500 was reisolated from the vineyard soil one and two years post application, the 

pre-application samples showed no presence of M. anisopliae isolate M500 and the authors 

do not mention the presence of any other entomopathogens in the soil suspensions (Huber 

and Kirchmair, 2007). In the Rhinehessen wine region of Germany, organically and 

conventionally managed vineyards were surveyed for the presence of entomopathogenic 

fungi (Uzman et al., 2019). Three entomopathogenic fungal taxa were identified in both types 

of vineyards, Metarhizium spp., Beauveria spp. and Clonostachys rosea ((Link) Schroers, 

Samuels, Seifert & W. Gams) (Ascomycota: Hypocreales: Bionectriaceae) (Uzman et al., 

2019). Finally, a plant rhizosphere association study in the Willamette Valley of Oregon 

(USA) found a single B. bassiana (Bbas-16) isolate to be explicitly associated with grapevine 

roots (Fisher et al., 2011). 

 

1.3.2. Entomopathogenic fungi identification 

Initial fungal identification is visual, based on colony, hyphal and conidial morphology 

(Humber, 1997). These morphological characteristics however are not enough to differentiate 

between fungal strains and therefore molecular identification of strains is important, 

specifically if comparison to other molecularly characterised isolates is required (Rocha et 

al., 2013). The nuclear ribosomal internal transcribed spacer (ITS) region in fungi has been 

used as a universal barcode for fungal identification (Schoch et al., 2012; White et al., 1990). 

It is difficult to differentiate species within the genus Beauveria using only 

morphological characteristics (Rehner et al., 2011). A multilocus phylogenetic study 

examined existing and new species to determine the phylogenetic structure of Beauveria 

(Rehner et al., 2011). Partial sequences of the three nuclear protein-encoding genes EFT1 

(translation elongation factor-1α), RPB1 (RNA polymerase II largest subunit), RPB2 (RNA 

polymerase II second largest subunit) and Bloc (B locus nuclear intergenic region) were 

analysed to assess diversity within the genus (Rehner et al., 2011). In this multilocus 

phylogenetic analysis 12 Beauveria lineages were found and described (Rehner et al., 2011). 
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To clarify Metarhizium species taxonomy, a multigene phylogenetic study was 

performed (Bischoff et al., 2009). The same three nuclear protein-encoding genes (EFT1, 

RPB1 and RPB2) as mentioned above were used plus Bt (b-tubulin) (Bischoff et al., 2009). 

It was found that for species identification within the Metarhizium genus the EFT1 

(translation elongation factor-1α) was the most informative (Bischoff et al., 2009). The two 

informative sequences to characterise phylogenetic species within the genera Beauveria and 

Metarhizium are Bloc and EFT1-α respectively (Fisher et al., 2011). 

 

1.3.3. Entomopathogenic fungi as endophytes 

In addition to isolation from soils and insect cadavers, entomopathogenic fungi have been 

isolated from the vascular tissues of plants, where they live as endophytes (Vega et al., 2008). 

The fungi inhabit the plant asymptomatically, but not as a mutualist or pathogen (Wilson, 

1995). Several entomopathogenic fungi have been isolated from vascular plants, some being 

natural endophytes, others artificially introduced into the plant. Beauveria bassiana has been 

shown to form an endophytic relationship either naturally (Meyling and Eilenberg, 2006a) or 

after being introduced into the plant (Vega et al., 2008). Metarhizium anisopliae has also 

been shown to form endophytic relationships with vascular plants following inoculation 

(García et al., 2011; Sasan and Bidochka, 2012). 

Following inoculation, B. bassiana can translocate within the plant (Akello et al., 

2007; Behie et al., 2015; Brownbridge et al., 2012). The colonisation percentage of banana 

plant tissues achieved by B. bassiana isolates originating from soil was higher than B. 

bassiana isolated from insect (banana weevil, Cosmopolites sordidus Germar; Coleoptera: 

Curculionidae) cadavers (Akello et al., 2007), prompting the hypothesis that fungi from 

insect cadavers are less adapted to a saprophytic lifestyle and therefore less likely to 

endophytically colonise plants. However, a study on the phylogenetic origins of B. bassiana 

suggests that isolates originating from either plant (coffee (Coffea arabica L.) phyloplane or 

endophyte) or insect (coffee berry borer Hypothenemus hampei Ferrari; Coleoptera: 

Scolytidae) are phylogenetically closely associated, therefore are flexible in what ecological 

niche they occupy (Rehner et al., 2006). 

Endophytic B. bassiana isolates 142 and 11-98 applied to onion bulbs or seed 

treatments (tomato and cotton) have been shown to successfully reduce diseases caused by 

plant pathogens such as Pythium spp., Rhizoctonia spp. and Fusarium spp. in In planta 
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experiments (Ownley et al., 2009). Beauveria bassiana isolates have been reported to have 

growth inhibiting effects against Fusarium oxysporum Schltdl., Armillaria mellea (Vahl) P. 

Kumm. and Rosellinia necatrix Berl. ex Prill. (Reisenzein and Tiefenbrunner, 1997). 

Antagonistic relationships have also been reported between M. robertsii and Fusarium solani 

f. sp. phaseoli (Burkh.) W.C. Snyder & H.N. Hansen. (Sasan and Bidochka, 2013); however, 

how exactly these endophytic fungi protect the plants is poorly understood (Parsa et al., 

2013). 

Vitis spp. can naturally harbor endophytic fungi such as Cladosporium 

cladosporoides (Fresen.) G.A. de Vries., Gliocladium catenulatum J.C. Gilman & E.V. 

Abbott, G. roseum Bainier, Penicillium citrinum Thom. and Trichoderma koningii Oudem. 

(Huber et al., 2009), while Brum et al. (2012) isolated 115 endophytic fungi from V. 

labrusca. Endophytic fungi could also be beneficial against phytopathogenic fungi such as 

F. oxysporum, by occupying the same ecological niche and competing for nutrients and space 

(Brum et al., 2012). Beauveria bassiana has also been successfully introduced as an 

endophyte into V. vinifera leaves to reduce infestation by sucking-piercing insects (vine 

mealybug Planococcus ficus Signoret; Hemiptera: Pseudococcidae and grape leafhopper 

Empoasca vitis Göthe; Hemiptera: Cicadellidae) (Rondot and Reineke, 2018) and as an 

antagonist of plant disease downy mildew caused by the pathogen Plasmopara viticola 

(Berk.and Curt.) Berl. and de Toni. (Jaber, 2014). 

The introduction of Beauveria and Metarhizium into the root system of V. vinifera; 

however, has not been explored, nor has their potential to be used as antagonists to both root 

feeding invertebrate pests and secondary plant pathogens associated with their feeding. 

 

1.3.4. Initiation of infection in arthropods by entomopathogenic fungi 

To initiate infection in an arthropod, the conidia of the entomopathogenic fungi first need to 

adhere to the exoskeleton, where they germinate and produce an appressorium (Clarkson and 

Charnley, 1996). To break through the exoskeleton and enter the haemocoel, mechanical 

pressure and enzymes are required (Butt et al., 2016; Clarkson and Charnley, 1996; Valero-

Jimenez et al., 2016). It has been shown that conidia adhere to the cuticle two hours post 

inoculation (hpi) (Wu et al., 2014; Wu et al., 2016; Zhang et al., 2016), germinate 24 hpi 

(Butt et al., 1995; Vestergaard et al., 1995; Wu et al., 2016), and penetrate the insect cuticle 

36 to 48 hpi (Wu et al., 2014; Wu et al., 2016; Zhang et al., 2016). However, for some 
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arthropods, such as some phytoseiid predatory mites (Acarina: Phytoseiidae), the conidia 

adheres to the cuticle two hpi and they germinate 24 hpi but without the germ tubes 

penetrating the cuticle (Wu et al., 2016). The conidia on these arthropods become shrivelled 

at 48 hpi with only a few remaining on the body (Wu et al., 2014). 

Some fungal genes involved in the early stages of infection by entomopathogenic 

fungi have already been identified as summarised by Butt et al. (2016) and Valero-Jimenez 

et al. (2016). In M. anisopliae for example, two virulence associated genes have been 

identified to play a significant role in how M. anisopliae effectively colonises both insect and 

plant environments (Wang and St Leger, 2007). Designated Mad1 (Metarhizium adhesin-like 

protein 1) was found to play a role in adhesion to insect surfaces, conidial germination, 

blastospore formation and hyphal body differentiation when inside the insect (Wang and St 

Leger, 2007) while designated Mad2 (Metarhizium adhesin-like protein 2) was identified to 

have a role in adherence to plant surfaces (Wang and St Leger, 2007) and in nutrient 

starvation (Barelli et al., 2011). A study that examined the differential expression of Mad1 

and Mad2 genes for eight days in the diamondback moth (Plutella xylostella (L)) inoculated 

with M. robertsii (Barelli et al., 2011). Barelli et al. (2011) found that during the early stages 

of infection mostly Mad1 was expressed (peak expression rate was 24 hpi) and Mad2 was 

only expressed when the fungal hyphae started emerging from the cadaver (peak expression 

rate was 92 hpi) (Barelli et al., 2011). 

In the genome of B. bassiana, orthologues to Mad1 and Mad2 genes were identified 

(Xiao et al., 2012). The BBA_02419 gene sequence was found to be 34 % identical to Mad1, 

while BBA_02379 was 47 % identical to Mad2 (Xiao et al., 2012). Subsequently, in a 

virulent strain of B. bassiana, both of these genes were found to be upregulated in comparison 

to a less virulent B. bassiana strain (Wang et al., 2017). This finding indicates that these 

genes are also involved in the early stages of insect infection and are linked with their 

pathogenicity (Wang et al., 2017).  

Thus far, no study has addressed in detail the development of events during the first 

72 hpi by B. bassiana or M. pingshaense conidia on phylloxera. Scanning electron 

microscopy (SEM) images of phylloxera have previously been taken for external 

morphology examinations (Kingston et al., 2007b) and to examine phylloxera infected with 

M. anisopliae (Huber and Kirchmair, 2007). There is however a need to investigate the first 
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three days post inoculation in detail using SEM and gene expression studies to ascertain the 

suitability of these fungi as biological control agents against phylloxera.  

 

1.4. Biological control of phylloxera 

1.4.1. Parasites and predators 

1.4.1.1. Parasites 

The first person to look for a biological control agent against phylloxera was Charles 

Valentine Riley (1843-1895). In the Sixth Annual Report on the Noxious, Beneficial and 

other insects of the state of Missouri (Riley, 1874) he lists and summarises the natural 

enemies found feeding on phylloxera. This report contains the only mention of a phylloxera 

parasite, a Hymenopterous wasp parasite, but unfortunately there is no description of the 

wasp, and its identity remains unknown. There have been numerous predators observed 

feeding on phylloxera, mostly on the above ground (gallicola) form rather than the below 

ground (radicola) form that causes vine death. 

1.4.1.2. Arachnida 

Spiders and mites are mentioned as carnivorous generalist predators and as such feeding 

underground on phylloxera (Behr, 1880). In France, a Trombidium mite (velvet mite) was 

observed feeding on phylloxera (Behr, 1880). In the Odessa region of the Ukraine, 

Trombidium mites were also observed to feed on adult phylloxera females in leaf galls, 

decimating their egg laying capacity (Gorkavenko, 1972). In the same region of the Ukraine, 

37 predator species were found feeding on the leaf form of phylloxera and 20 predator species 

on the root form of phylloxera (Gorkavenko, 1976).  

Tyroglyphus phylloxerae Planchon & Riley (referred to as Rhizoglyphus echinopus 

Fumouze & Robin) (Diaz et al., 2000), a predatory mite was found to be “feeding 

extensively” on the below ground form of phylloxera (Riley, 1874). Young mites were 

observed feeding on plant material (rotting roots) and when older on phylloxera (Graham, 

1965; Riley, 1874). These mites were introduced to France for phylloxera control, but even 

at the time of introduction it was predicted that they would not be an effective control for 

phylloxera (Riley, 1874). Since then this mite has been reclassified and is regarded as a pest 

of plants in the Liliaceae family (Diaz et al., 2000). Tyrophagus putrescentiae (Schrank), 

corpa mite, was found in glasshouses feeding on live phylloxera and their eggs in leaf galls 

(Rack and Rilling, 1978). While the mites were feeding on all life stages of phylloxera, their 
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population size did not differ from that on leaves without phylloxera galls (Rack and Rilling, 

1978). It was concluded that this mite species would not be of use as biological control agent 

for phylloxera in temperate regions because of its temperature and humidity requirements 

(Rack and Rilling, 1978). Finally, in a tripartite aseptic system, Tarsanemus sp. mites were 

found to eradicate entire phylloxera populations (radicola and gallicola) in 80 days (Forneck 

et al., 1998). However, this mite was found to be an inappropriate biological control agent 

for grapevine phylloxera under field conditions considering little is known about its 

ecological habitat, feeding preferences and its host specificity (Forneck et al., 1998). 

1.4.1.3. Insecta 

From the order Heteroptera, the insidious flower bug (Orius insidious Say) was found 

to feed on the contents of phylloxera leaf galls (Riley, 1874). In the USA (Northeast Erie 

County, Pennsylvania), to assess the arthropods associated with grapes, an intensive three 

year survey was conducted in three commercial V. labrusca L. (‘Concord’ cultivar) vineyards 

(Jubb et al., 1979). In this study, first and second instars of O. insidiosus were observed living 

inside grape phylloxera leaf galls on the wild grape, V. riparia (Jubb et al., 1979). Hyaliodes 

vitripennis (Say) was also found on the leaves of V. riparia with grape phylloxera galls (Jubb 

et al., 1979). In Pennsylvania (USA), Ceratocaspus modestus (Uhler) was reported to be 

most common on oaks (Quercus sp.) and grapes (Vitis sp.) where fourth and fifth instars, and 

adults were found on leaves heavily infested with phylloxera galls (Wheeler and Jubb, 1979). 

C. modestus was also reared in the laboratory exclusively on phylloxera in leaf galls (Wheeler 

and Henry, 1978; Wheeler and Jubb, 1979). 

There has only been a single mention of thrips (Thysanoptera) feeding on phylloxera. 

Thrips phylloxerae (Riley) was found to be an “efficient predator” of phylloxera above 

ground. They lay their eggs in the leaf galls and the newly hatched, red nymphs feed on 

phylloxera within the galls (Riley, 1874). Unfortunately the identity of this thrips can no 

longer be verified (Nakahara, 1994). 

Ladybird larvae (Coleoptera: Coccinellidae) of the Scymnus genus were reported to 

feed on phylloxera both above and below ground (Graham, 1965; Riley, 1874). Scymnus 

cervicalis (Mulsant) (Coccinellidae) was observed to prey on the leaf form of grape 

phylloxera in leaf galls on V. riparia in Erie County in Pennsylvania (Wheeler and Jubb, 

1979) and Canada (Stevenson, 1967). These ladybirds laid their eggs at the entrance of the 

phylloxera induced leaf galls; first and second instar larvae fed inside the galls while third 
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and fourth instars fed from the galls by inserting only their heads (Wheeler and Jubb, 1979). 

They predominantly preyed on phylloxera eggs but fourth instars were observed feeding on 

mature females (Wheeler and Jubb, 1979). 

Most recently, two ladybird species (Coleoptera: Coccinellidae) were assessed for 

their suitability as predators of phylloxera (Kögel et al., 2013). Harmonia axyridis (Palas) an 

Asian native was introduced to North America and Europe as a biocontrol agent and 

Coccinella septempunctata (L), a Central European native were fed exclusively on leaf galls 

with grape phylloxera in laboratory and field conditions (Kögel et al., 2013).  Coccinella 

septempunctata was not able to complete its lifecycle while feeding only on phylloxera and 

it only developed to the second instar life stage (Kögel et al., 2013). Harmonia axyridis 

completed its lifecycle while fed solely on phylloxera; however, the crucial parameters 

indicating prey suitability showed that phylloxera is not an ideal food source for this 

ladybeetle (Kögel et al., 2013). 

Behr (1880) reports of beetles (Coleoptera) belonging to Carabidae (ground beetles) 

and Staphylinidae (rove beetles) that can feed on all stages of phylloxera; the larvae of beetles 

related to the Spanish fly (Meloidae) that can feed on above and below ground forms of 

phylloxera. 

From Neuropteran insects green lacewing larvae, Chrysopa plorabunda Fitch 

(preferred name, Chrysoperla plorabunda Fitch) were found to be “ferociously” feeding on 

the contents of phylloxera leaf galls (Riley, 1874), and brown lacewings (Hemerobious sp.) 

were also reported as phylloxera predators (Behr, 1880). 

Wasps (Hymenoptera) that nest underground were described as potential predators of 

below ground form of phylloxera (Behr, 1880). 

Dipteran phylloxera predators such as Syrphus flies were found to be feeding inside 

leaf galls and below ground phylloxera (Behr, 1880; Riley, 1874). Pipiza radicum (Walsh 

and Riley) (preferred name, Heringia salax (Loew)) was recorded to be feeding underground 

on apple tree root louse (Eriosoma pyri Fitch) and phylloxera (Graham, 1965; Riley, 1874). 

The orange larvae of Leucopis fly were also observed feeding inside the galls (Riley, 1874). 

Leucopis phylloxerae (Riley) was described by Riley (1883) as a predator of phylloxera, this 

species is now known as L. simplex (Loew) (Stevenson, 1967). In a survey of phylloxera 

induced leaf galls on cultivated (Vitis spp.) and wild (V. riparia) grapes in Canada, seven 

arthropod species in the galls were identified (Stevenson, 1967). Two of the seven species, 
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L. simplex and Lestodiplosis grassator (Fyles), were found most frequently (Stevenson, 

1967) with L. simplex occurring in both cultivated and wild grape leaf galls while L. grassator 

was only found in the galls of wild grapes (Stevenson, 1967). Both of these predators were 

observed feeding on phylloxera eggs, however it could not be determined if they were feeding 

on other life stages (Stevenson, 1967). 

While most of the above mentioned parasites and predators were observed feeding or 

preying on phylloxera life stages, most of these are observations only. To properly evaluate 

their suitability as biological control agents, further experiments must be conducted, 

including ecological field studies.  

1.4.2. Nematodes 

A single study has examined the ability of entomopathogenic nematodes to control the 

radicola phylloxera. Two species of entomopathogenic nematodes, Heterorhabditis 

bacteriophora (Poinar) Oswego strain and Steinernema glaseri (Steiner) isolate 326 were 

tested in laboratory trials against radicola grape phylloxera (English-Loeb et al., 1999). 

Heterorhabditis bacteriophora reduced phylloxera survival by up to 80 %, while S. glaseri 

had no significant effect on the survival of phylloxera (English-Loeb et al., 1999). The 

infective juveniles of the Oswego strain of H. bacteriophora successfully colonised 

phylloxera and this was indicated by a colour change to brick red when infected by 

nematodes. These nematodes however could not complete their lifecycle inside phylloxera, 

potentially because of the small size of phylloxera not providing enough nutrients (English-

Loeb et al., 1999). It is also worth noting that the Oswego strain of H. bacteriophora achieved 

acceptable phylloxera mortality levels when they were applied at very high dosage (39.5 

billion nematodes/ha), which would be commercially non-viable (English-Loeb et al., 1999). 

No additional studies have been performed to assess the interaction between 

nematodes and phylloxera, therefore it is impossible to determine if other species or strains 

of these same species could provide more effective control. 

 

1.4.3. Entomopathogenic fungi 

The idea of using entomopathogenic fungi against phylloxera was contemplated when 

phylloxera was introduced to France (Steinhaus, 1956). Louis Pasteur (1822-1895) was the 

first to recommend searching for a fungus that was effective against phylloxera (Steinhaus, 

1956). Other prominent scientists at the time, such as (Ilya Ilyich) Metchnikoff (1845-1916) 
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and (Hermann August) Hagen (1817-1893), agreed with Pasteur’s recommendations that 

perhaps a fungus could be effective against phylloxera (Steinhaus, 1956) although none of 

these scientists investigated the interaction between entomopathogenic fungi and phylloxera. 

During the meeting of the French Academy of Sciences in 1880 it was debated if it would be 

practical to infect phylloxera with fungi (Riley, 1880). In 1885 the Bessarabian Phylloxera 

Commission was established with Aleksandr Kovalevskii (1840-1901) as chair (Bittner, 

2015). Kovalevskii applied himself to find a potential biocontrol agent for phylloxera 

(Bittner, 2015). He chose to work with two entomopathogenic fungi, Isaria sp. and Botrytis 

bassiana (Bittner, 2015). The results indicated that Isaria sp. was a more promising 

biocontrol agent of phylloxera than B. bassiana, however no biocontrol agent emerged from 

his research (Bittner, 2015). 

The first published experiment using entomopathogenic fungi against phylloxera was 

from the Ukraine. Entomopathogenic fungi (B. bassiana, M. anisopliae and Isaria farinosus 

formerly known as Paecilomyces farinosus (Holmsk.)) were tested against phylloxera in the 

laboratory on excised roots (Goral et al., 1975). Roots with phylloxera life stages were dipped 

in three conidial concentrations (106, 107 and 108 conidia/mL) for the three different fungi 

and then kept in the dark at high humidity at 24-26 °C (Goral et al., 1975). All three species 

of fungi killed phylloxera at all concentrations but overall Isaria farinosa was the most 

virulent, followed by M. anisopliae and finally B. bassiana (Goral et al., 1975). 

Unfortunately the origin of both insects and fungal material are unknown. Granett et al. 

(2001) report an unpublished in vitro study where B. bassiana was shown to have an impact 

on phylloxera survival in the USA; however, this study was not followed up by other 

observations. 

A series of studies was performed to investigate the suitability of M. anisopliae 

against radicola grapevine phylloxera. Metarhizium anisopliae var. anisopliae (isolate Ma 

500 from Switzerland) was tested in excised root bioassays and in potted vine trials (Kirchmair 

et al., 2004a). Metarhizium anisopliae isolate Ma 500 was applied as conidial suspensions to 

the excised roots infested with phylloxera by spraying 5x104 conidia per mL on each root 

piece while it was applied to potted vines by adding 6 g of inoculated barley kernels 

(Kirchmair et al., 2004a). On the excised root bioassays, dead phylloxera could be observed 

five days after treatment with conidiophores growing from the cadavers (Kirchmair et al., 

2004a). In the potted vines, no dead insects were observed due to them being small and 
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decomposing quickly in the soil, however the detrimental effect of M. anisopliae Ma500 on 

phylloxera was assessed by the increased number of colony forming units per g of soil and 

by the absence of fresh root galls (Kirchmair et al., 2004a). Field trials were also conducted 

where the same M. anisopliae Ma500 colonised barley kernels were applied at two field sites 

at a rate of 50 kg per ha with a sowing machine and rotary harrow combination (Huber and 

Kirchmair, 2007). Colony forming units of M. anisopliae in the soil a year after treatment 

increased and phylloxera infestations decreased, and two years post treatment the abundance 

of M. anisopliae in the soil decreased while still having a controlling effect on phylloxera 

(Huber and Kirchmair, 2007). Three years post treatment, M. anisopliae no longer controlled 

phylloxera and its abundance declined to similar levels as the control plots (Kirchmair et al., 

2007). 

Most recently B. bassiana has been evaluated for use against grapevine phylloxera 

where a field trial was conducted to intensify the disease suppressive abilities of the soil 

(Ficiu and Dejeu, 2012). B. bassiana was applied in an experimental vineyard in Romania 

with different fertilisers (manure and compost, synthetic fertiliser or no fertiliser) at three 

rates (50, 100 or 200 kg per ha) and two soil depths (10 and 20 cm) (Ficiu and Dejeu, 2012). 

A significant difference in the survival of B. bassiana in vineyard soil was recorded 

depending on fertiliser type. Compost and manure supported the most B. bassiana colonies 

while synthetic fertilisers supported the least amount of B. bassiana, even less than in the 

control where no fertiliser was applied (Ficiu and Dejeu, 2012). Applying B. bassiana with 

manure decreased the radicola phylloxera populations the most, followed by compost and B. 

bassiana, therefore it is suggested to apply B. bassiana with manure at the rate of 20 t per ha 

or with compost at 100 kg per ha for the best control of phylloxera (Ficiu and Dejeu, 2012). 

In Australia, to date there has been no published research on the effects of 

entomopathogenic fungi (Beauveria spp. and Metarhizium spp.), originating from Australian 

vineyard soils on radicola grapevine phylloxera. 

 

1.5. Conclusion 

Phylloxera is described as the world’s worst grapevine pest and currently the only effective 

solution to control the root dwelling form is to plant on phylloxera resistant rootstocks and 

to adhere to quarantine regulations. In Australia the cost of planting vineyards on rootstocks 

can be high and therefore growers prefer not to graft, when not in an area known to be infested 



Chapter 1 26 

 

by phylloxera (PIZ). In recent years, despite strict quarantine regulations, a number of new 

phylloxera outbreaks have occurred in Victoria, Australia. Vineyards on their own roots are 

vulnerable to new phylloxera infestations and to date there are no effective control methods 

available. 

In Australia there have only been three studies (Milner et al., 1998., Rath et al., 1992., 

Roddam and Rath, 1997.) published that investigate the presence of native Australian 

entomopathogenic fungi in either natural or agricultural soil environments. While the 

presence, identity and virulence of entomopathogenic fungi in vineyard soils has not been 

investigated in Australia. 

This study aims to isolate, identify and determine the virulence of entomopathogenic 

fungi from Australian vineyards against radicola grapevine phylloxera. 

 

1.6. Outline of the research objectives 

The main research hypothesis is that Australian native entomopathogenic fungal isolates 

from the genera Beauveria spp. and Metarhizium spp. endemic to vineyards are effective 

biological control agents of radicola grapevine phylloxera by reducing their population to 

below its economic threshold. 

 

The following research objectives were formulated to test this hypothesis and each 

experimental chapter of this thesis addresses one of these: 

 

1. Isolate and identify native Australian entomopathogenic Beauveria spp. and 

Metarhizium spp. from vineyard soils in Australia (Chapter 2). 

Eight Australian commercial vineyards were surveyed, four in New South 

Wales (NSW) and four in Victoria (Vic). The four vineyards in NSW are all 

in phylloxera exclusion zones (PEZ) while the four Victorian vineyards are in 

three phylloxera infested zones (PIZ). From each vineyard 30 soil samples 

were taken in a grid pattern throughout a selected vineyard block (5 sampling 

points in 6 rows). 

Entomopathogenic strains of Beauveria spp. and Metarhizium spp. were 

isolated using insect baiting (using T. molitor larvae) and soil dilution 

methods. Fungal isolates were visually identified to genus, followed by 
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molecular identification to species. A phylogenetic tree for each of the fungal 

genera was created to show evolutionary relatedness between the isolates. 

2. Assess if B. bassiana is able to endophytically establish in V. vinifera roots 

(Chapter 3).  

Two glasshouse trials were conducted and five inoculation methods were 

tested. The inoculations methods included foliar spray, root dipping and root 

drenching with conidial suspension and rice solid culture grown conidia 

mixed into the potting mix. For the final method, a conidial suspension was 

added to the hydroponic medium of still water hydroponic grown vines. 

Endophytic establishment of B. bassiana within V. vinifera was assessed by 

testing the leaves, roots and lignified stem of the vines for B. bassiana growth 

after sterilisation. 

3. Test the virulence and pathogenicity of a selection of the isolated and 

identified entomopathogenic fungi on a model insect followed by the target 

grapevine phylloxera (Chapter 4). 

The number of fungal isolates identified from Australian vineyard soils was 

over 200, too many to test individually, therefore the number of isolates used 

in the experiments were reduced. To keep the number of isolates in the 

experiments at a manageable level and to keep as diverse collection of fungi 

as possible, the following was taken into account when narrowing down the 

number of isolates: (1) their origin (preferably taking one of each isolates from 

each vineyard site), (2) the mode of isolation (bait method was preferred) and 

(3) their position within the phylogenetic tree (capturing diversity). 

To test the pathogenicity, the ability to cause disease, the virulence and 

aggressiveness of each selected isolate of Beauveria spp. and Metarhizium 

spp., a model testing system based on green peach aphid (Myzus persicae 

Sulzer) was adopted. It was necessary to use a model insect that was simpler 

than phylloxera to rear in large numbers, and also that is not a quarantine 

insect and therefore possible to use at Charles Sturt University’s Wagga 

Wagga campus. Individual aphid mortality was recorded every two to three 

days for 19 days. 
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Fungal strains that were the most virulent and pathogenic on the test insect 

were then tested against G1 (Australian endemic) radicola phylloxera, in an 

excised root bioassay experiment. Further excised root bioassays, using the 

Australian endemic fungal isolates against German native radicola phylloxera 

were conducted. The experiments were evaluated every second or third day 

up to 19 days. 

4. a) Determine the genetic diversity of insect and plant specific adhesin-

like genes within the Beauveria spp. and Metarhizium spp. collection 

(Chapter 5). 

Previously published primers (Barelli et al., 2011) were used to examine the 

genetic diversity within the Metarhizium spp. collection, while newly 

designed primers were used for the Beauveria spp. collection.  

b) Infection of black bean aphid (Aphis fabae) and phylloxera by B. 

bassiana and M. pingshaense (Chapter 5).  

This experiment was conducted at Hochschule Geisenheim University, where 

A. fabae was reared in large numbers, therefore this aphid was chosen for this 

experiment. Two experiments were conducted, in both A. fabae and 

phylloxera were treated with a conidial suspension of B. bassiana and M. 

pingshaense. The first experiment visually investigated the first three days 

post inoculation on both insects by both fungi using a SEM. The second 

experiment investigated the expression of the insect specific adhesin-like 

genes in both insects by both fungi.  

 

The concluding chapter of this thesis (Chapter 6) provides a summary of the findings 

of each experimental chapter, draws a final conclusion of the whole study and highlights 

directions for further studies. 



 

 

Chapter 2 

 

The manuscript below is published in the Journal of Invertebrate Pathology (2019, 

164:69-77. DOI: 10.1016/j.jip.2019.05.002) and is presented as the post-script version as 

requested and approved by the publisher, Elsevier. The references cited in this manuscript 

are provided in Chapter 7 ‘Literature cited’. All authors have provided permission to include 

this manuscript in this thesis. 

The partial sequences of the Bloc region for Beauveria (GenBank accessions numbers 

MH250074 - MH250097) and the EFT1 region for Metarhizium (GenBank accessions 

MH250098 - MH250117) as reported in the below manuscript are provide in Appendix 1. 

 

The focus of the research in this chapter was to isolate and identify native Australian 

entomopathogenic Beauveria spp. and Metarhizium spp. from vineyards. This research aim 

was cruicially important as this provided the foundation for the following chapters (research 

aims). In selecting the vineyard sites, there were a number of considerations taken into 

account, as described in the following manuscript, to include a diverse range of vineyards. 

While soil type could have been given more consideration, the aim of this study was not to 

compare sites and describe the drivers behind the different fungal communities at each site, 

rather it was to build a collection of isolates of Beauveria spp. and Metarhizium spp. to use 

in further studies.  

This manuscript leads into Chapter 4 of this thesis. Only a selection of the isolates 

identified here were taken forward for further studies.  The origin, isolation method used and 

genetic diversity of these fungi were all considered when the number of fungal isolates going 

forward was reduced. In Chapter 4 this selection of fungal isolates was used to test their 

pathogenicity and virulence against a selection of insects, most importantly against grapevine 

phylloxera.  
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Occurrence and diversity of entomopathogenic fungi (Beauveria spp. and Metarhizium 
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2.1. Introduction 

Naturally occurring entomopathogenic fungi infect a wide range of arthropods, but are also 

found as saprophytes in the soil (Bidochka et al., 1998). The most common and widely 

studied entomopathogenic fungi are the Ascomycetes: Hypocreales (Bruck, 2009; Humber, 

1997), particularly the genera Beauveria (Hypocreales: Cordycipitaceae) and Metarhizium 

(Hypocreales: Clavicipitaceae) (Bidochka et al., 1998; Bruck, 2009; Chandler et al., 1997). 

Beauveria spp. and Metarhizium spp. are universally regarded as complexes of 

cryptic species, therefore morphological studies alone are not sufficient to differentiate 

between the species within these genera (Bischoff et al., 2009; Rehner et al., 2011). While 

the Internal Transcribed Spacer (ITS) region in various fungi has routinely been sequenced 

for identification and phylogenetic studies (White et al., 1990), this general marker is not 

sufficient to capture the species diversity. To sequence-characterise Beauveria and 

Metarhizium phylogenetic species, the B locus nuclear intergenic region (Bloc) and 

elongation factor-1 alpha (EFT1) respectively, result in an informative diagnosis (Fisher et 

al., 2011). 

Entomopathogenic fungi occur in various agricultural soils and have been isolated 

from plant nurseries in Iowa, Oregon and Washington (USA) (Bruck, 2004; Fisher et al., 

2011) and in soils cultivated with a range of crops including corn in the USA and Mexico 

(Bing and Lewis, 1993; Perez-Gonzalez et al., 2014); vegetables in North Carolina (USA) 

and in Mexico (Hummel et al., 2002; Perez-Gonzalez et al., 2014); banana in the Ceará state, 

north eastern Brazil (Lopes et al., 2013); pecan in Arkansas, Georgia, Louisiana and 

Mississippi (USA) (Shapiro-Ilan et al., 2003); agricultural soils and adjacent hedgerows in 

Denmark (Steinwender et al., 2014); pastures in Tasmania and the Subantarctic Macquarie 

Island in Australia (Rath et al., 1992; Roddam and Rath, 1997) or roots and rhizosphere of 

plants in the Willamette Valley of Oregon (USA) and in Denmark (Fisher et al., 2011; Keyser 

et al., 2015; Steinwender et al., 2015). In Australia, few studies have been published that 

specifically characterise entomopathogenic fungi. The presence of M. anisopliae sensu lato 

(Metsch.) Sorokin has been assessed in Tasmanian pastures (Rath et al., 1992); M. anisopliae 

s.l. and other entomopathogenic fungi (including B. bassiana sensu lato (Balsamo) 

Vuillemin) were assessed in termite-associated material, including material from termite 

mounds and other matter produced by termite feeding (Milner et al., 1998), and on the 

Subantarctic Macquarie Island (Roddam and Rath, 1997). In addition, studies of soil and 
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rhizosphere fungi in Australian tropical rainforests have shown the presence of 

entomopathogenic fungi in these habitats (Curlevski et al., 2010a; Curlevski et al., 2010b). 

Another Australian study of the soil microflora in the wheat rhizosphere pre- and post-

fumigation showed the presence of B. bassiana s.l. in the soil, rhizosphere and the roots 

(Sivasithamparam et al., 1987) in Western Australia. However, no study has previously been 

conducted specifically in Australian vineyard soils. 

In general, there is limited knowledge about the occurrence of entomopathogens 

specific to vineyard soils. Previous studies addressing the presence of phytopathogenic fungi 

in vineyard soils and grapevine roots in Victoria, Australia (Edwards et al., 2007); Germany 

and Austria (Huber et al., 2007) did not extend to include entomopathogens. In Austria, 

Huber and Kirchmair (2007) examined the persistence of M. anisopliae isolate Ma 500 in 

vineyard soil after application. An assessment of the soil prior to application using a soil 

dilution method showed no presence of M. anisopliae, and other fungi (entomopathogenic or 

otherwise) were not mentioned. A recent study conducted in the Rhinehessen wine region of 

Germany investigated the drivers of the presence of entomopathogenic fungi in 

conventionally and organically managed vineyard soils (Uzman et al., 2019). The detection 

rate of entomopathogenic fungi in these vineyard soils was linked to soil carbon to nitrogen 

(C:N) ratio, with more entomopathogens occurring in high C:N ratio soils (Uzman et al., 

2019). They identified three entomopathogenic fungal taxa, Metarhizium spp., Beauveria 

spp. and Clonostachys rosea ((Link) Schroers, Samuels, Seifert & W. Gams) (Ascomycota: 

Hypocreales: Bionectriaceae) in both organically and conventionally managed vineyards 

(Uzman et al., 2019). In addition, a single B. bassiana isolate (Bbas-16) was found to be 

associated explicitly with grapevines in a rhizosphere association study of grapevine roots in 

nurseries in the Willamette Valley of Oregon (USA) (Fisher et al., 2011). Fisher et al. (2011) 

suggested that more effective control of root-feeding insects would be possible by using 

fungal species originating from the respective crop.  

The aim of this study was to address the lack of knowledge of entomopathogenic 

fungi present in vineyard soils of southern Australia. More specifically, our aims were to (1) 

determine the presence of entomopathogenic fungi Beauveria spp. and Metarhizium spp. in 

Australian vineyard soils, (2) identify these fungal species and (3) build a collection of 

entomopathogen isolates originating from those soils. This survey forms the first part of a 

larger study that focuses on using entomopathogenic fungi as potential biological control 



Chapter 2 33 

 

agents against the root feeding form of grapevine phylloxera (Daktulosphaira vitifoliae Fitch 

Hemiptera: Sternorrhyncha).  

 

2.2. Materials and methods 

2.2.1.  Vineyard surveys 

Soil samples were collected from eight commercial vineyards in seven viticultural 

geographical indications (VGI) (Wine Australia, 2016) in the states of New South Wales 

(NSW) and Victoria (Vic) in southeastern Australia during 2013-2014 (Table 2.1) (Figure 

2.1). Single vineyards were selected from each of the following VGI regions for sampling; 

two different vineyard locations in the Riverina, single locations from the Hunter Valley and 

Hilltops in NSW; single locations from Rutherglen, Alpine Valleys, Goulburn Valley and 

Yarra Valley in Vic (Figure 2.1). All of the selected vineyards were conventionally managed 

(not organic, commercially available synthetic fertilisers and pesticides were used in 

vineyard management), drip irrigated (except for Alpine Valleys, rain irrigated only) and 

rows and mid-rows were uncultivated. The selection criteria for the sampling sites included 

geospatial distance, elevation and phylloxera infestation status to represent as diverse 

selection of vineyards as possible. The distance between the most northerly (Hunter Valley) 

and most southerly sampling site (Yarra Valley) was approximately 765 km; the lowest 

elevation site (Hunter Valley) was approximately 60 m in elevation while the highest 

elevation site (Hilltops) was approximately 520 m in elevation (Table 2.1). Four of the 

sampling sites (all NSW sites) were known to be phylloxera free, while the other four sites 

(all Vic sites) were known to be infested with phylloxera (Vine Health Australia, 2018).  
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Figure 2.1: Map showing locations of the vineyard sites (Table 2.1) in the states of New 

South Wales and Victoria in Australia. 

 

For ease of orientation, major cities are denoted by a dot. Sampling sites are indicated by a 

star. 
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Table 2.1: Vineyard sites where soils were sampled for entomopathogenic fungi.  

Site Viticultural 

Geographical 

Indicator 

(VGI) 

State Grape variety Rootstock Date sampled Altitude 

(m) 

Riverina I Riverina NSWa Cabernet Sauvignon Own rootb 3 May 2013 218 

Riverina II Riverina NSW Shiraz Own root 15 October 2013 133 

Hunter Valley Hunter Valley NSW Semillon Ramsey 8 October 2013 63 

Hilltops Hilltops NSW Shiraz Own root 14 November 2013 520 

Rutherglen Rutherglen Vica Cabernet Sauvignon Various rootstocks incl. 

own root 

21 January 2014 154 

Alpine Valley Alpine Valley Vic various Various rootstocks 28 January 2014 300 

Goulburn 

Valley 

Goulburn 

Valley 

Vic Cabernet Sauvignon Various rootstocks 24 February 2014 133 

Yarra Valley Yarra Valley Vic Roussanne Own root 25 February 2014 92 

a NSW - New South Wales, Vic - Victoria  

b Own root - ungrafted Vitis vinifera 
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A single site, with the same V. vinifera cultivar, was chosen within each vineyard. 

Site sizes ranged from 0.5 ha (Riverina I) to 5 ha (Riverina II). Thirty soil samples that were 

evenly spaced within a vineyard (six samples from five rows) were taken from each site, 

resulting in a total of 240 samples (8 sites x 30 samples per vineyard site). Soil samples were 

taken using either a cylindrical (approximately 4 cm diameter) soil corer (Hunter Valley and 

Riverina I) or a shovel (Riverina II, Hilltops, Rutherglen, Alpine Valleys, Goulburn Valley 

and Yarra Valley). Approximately 2 cm of the top soil and debris was brushed aside and a 

sample to a maximum of 20 cm depth was taken, a single core or single shovel full per 

sample. Sample weights varied between sites and sampling equipment, the average sample 

weight using a soil corer was 319 g (min 162 g, max 399 g) while using a shovel it was 717 

g (min 185 g, max 1914 g). Between each sampling point the equipment was disinfected 

using 2 % sodium hypochlorite (White King, Pental, Australia) (Hunter Valley) or 80 % 

ethanol (all other regions) to prevent fungal carry-over from one sample to the next. Soil 

samples were held in a cool, dark location at 4 °C for a maximum of 2 weeks (Hunter Valley), 

but most were held for a maximum of 2 days (all other regions) until isolation of 

entomopathogenic fungi. 

Soil samples from all NSW sites were processed at the National Wine and Grape 

Industry Centre, Charles Sturt University Wagga Wagga, NSW, Australia. Soil samples from 

phylloxera infested vineyards, all Vic sites, were transported in sealed containers with 

quarantine permits to the Department of Economic Development, Jobs, Transport and 

Resources Rutherglen Centre, Vic, Australia laboratory facilities for processing. Quarantine 

regulations were taken into account when moving between sampling sites, and all equipment 

and footwear were disinfested in accordance with phylloxera-specific quarantine regulations 

(NVHSC, 2009). 

 

2.2.2. Fungal isolation 

2.2.2.1. Insect bait method 

Transparent polypropylene containers, 70 mL, 55 x 44 mm, (Sarstedt, Technology Park, 

South Australia, Australia) were filled with approximately 45-55 mL of soil, one individual 

soil sample per container. The lid of each container was perforated ten times using a hot 

needle for ventilation and five mealworm (Tenebrio molitor L. Coleoptera: Tenebrionidae; 

Pisces Enterprises, Brisbane, Australia) larvae were added to each sample. After the addition 
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of mealworms, the lids were replaced and the containers were gently inverted, placed on a 

tray, covered by aluminium foil to maintain darkness, and stored at room temperature (22 

±2 °C). Containers were inverted daily for four days and then weekly for six weeks. Each 

time the containers were inverted, the contents were inspected for dead T. molitor larvae. 

Dead larvae were removed and placed in a sterile, moist chamber (disposable polystyrene 90 

x 15 mm Petri dish with moist filter paper) sealed with Parafilm® M (Bemis North America, 

Neenah, WI, USA) and held at 25 °C in the dark until fungi were observed to be sporulating 

on the cadaver. 

 

2.2.2.2. Soil dilution 

One gram of soil from each soil sample was suspended in 10 mL tap water only (without 

detergent or buffer) and vortexed briefly to mix thoroughly. Serial dilutions were then 

prepared for each sample from each site ranging from 10-1 to 10-8. Samples from the two 

Riverina sites and the Hunter Valley site were used to optimise the method and determine 

which dilutions were optimal for use. Dilutions 10-2, 10-4, 10-6and 10-8 were used from the 

first site at the Riverina and Hunter Valley, dilutions 10-1, 10-3, 10-5 and 10-7 were used from 

the second site at the Riverina. Since the higher concentrations (100, 10-1 and 10-2) gave 

satisfactory results in terms of ability to identify and remove individual fungal colonies from 

the plates, only these dilutions were used with samples from all the other sites. Each dilution, 

consisting of 50 µL, was plated in duplicate on two semi-selective media plates, resulting in 

a total of four plates per sample. Selective media (SM) used were Sabouraud Dextrose Agar 

(SDA) plus 0.2 g/L dodine, 0.1 g/L chloramphenicol, and 0.05 g/L streptomycin sulphate 

(adapted from (Vestergaard and Eilenberg, 2000)) and Beauveria selective medium (BSM) 

10 g/L peptone, 20 g/L dextrose, 12 g/L agar, 0.1 g/L dodine, 0.6 g/L streptomycin sulphate, 

0.05 g/L tetracycline and 0.05 g/L cyclohexamide (Strasser et al., 1996). Dodine, used in 

both media, was the commercial formulation Syllit 400SC (Colin Campbell Chemicals Pty. 

Ltd. Wheterill Park, NSW, Australia) (Rangel et al., 2010). The plates were then sealed with 

Parafilm® M and held at 25 °C in the dark until characteristics of fungal colonies produced 

by Beauveria or Metarhizium were observed (Humber, 1997). 
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2.2.3. Pure fungal cultures 

From each soil sample and for each isolation method, a single isolate of Beauveria spp. and/or 

Metarhizium spp. was chosen at random. Pure fungal cultures were derived from both 

infected T. molitor cadavers and dilution plates. Fungi covering the cadavers were initially 

identified as either Beauveria spp. or Metarhizium spp. based on colony morphology 

(Humber, 1997). Conidia were removed from the cadavers using a sterile loop and were 

plated on semi-selective BSM or SM (as described above) for Beauveria spp. or Metarhizium 

spp., respectively. Plates were then sealed with Parafilm® M and held at 25 °C in the dark 

until sporulation was observed. 

Sporulating fungal cultures on semi-selective media (either from dilution plates or 

conidia from cadavers) were identified using morphological characteristics (Humber, 1997). 

The colonies were then transferred to non-selective media, Malt Extract Agar 2 (MEA2) and 

Sabouraud Dextrose Agar with Yeast (SDAY) for Beauveria spp. or Metarhizium spp., 

respectively. Plates were sealed with Parafilm® M and held at 25 °C in the dark. 

Single colonies of the Beauveria spp. and Metarhizium spp. isolates were later 

transferred to MEA2 or SDAY slopes, respectively, and upon sporulation they were placed 

at -20 °C for long term storage at the National Wine and Grape Industry Centre, Charles Sturt 

University, Wagga Wagga, NSW Australia. 

 

2.2.4. Species identification 

Each isolate of Beauveria spp. and Metarhizium spp. was identified to species level using 

molecular techniques.  

2.2.4.1. DNA extraction 

DNA was extracted from all fungal isolates using one of three methods. Initially, DNA was 

extracted from conidia of all fungal cultures using a phenol-chloroform extraction method 

(Hervás-Aguilar et al., 2007) followed by ethanol precipitation. For some samples, DNA 

quality and PCR products were poor. Additional extractions were consequently performed 

with either the PrepMan™ Ultra Sample Preparation Reagent (Applied Biosystems, Thermo 

Fisher Scientific, Scoresby, Vic, Australia) or genomic DNA was extracted from mycelia 

using the Gentra Systems Puregen DNA kit (Qiagen, Chadstone Victoria, Australia) followed 

by an isopropanol precipitation. All DNA extractions were stored at -20 °C. 



Chapter 2 39 

 

2.2.4.2. PCR amplification 

Each PCR reaction was a standard volume of 25 µL that consisted of 12.5µL GoTaq 2x Green 

Master Mix (Promega, Alexandria, NSW, Australia), 1 µL of each forward and reverse 

primers (10 mmol working solution), 9.5 µL of nuclease free water and 1 µL of fungal DNA 

(at 30 ng/µL). The B locus nuclear intergenic region (Bloc) was used to identify Beauveria 

spp. with primers B22U (5’ GTC GCA GCC AGA GCA ACT 3’) and B822L (5’ AGA TTC 

GCA ACG TCA ACT T 3’) (Fisher et al., 2011). Metarhizium spp. were identified using the 

5’ region of elongation factor-1 alpha (EFT1) with primers EF1T (5’ ATG GGT AAG GAR 

GAC AAG AC 3’) and EF2T (5’ GGA RGT ACC AGT SAT CAT GTT 3’) (Fisher et al., 

2011). An Eppendorf Mastercycler PCR (Eppendorf, Macquarie Park, NSW, Australia) was 

used with the same touch-down program for both Beauveria spp. and Metarhizium spp. 

isolates. Initial denaturation was 98 °C for 2 min, 30 s of annealing at 63 °C that decreased 

by 1 °C for 5 cycles (until it reached 59 °C) followed by 30 s of extension at 72 °C, followed 

by 25 cycles of denaturation at 98 °C for 30 s, annealing at 59 °C for 30 s, extension at 72 °C 

for 1 min and a final extension at 72 °C for a further 1 min. The PCR products were visualised 

on a 1 % agarose gel. The PCR amplicons were purified using a FavorPrep™ Gel/PCR 

purification Kit (Fisher Biotec, Wembley, Western Australia, Australia). The PCR amplicons 

from the Metarhizium spp. isolates were purified using the PCR clean-up kit while the PCR 

amplicons from Beauveria spp. isolates were first excised from agarose gel and accordingly 

purified using the gel purification kit. 

2.2.4.3. Sequencing and phylogenetic analysis 

Purified PCR amplicons were quantified using a Nanodrop (Thermo Fisher Scientific, 

Scoresby, Vic, Australia) and 30 ng from each amplicon was sent to the Australian Genome 

Research Facility Ltd (AGRF, Westmead, NSW, Australia) for sequencing. Each sequence 

from a strain was formed by creating contigs of forward and reverse sequences. These were 

then edited and aligned using version 7.0 of Molecular Evolutionary Genetics Analysis 

(MEGA) software (Kumar et al., 2016). All sequences were aligned in MEGA7 and 

compared to sequences available in GenBank using BLAST (Basic Local Alignment Search 

Tool). When identity and query cover was 98-100 %, sequences were considered to be 

significantly aligned. These sequences were added to the alignment session to be included in 

the phylogenetic tree. Previously sequenced isolates of Beauveria spp. and Metarhizium spp. 

originating from Australia (Bischoff et al., 2009; Rehner et al., 2011) and ex-type reference 
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specimens were also included in the alignment session for inclusion in the phylogenetic tree. 

Phylogenetic analysis was performed in MEGA7 (Kumar et al., 2016). The evolutionary 

history was inferred using the Neighbour Joining (NJ) (Saitou and Nei, 1987) and the 

Maximum Likelihood (ML) methods based on the Tamura-Nei model (Tamura and Nei, 

1993). For both methods, the phylogeny was tested using the Bootstrap method, with 1000 

bootstrap replications. During the NJ analysis, Maximum Composite Likelihood method 

(Tamura et al., 2004) was used to compute evolutionary distances. Initial tree(s) for the 

heuristic search during the ML method were obtained automatically. Neighbour-Join and 

BioNJ algorithms were applied to a matrix of pairwise distances that were estimated using 

the Maximum Composite Likelihood approach. The topology with superior log likelihood 

value was selected. The analysis involved 44 and 50 nucleotide sequences for Beauveria and 

Metarhizium phylogenetic trees, respectively. Gaps and missing data positions were 

removed. The final dataset consisted of 648 and 549 positions for Beauveria and Metarhizium 

phylogenetic trees, respectively. 

 

2.3. Results 

2.3.1. Presence of entomopathogens in Australian vineyard soils 

From the total of 240 soil samples taken from eight different vineyard sites, 144 samples 

(60 %) were positive for the presence of entomopathogenic fungi in the genera of Beauveria 

or Metarhizium, with 20 samples (8 %) containing both. Other fungi were observed using the 

dilution method, however they were not identified. Beauveria spp. and Metarhizium spp. 

were the only two entomopathogenic fungi detected using insect baits. It was observed, 

however, that some of the baits were killed by entomopathogenic nematodes in the soil 

samples originating from Hilltops (13 samples), Rutherglen (24 samples), Alpine Valleys (2 

samples) and Goulburn Valley (16 samples) sites. These nematodes were not identified.  

The number of soil samples that were positive for the entomopathogenic genera 

Beauveria and/or Metarhizium are summarised in Table 2.2, arranged by isolation method 

and site. Beauveria or Metarhizium genera were found in samples from all sites, except for 

the Rutherglen site where no Beauveria sp. was isolated. Insect baiting and soil dilution 

methods both successfully isolated either Beauveria spp. or Metarhizium spp. in samples 

from most sites, with a few exceptions (Table 2.2).  
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From the 20 soil samples that contained both Metarhizium and Beauveria genera, 

only one originated from NSW (Hilltops); the remaining were from three Victorian sites: 

Alpine Valleys (n=7), Goulburn Valley (n=3) and Yarra Valley (n=9). In 16 samples, 

Beauveria spp. was isolated using the dilution method and Metarhizium spp. using the bait 

method. In three samples, both Beauveria spp. and Metarhizium spp. were recovered from 

baits, however single baits were always covered by either Beauveria spp. or Metarhizium 

spp., no bait was found to be covered by both. Only one sample resulted in both Beauveria 

spp. and Metarhizium spp. using the dilution method. 
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Table 2.2: Number of vineyard soil samples per sampling site positive for either Beauveria 

or Metarhizium species. 
  Beauveria  Metarhizium  

Isolation method 

Sampling site 

Insect 

bait 

Soil 

dilution 

Both 

methods 

Total Insect 

bait 

Soil 

dilution 

Both 

methods 

Total 

Site State         

Riverina I NSWa 3 1 0 4 0 1 0 1 

Riverina II NSW 4 5 0 9 2 0 0 2 

Hunter 

Valley 

NSW 4 0 4 8 4 1 2 7 

Hilltops NSW 0 9 0 9 3 2 0 5 

TOTAL for 

NSW 

 

11 15 4 30 9 4 2 15 

      

Rutherglen Vica 0 0 0 0 0 1 0 1 

Alpine 

Valley 

Vic 1 9 1 11 9 2 13 24 

Goulburn 

Valley 

Vic 2 6 6 14 2 6 2 10 

Yarra 

Valley 

Vic 1 7 1 9 12 2 16 30 

TOTAL for 

Vic 

 

4 22 8 34 23 11 31 65 

TOTAL  15 37 12 64 32 15 33 80 

% of total number 

of soil samples 6 % 15 % 5 % 26 % 13 % 6 % 13 % 33 % 

a NSW – New South Wales, Vic - Victoria  

Number of positive samples using insect baiting and soil dilution methods are shown as 

well as the number of samples where both methods yielded the same organism. 
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2.3.2. Sequence analysis 

Sequence analysis of the amplified Bloc and EFT1 regions for isolates of Beauveria spp. and 

Metarhizium spp., respectively, successfully revealed the identity of these isolates to species 

level. However, not all fungal isolates were previously identified using the above mentioned 

DNA regions. At the outset of the study it was unclear if either of the isolation methods would 

recover Beauveria spp. and/or Metarhizium spp. isolates, hence both methods were 

employed. During sequence analysis, to save resources, if the same fungal genus was isolated 

from the same soil sample using both isolation methods, only the isolate originating from soil 

baits was sequenced. The focus on identifying insect baiting isolates was pathogenicity to 

insects and potential for further biocontrol studies. In addition, isolates that did not return 

clean sequence trace data were also dropped from the analysis.  

In total, 138 isolates were formally sequenced. The analysis revealed three Beauveria 

species (B. australis, B. bassiana and B. pseudobassiana) (Figure 2.2) and six Metarhizium 

species (M. brunneum, M. flavoviride var. pemphigi, M. guizhouense, M. majus, M. 

pingshaense, M. robertsii) (Figure 2.3). Sequence types from this current study that are 

included in the phylogenetic trees were submitted to GenBank. Altogether 44 sequences were 

submitted, 24 Beauveria sequences (accession numbers MH250074 - MH250097) and 20 

Metarhizium sequences (MH250098 - MH250117). 
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Figure 2.2: Phylogram of taxa Beauveria.  

 

Sequence types with full black circles () were identified during this study. Sequence type 

code is identical to isolate code of the organism the sequence originates from. The location 

of where the isolate originates from is shown, together with GenBank accession numbers. 

Number in brackets () signifies the number of isolates with the same sequence type that 

originate from the same location and were isolated using the same method. Sequence types 

with open diamond () are sequences from ex-type isolates and sequence types marked with 

(AU) are sequences of isolates originating from Australia. All sequence types are identified 

using their GenBank accession number. The evolutionary history was inferred using NJ and 

ML methods of the Bloc data. The sum of branch length = 0.90786148 of the optimal NJ 

tree. The highest log likelihood of the ML tree is -3123.19. The percentage of replicate trees 

in which the associated taxa clustered together in the bootstrap test (1000 replicates) are 

shown next to the branches (Felsenstein, 1985), with numbers in brackets () indicating NJ 

and no brackets indicating ML percentages. Only one support value indicates that branch was 

not supported by the other analysis. 
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Figure 2.3: Phylogram of taxa Metarhizium. 

 

Sequence types with full black circles () were identified during this study. Sequence type 

code is identical to isolate code of the organism the sequence originates from. The location 

of where the isolate originates from is shown, together with GenBank accession numbers. 

Number in brackets () signifies the number of isolates with the same sequence type that 

originate from the same location and were isolated using the same method. Sequence types 

with white diamond () are sequences from ex-type isolates and sequence types marked 

with (AU) are sequences of isolates originating from Australia. All sequence types are 

identified using their GenBank accession number. The evolutionary history was inferred 

using NJ and ML methods of the Bloc data. The sum of branch length = 0.22614481 of the 

optimal NJ tree. The highest log likelihood of the ML tree is -2023.36. The percentage of 

replicate trees in which the associated taxa clustered together in the bootstrap test (1000 

replicates) are shown next to the branches (Felsenstein, 1985), with numbers in brackets () 

indicating NJ and no brackets indicating ML percentages. 
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Table 2.3: Number of each Beauveria or Metarhizium species found using one of two 

methods.  

Either baiting method using mealworm (T. molitor) larvae or soil dilution method where soil 

suspension was plated on semi-selective media plates. Species were identified by amplifying 

and sequencing the B locus nuclear intergenic region (Bloc) for Beauveria spp. and 

elongation factor-1 alpha (EFT1) region for Metarhizium spp. Numbers in brackets () indicate 

number of sequence types included in Figures 2.2 and 2.3.  

 

Species Insect baiting Soil dilution TOTAL 

Beauveria australis 11 (3) 3 (3) 14 (6) 

B. bassiana 14 (8) 28 (9) 42 (17) 

B. pseudobassiana 1 (1) 0 1 (1) 

    

Metarhizium brunneum 10 (4) 4 (1) 14 (5) 

M. flavoviride var. pemphigi 0 5 (1) 5 (1) 

M. guizhouense 30 (2) 0 30 (2) 

M. majus 0 1 (1) 1 (1) 

M. pingshaense 2 (2) 0 2 (2) 

M. robertsii 23 (7) 4 (2) 27 (9) 

    

The number of isolates and sequence types for each identified species are summarised 

in Table 2.3, arranged by isolation method. B. bassiana was found in vineyards in both states 

while B. australis was isolated from NSW only and B. pseudobassiana from Vic vineyards 

only. All six Metarhizium species were found in Vic vineyards and only three of these species 

(M. brunneum, M. pingshaense and M. robertsii) were found in vineyards in NSW. 

Within the B. australis clade, we report a new sister clade composed of two sequence 

types, representing six isolates (B44B Hunter Valley, NSW and B96D Hilltops, NSW). 

Within the B. bassiana clade, two phylogenetic clades are also new sister clades. Two B. 
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bassiana sequence types (B178B Alpine Valleys, Vic and B164D Alpine Valleys Vic) 

representing six isolates, and another four sequence types (B16B Riverina I, NSW, B70D 

Riverina II, NSW, B92D Hilltops and B193B Goulburn Valley Vic), also representing six 

isolates form discrete clades, form a well-supported terminal clade and are potential 

phylogenetic species. 

 

2.4. Discussion 

Our study confirms that entomopathogenic fungi of the genera Beauveria and Metarhizium 

naturally occur in Australian vineyard soils, similar to occurrence in many other agricultural 

habitats, and has successfully added to the knowledge of entomopathogens in vineyards in 

Australia. 

Two isolation methods, insect baiting and soil dilution, proved to be effective in 

isolating entomopathogenic fungi from vineyard soils. Both methods isolated fungi from soil 

samples and we found that it was favourable to use both methods; from some vineyards, only 

one or the other method recovered either a Beauveria or a Metarhizium isolate. Medo and 

Cagáň (2011) reported that the two isolation methods they used (selective media and Galleria 

mellonella L., Lepidoptera: Pyralidae, as insect baits) showed significant differences in the 

species of entomopathogenic fungi isolated from the soils in hedgerows, arable fields, 

meadows and forests in Slovakia. Therefore, to capture a wider range of species of 

entomopathogenic fungi, it was advantageous in our study to use two isolation methods and 

two semi-selective media types.  

To our knowledge, only two previously published Australian surveys were designed 

specifically to isolate entomopathogenic fungi from Australian soils (Rath et al., 1992; 

Roddam and Rath, 1997). These surveys were done in Subantarctic Macquarie Island and 

Tasmanian pastures, different than vineyard environments, and drawing a parallel correlation 

between these studies is difficult, also, because the isolation methods used and species 

identification approaches were different. The earlier studies used a different soil dilution 

method and did not use the bait method. B. bassiana and M. anisopliae found in the previous 

studies are now referred to as B. bassiana s.l. and M. anisopliae s.l., referring to the genera 

as complexes of cryptic species that can only be separated using molecular identification 

(Bischoff et al., 2009; Rehner et al., 2011). However, the previous Australian studies are the 

closest geographically to our survey and, therefore, we consider their findings. M. anisopliae 
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s.l. was recovered from 28 % of soil samples from Tasmanian pastures (Rath et al., 1992), 

and approximately 3.5 % from Subantarctic Macquarie Island (Roddam and Rath, 1997) 

while 33 % of soil samples contained a Metarhizium spp. isolate in the current study. B. 

bassiana s.l. was recovered from approximately 0.6 % of soil samples from Subantarctic 

Macquarie Island (Roddam and Rath, 1997) compared to 26 % of soil samples that contained 

a Beauveria spp. isolate in the current study. 

The percentage of soil samples positive for Beauveria and Metarhizium spp. reported 

in global surveys is variable. For example, up to 96 % of samples were positive in a survey 

of meadows, orchards and arable land in Switzerland (Keller et al., 2003), and another study 

investigating agricultural and forest habitats of Ontario Province, Canada found presence in 

91 % of samples (Bidochka et al., 1998). Conversely, a survey performed on a farm in 

Warwickshire, England found entomopathogenic fungi in 15.6 % of samples (Chandler et 

al., 1997), and 4.29 % samples were positive in the predominant vegetation and landforms 

on the Subantarctic Macquarie Island in Australia (Roddam and Rath, 1997). Our total of 

60 % positive samples for either Beauveria spp. or Metarhizium spp. is within this range. 

Even though the results of our study correspond closely with the totals found worldwide 

(Medo and Cagáň, 2011), the methods of isolation were not standardised between the studies 

so it is difficult to make comparisons. For example, Uzman et al. (2019) found Metarhizium 

spp. in 48.1 % of samples, C. rosea in 32.6 % and Beauveria spp. in 19.3 % of their soil 

samples collected in vineyards in Germany using the G. mellonella bait method only. By 

comparison, we found Beauveria spp. in 26 % and Metarhizium spp. 33 % of the soil samples 

using two sampling methods. The scope of our study was not extended to evaluate the 

presence of C. rosea using the dilution method and this species was not detected using T. 

molitor as insect bait. While both studies confirmed that Beauveria spp. and Metarhizium 

spp. are present in vineyard soils, their frequency of detection was different, possibly due to 

the different sampling methods employed and/or a range of other biotic and abiotic factors 

affecting vineyards in different environments.  

The species composition of the genus Beauveria in Australian vineyard soils included 

three different species, B. australis, B. bassiana, and B. pseudobassiana. The presence of B. 

bassiana and B. pseudobassiana in the soil is similar to that reported by other researchers 

who surveyed soils in hedgerows, arable fields, meadows and forests in Slovakia (Medo et 

al., 2016) and an organic farm in Denmark (Meyling et al., 2009). Our study failed to isolate 
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B. brongniartii, a species also not found by Perez-Gonzalez et al. (2014), despite sampling 

10 different agricultural locations in Mexico. Both B. bassiana and B. brongniartii were 

reported to be root colonisers of grapevines in a study from the Willamette Valley, Oregon, 

USA (Fisher et al., 2011). Fisher et al. (2011) found a single clade of B. bassiana (Bbas-16) 

with strong correlation to the rhizosphere of grapevines. We did not find this B. bassiana 

sequence type (Bbas-16, HQ413773); furthermore, no single Beauveria sequence type was 

present in all surveyed vineyards, suggesting no such close correlation between Beauveria 

sp. and Vitis sp. in Australian vineyards. The presence of B. australis in our survey sites 

contrasts with other studies. B. australis was first isolated from soils and grasshoppers 

(Orthoptera: Acrididae) from the Australian state of Tasmania (Rehner et al., 2011). Since 

then it has been isolated from an ant and a parasitoid wasp host (Hymenoptera: Formicidae 

and Ichneumonidae) in two provinces in China (Yunnan and Anhui) (Cai et al., 2013). In our 

survey, B. australis was isolated from soil samples originating from four vineyards in NSW 

but not in the vineyards sampled in Victoria.  

The species composition of the genus Metarhizium in Australian vineyard soils 

included six different species, M. robertsii, M. pingshaense, M. brunneum, M. majus, M. 

guizhouense and M. flavoviride var. pemphigi. Three of these Metarhizium species, M. 

guizhouense, M. robertsii and M. brunneum were isolated from the rhizosphere of grapevines 

in the Willamette Valley of Oregon (USA), however no significant association between 

grapevine roots and any of these three species were found; M. flavoviride var. pemphigi, M. 

pingshaense and M. majus from vineyard soils were not found in the rhizosphere of 

grapevines (Fisher et al., 2011). This suggests that the composition of entomopathogens in 

the vineyard ecosystem is not driven by grapevine roots at all. For example bioavailable 

copper in vineyard soil in Germany increased the detection frequency of the genus 

Metarhizium (Uzman et al., 2019), however the Metarhizium species composition was not 

reported. Other surveys have found various Metarhizium species compositions. Only M. 

robertsii was identified in 10 different agricultural locations in Mexico (Perez-Gonzalez et 

al., 2014). Another study found an assortment of three species of M. guizhouense, M. 

robertsii and M. brunneum in adjacent forest and field locations in Ontario Province, Canada 

(Wyrebek et al., 2011). Three studies from Denmark found the following combination of 

Metarhizium species compositions: M. robertsii, M. brunneum, M. majus and M. flavoviride 

were found in an agricultural field and hedgerow locations (Steinwender et al., 2014), a mix 
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of M. robertsii, M. brunneum and M. majus were identified in organically managed oat, rye 

and cabbage plants (Steinwender et al., 2015), and predominantly M. flavoviride together 

with M. brunneum and M. majus from wheat, oilseed rape and pastures (Keyser et al., 2015). 

Our study recorded six Metarhizium spp. in one type of agricultural habitat 

(vineyards), with single vineyard sites having a maximum of three different Metarhizium spp. 

The total number of Metarhizium spp. within the single agricultural habitat may be due to the 

distance and, thus, climatic differences between the sites and different management regimes 

of the vineyards surveyed. 

Even though the surveyed sites were managed differently, they were all 

conventionally managed commercial operations. The soil at all sampling locations was 

relatively undisturbed (not cultivated). It has been suggested that the soil and rhizosphere 

microhabitat of uncultivated vineyard soils may be more similar to forest habitats than 

agricultural habitats (Fisher et al., 2011) and, thus, could explain the richness of 

entomopathogenic fungal species we identified.  

We showed that entomopathogenic fungi Beauveria spp. and Metarhizium spp. are 

present in vineyard soils of southern Australia and provided a library of fungal 

entomopathogens present in this habitat. These fungi could be tested for their efficacy against 

soil-dwelling insect pests, such as grapevine phylloxera. 

  



   

 

Chapter 3 

Endophytic establishment of the entomopathogenic fungus Beauveria bassiana in the 

roots of European grapevine (Vitis vinifera)  

 

3.1. Introduction 

Endophytes within vascular plants include fungi and bacteria that invade the living plant 

tissue without causing any symptom of disease (Wilson, 1995). Entomopathogenic fungi 

have been detected in plants as endophytes and have been found to have a number of 

beneficial properties (Vega et al., 2008). They can play a role in protecting plants from insect 

pests by the insect either feeding on fungal hyphae and causing their death with or without 

mycosis, affecting plant originated herbivore induced volatiles and kairomones, or by 

protecting the plants from insect herbivory by producing fungal secondary metabolites, such 

as destruxins or by inducing the host plants’ defence secondary metabolites (Vega, 2018). 

Endophytic entomopathogens could also protect plants from pathogens as many have been 

described to have antagonistic effects on plant pathogens however, the mechanism behind 

this antagonism in planta has not yet been explained (Vega, 2018). Endophytic 

entomopathogenic fungi can also stimulate plant growth, which could be in the form of 

tranferring nutrients (such as nitrogen) from insects to plants or by producing plant growth 

regulators (Vega, 2018).  

Beauveria bassiana (Balsamo) Vuillemin, has been shown to form endophytic 

relationships either naturally or after artificial introduction into the plant (McKinnon et al., 

2016; Vega, 2018). In recent years, numerous studies have investigated entomopathogenic 

fungi as plant endophytes and a diverse range of inoculation methods, plant species and 

fungal isolates have been documented in the literature (McKinnon et al., 2016; Vega, 2018). 

Endophytic B. bassiana has been isolated from various plant parts inoculated with a conidial 

suspension and it has also been reported to be able to move within a number of plant species, 

and hyphae has been detected in plant parts and tissues such as the pith, apoplast, xylem 

elements, stomatal openings, air space between parenchyma, vascular tissue, mesophyll and 

intercellular space in the parenchyma (Vega, 2018).  

Treating the plant seeds with conidial suspensions is one way of introducing B. 

bassiana as a plant endophyte. Soaking the seeds of broad beans (Vicia faba L.), green beans 

(Phaseolus vulgaris L.) and sorghum (Sorghum bicolor L.) in B. bassiana conidial 
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suspension resulted in the endophytic colonisation of these plants (Akello and Sikora, 2012; 

Akutse et al., 2014; Akutse et al., 2013; Tefera and Vidal, 2009). Likewise, coating the seeds 

of radiata pines (Pinus radiata D. Don) and tomatoes (Solanum lycopersicum L.) with B. 

bassiana produced endophytically colonised plants (Brownbridge et al., 2012; Powell et al., 

2009b). Endophytic colonisation of seedlings arising from surface conidial inoculation with 

B. bassiana has been demonstrated in cocoa (Theobroma cacao L.) and coffee (Coffea 

arabica L.) plants (Posada and Vega, 2005; Posada and Vega, 2006). 

B. bassiana has been shown to move within green bean plants (P. vulgaris) when the 

growing medium was treated with B. bassiana inoculum (Behie et al., 2015). Drenching with 

B. bassiana conidial suspension resulted in successful endophytic establishment and within 

plant movement in pineapple (Fragaria x ananassa (Duch)) (Dara et al., 2013), green beans 

(P. vulgaris) (Parsa et al., 2013), coffee (C. arabica) (Posada et al., 2007), cauliflower 

(Brassica oleracea L. var. botrytis subvar. cultiflora) (Razinger et al., 2014) and sorghum 

(S. bicolor) (Tefera and Vidal, 2009). Injecting coffee (C. arabica) stems with conidial 

suspensions of B. bassiana resulted in subsequent isolation of endophytic B. bassiana from 

plant tissues other than where the inoculation originally occurred (Posada et al., 2007). Root 

dipping of plants in B. bassiana conidial suspension can also lead to the fungus moving 

within radiata pine (P. radiata) seedlings (Brownbridge et al., 2012).  

Beauveria bassiana has also been successfully introduced as an endophyte into the 

leaves of V. vinifera L. to reduce infestation by sucking-piercing insects under glasshouse 

and field conditions (Rondot and Reineke, 2018). Under controlled environment conditions, 

the leaves of seven-week old vines were sprayed with a B. bassiana conidial suspension and 

endophytic establishment was observed 7, 14 and 21 days post inoculation (Rondot and 

Reineke, 2018). When the leaves of established, field grown V. vinifera plants were sprayed 

with a conidial suspension of B. bassiana, endophytic establishment was detected up to five 

weeks post-application (Rondot and Reineke, 2018). Another study showed that endophytic 

B. bassiana in V. vinifera was antagonistic to the downy mildew pathogen (Plasmopara 

viticola (Berk. and Curt.) Berl. and de Toni) of grapevines by reducing the incidence and 

severity of the disease (Jaber, 2014). In this study, the leaves of six-week old glasshouse-

grown V. vinifera were sprayed with a conidial suspension of B. bassiana and endophytic 

establishment was confirmed 7 and 14 days post-application (Jaber, 2014). 
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While B. bassiana has not previously been isolated from the root system of Vitis sp., 

naturally occurring endophytic fungi have been. These include Cladosporium cladosporoides 

(Fres.) de Vries (regarded as a secondary pathogen), Gliocladium catenulatum Gilman & 

Abbott , G. roseum Bainier, Penicillium citrinum Thom and Trichoderma koningii Oudem 

(Huber et al., 2009). A study reports 488 isolates from 68 fungal taxa were found 

endophytically in various V. vinifera cultivars at six locations in central Spain (González and 

Tello, 2010). This study also reports three isolates of B. bassiana from two locations in 

central Spain, isolated from “twig sections” of 1-1.5 cm but not from V. vinifera leaves or 

berries (González and Tello, 2010). These findings show that Vitis spp. are natural hosts for 

endophytic fungi and that B. bassiana can be both a natural and introduced endophyte of V. 

vinifera. 

The aim of the research reported here was to examine the possibility of introducing 

B. bassiana into the root system of V. vinifera and to determine if endophytically established 

B. bassiana is able to move within the V. vinifera plant. By colonising the roots of V. vinifera, 

B. bassiana could provide protection from root-feeding insect pests such as grapevine 

phylloxera (Daktulosphaira vitifoliae, Fitch.) by, as mentioned above, utilising plant 

originated herbivore induced volatiles and kairomones, by producing fungal secondary 

metabolites, or by inducing the host plants’ defence secondary metabolites. Meanwhile, as a 

disease antagonist, it could also potentially protect the grapevine roots from secondary fungi, 

such as Fusarium sp., Trichoderma sp., Rhizoctonia sp., Alternaria sp., Pythium sp., Mucor 

sp. and Penicillium sp. which are regarded as secondary fungi entering the plant following 

phylloxera feeding (Omer et al., 1995). 

 

3.2. Materials and methods 

3.2.1. Plant material 

Vitis vinifera cv. Riesling hardwood grapevine cuttings were collected during winter and 

stored in a cool, dark place until use. The cuttings were grown in a glasshouse at the 

Hochschule Geisenheim University, Department of Crop Protection, Geisenheim, 65366, 

Germany in clay/white peat potting mix (ED73 Einheitserdewerke Patzer, Sinntal-

Altengronau, 36391, Germany), at 22–25 °C and 16:8 day:night photoperiod. Plants were 

rooted together in batches (40-50 cuttings per box) for approximately four weeks, until 

sufficient root development was achieved, and were then planted individually into 20 cm 
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diameter pots for further expansion. They were hand watered as required and fertilised once 

a week using FERTY® 3 MEGA fertiliser (Planta Düngemittel GmbH Schwanenstraße 22, 

93128 Regenstauf, Germany) according to the manufacturer’s recommendation. 

For the foliar spray, root drenching and control treatments, seven-week old, 

individually potted vines, of approximately the same size were used. For root treatments, 

where during the treatment the roots needed to be manipulated (root dipping) or potted 

(mixing rice in the potting media and hydroponic plants), the rootlings were kept together in 

boxes (not planted into pots at four weeks) until they were six-weeks old. For the 

experiments, rootlings of sufficient and approximately similar root development were 

selected.  

Hydroponic grapevines were grown in still water hydroponics (Kratky, 2004) in 1.2 L 

black containers with a lid (Bikapack GmbH Albert-Schädler-Straße 9 AT 6800 Feldkirch). 

A 3 cm diameter hole was cut in the lid, where a 30 mL graduated, clear, plastic medicine 

cup was inserted, with its base removed. Grapevine stems were wrapped in wet cotton wool, 

just above where the roots emerged, and placed in the medicine cups with the roots protruding 

from the bottom. Enough cotton wool was used to keep the medicine cup packed tightly, so 

that the stems would not fall through the hole. The roots were carefully threaded through the 

hole in the container lid and the medicine cup was pushed into the hole to create a tight fit 

(the diameter of the cup at the bottom was smaller than at the top). The black plastic 

containers were then filled with 2 g/L of FERTY® 9 Hydro (Planta Düngemittel GmbH 

Schwanenstraße 22, 93128 Regenstauf, Germany). These containers were able to hold 

enough nutrients for the plants for the entire trial, however after six weeks, the water level 

was topped-up with 100 mL of tap water weekly. 

 

3.2.2. Fungal material 

A commercially available entomopathogenic fungus B. bassiana (strain ATCC 74040), 

marketed as Naturalis® (CBC (Europe) S.r.l. – BIOGARD Division, Italy) was used. A 

200 µL fungal suspension (1 % concentration = 500 µL of Naturalis diluted in 50 mL of 

sterile dH2O) was plated onto potato dextrose agar (PDA) and stored at 25 °C in the dark for 

four weeks.  
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Plants were inoculated with either conidial suspensions (foliar spray, root drenching, 

root dipping and hydroponic plants) or with rice culture (rice mixed in potting mix), where 

rice was used as a solid medium for the fungus.  

Conidial suspensions were collected by pipetting 5 mL of sterile 1/8th strength 

Ringer’s solution (experiment one) or sterile dH2O (experiment two) with 0.05 % Tween 80 

onto each B. bassiana culture. The surface of the culture was gently scraped using a Drigalski 

spatula to dislodge the conidia and the suspension was filtered through glass wool into a 

Schott bottle. This was repeated with another 5 mL of Ringer’s solution / sterile dH2O for 

each plate. A Thoma haemocytometer was used to assess the concentration of conidia in the 

suspension. 

Rice cultures were grown in two stages: stage one, liquid culture; stage two, solid 

culture. For stage one, 6 x 300 mL conical flasks were filled with 100 mL each of malt extract 

broth, the mouth of the flask was covered with aluminium foil and autoclaved. To each flask, 

three plugs (1 cm diameter) randomly cut from the B. bassiana (grown on PDA) culture were 

added under sterile conditions. To keep the liquid culture sterile, the mouths of flasks were 

re-covered with sterile aluminium foil. All flasks were covered with aluminium foil and 

placed on a rotary shaker at 125 rpm for seven days at room temperature. For stage two, 

300 g of parboiled rice was placed in six plastic autoclave bags with 200 mL of dH2O. The 

bags were microwaved (700 W microwave) on the highest setting for 3 minutes, after which 

100 mL of dH2O was added to each bag and microwaved for a further 3 minutes at the highest 

setting. The bags were then sealed with autoclave tape and autoclaved for 15 minutes at 

121 °C. When bags reached room temperature (22±2 °C), each bag received one of the seven-

day old liquid cultures from the conical flasks and were mixed thoroughly to distribute the 

inoculum within. The bags were re-sealed leaving a hole to allow for oxygen exchange and 

placed in covered plastic containers to incubate at room temperature (22±2 °C) for 6 days.  

 

3.2.3. Experimental setup 

3.2.3.1. Experiment one 

In the first experiment, four treatments were used. Foliar spray (FSB), root dipping (RDB), 

root drenching (RDrB) with conidial suspension (5.3 x 107) and rice solid culture (BCR) 

grown conidia mixed into the potting mix. Each treatment had its corresponding control 

(foliar spray control (FSC), root dipping control (RDC), root drenching control (RDrC)) 
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where 1/8th strength Ringer’s solution with 0.05 % Tween 80 was used instead of a conidial 

suspension and cooked, autoclaved rice instead of solid culture grown conidia (CR) was 

mixed in the potting mix. In addition, a no treatment control (Cont) was included. Twelve 

plants were used for each treatment.  

Treatments were applied on the same day in a sequence to minimise cross 

contamination. Firstly the controls and then followed by the treatments. Inoculation took 

place outside the glasshouse chamber where the plants were later placed for the duration of 

the experiment. 

For the foliar spray treatment, a 1 L pressure sprayer was used. To each plant, 10 mL 

of conidia suspension (FSB) or Ringer’s solution with Tween 80 (FSC) was applied, plants 

were left to dry before moving them into the glasshouse chamber. On the day of inoculation, 

either 100 mL of conidia suspension (RDrB) or 100 mL of Ringer’s solution with Tween 80 

(RDrC) was poured onto the growing media in the pot of each root-drenched plant. 

Plants in the root dipping treatment were removed from their growing boxes where 

they were rooted and their roots were washed with tap water. Approximately 500-800 mL of 

conidial suspension (RDB) or Ringer’s solution with Tween 80 (RDC) were poured into a 

1 L beaker and the roots of the plants were placed in their respective solutions for 15 minutes. 

Plants were then potted into their individual pots.  

For the rice treatments, six bags of six-day-old solid culture rice (BCR) or six bags 

of autoclaved cooked rice (CR) were used. The rice (with or without conidia) was first evenly 

incorporated into the potting mix (6 x 300 g of rice culture incorporated into 15 pots-full of 

potting mix). Individual plants (similar to the root dipping treatment) were then potted 

separately in their pots using the potting mix rice mixture as medium. There was no treatment 

applied to the no treatment control (Cont) plants.  

After their respective inoculation, plants were placed in a glasshouse chamber at 22–

25 °C with 16:8 day:night photoperiod, in a randomised block design, generated by GenStat 

(VSN International, 2013). The plants were hand watered as required and fertilised once a 

week as described previously. 

At weekly intervals, for eight weeks, the third bottom leaf from three plants was 

removed and the leaves evaluated for the presence of B. bassiana (see below 3.2.4. 

Experimental evaluation). Every second week (weeks 2, 4, 6 and 8), the same three plants 

were destructively harvested and a section of their roots was randomly selected, the entire 
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lignified stem (the original hardwood cutting the plant grew from) and another leaf from the 

bottom of the stem was removed. One gram of the soil (potting media) from below the stem 

was also collected for evaluation. From the half-way point in the experiment, (weeks 5, 6, 7 

and 8) a top leaf (that developed during the experiment) was also removed from each plant 

for assessment.  

3.2.3.2. Experiment two 

Three treatments were used in the second experiment. Treatments showing root colonisation 

from the first experiment were repeated (root drenching (RDrB) and solid culture 

incorporated in potting mix (BDR)) plus hydroponic grapevine (HB) treatments were added. 

Each treatment had its corresponding control (root drenching control (RDrC), cooked, 

autoclaved rice mixed in the potting mix (CR) and hydroponic control (HC)). No-treatment 

control plants were not included and each treatment consisted of 18 plants. 

Root drenching with conidial suspensions (RDrB) (5.7 x 107 conidia/mL) and their 

control plants (RDrC) were established as described above. Rice solid culture (BCR) and 

their control (CR) was also set up as described above. However, the number of plants from 

the first experiment to the second increased by a third (12 to 18). Therefore, to keep the rice 

to potting mix ratio approximately the same, both the potting mixture and the amount of solid 

culture (or cooked rice) that was incorporated into the potting mix was increased by a third. 

Hydroponically grown grapevines (HB) were inoculated by pouring 30 mL of conidia 

suspension (3.2 x 107 conidia/mL) into the nutrient solution, and control hydroponic 

grapevines (HC) received 30 mL of water only. 

Plants were placed in the same glasshouse chamber as the first experiment, with the 

same glasshouse conditions, 22–25 °C with 16:8 day:night photoperiod. For this experiment, 

however, the treatments were kept together, rather than using a randomised block design. 

This was performed to avoid cross contamination as each treatment was kept together on a 

separate glasshouse table, with treated plants to the left hand side and controls to the right 

hand side of the same glasshouse chamber. The top of each pot was covered with aluminium 

foil during the experiment to minimise the spread of conidia from the pots due to air 

movement in the glasshouse. The aluminium foil was removed each time the plants were 

irrigated/fertilised. 

This experiment ran for eight weeks. The roots of two-week old vines in the first 

experiment were found to be very small and thin and therefore, in the second experiment, 
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this sampling date was excluded. Therefore, treatments were first evaluated in week four, 

then at week six and eight. At each time point, six plants were destructively harvested 

removing a randomly selected section of their roots and the third bottom leaf for evaluation. 

At week four, 1 g of soil sample and 1.5 mL of hydroponic solution samples were also 

collected. 

 

3.2.4. Experimental evaluation 

Leaf, stem and root samples removed for evaluation were transported from the glasshouse to 

the laboratory on ice for surface sterilisation and isolation. Individual leaves were surface 

sterilised by immersing them for two minutes in each of 0.5 % NaOCl (active chlorine) with 

0.05 % Tween 80, then 75 % ethanol and sterile dH2O. This was followed by a final rinse in 

sterile dH2O as described by Rondot and Reineke (2018). Leaves were then patted dry on 

sterile paper towel. From each leaf, eight leaf disks (12 mm diameter) were removed using a 

sterile cork borer and placed upside down in a circle on disposable 90 x 15 mm Petri dishes 

with Beauveria selective media (BSM) (same as Chaper 2). After sterilisation, 200 µL of the 

final rinse water was plated onto PDA, to see if any fungal growth could be observed, 

indicating surface contamination. 

Stem samples were surface sterilised as described for the leaf samples, except the 

wash time in NaOCl and ethanol was increased to four minutes each. They were cut using 

sterile secateurs to eight approximately 4 mm thick pieces and placed in a circle on Petri 

dishes with BSM. 

Root samples were first washed in water to remove soil residue and then surface 

sterilised as described for stem samples. The sterilised root pieces were then cut to eight 

approximately 1 cm long pieces and placed in a circle on Petri dishes with BSM. The final 

rinse water of the stems and roots were also checked for contaminating fungi. 

Soil samples collected during destructive harvesting were serially diluted with dH2O 

to 10-1, 10-2, 10-3 and 10-4 concentration while hydroponic solution samples were not diluted 

and 200 µL of each serial dilution and non-diluted hydroponic solution were plated on Petri 

dishes with BSM. Petri dishes were incubated at 25 °C in the dark. After two weeks the 

fungal growth from the leaves, stems or roots and colony forming units on the soil sample 

dilution Petri dishes were evaluated. Colony forming units (CFUs) were counted and the 

conidia concentration calculated. When B. bassiana growth was visually detected growing 
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from plant material, a small amount of the cultured fungus was collected for DNA extraction. 

DNA was extracted using a MasterPure™ DNA Purification Kit (Epicentre®, Lucigen, 

Biozym Scientific GmbH Steinbrinksweg 27 D - 31840 Hessisch Oldendorf, Germany) 

according to manufacturer’s recommendations. 

To ensure the B. bassiana growth visually observed on the Petri dishes were the B. 

bassiana strain (ATCC 74040) applied, the length of five (Ba01, Ba02, Ba08, Ba12 and 

Ba13) Beauveria specific microsatellite markers (simple sequence repeat, SSR) (Rehner and 

Buckley, 2003) were investigated for each positive sample. All five PCR products were 

fluorescently labelled with the same fluorescent primer (BMN5) according to Schuelke 

(2000). PCR amplification conditions and capillary electrophoresis were performed in 

accordance with Reineke et al. (2014). Reactions were multiplexed, with all five primers 

pooled into one reaction tube, as the expected length of each fragment differed 

(Ba01=117 bp, Ba02=152 bp, Ba08=255 bp, Ba12=231 bp and Ba13=216 bp) (Reineke et 

al., 2014). Only samples with wavelengths comparable with that of B. bassiana strain ATCC 

74040 grown as a pure culture were considered to be analogous and therefore considered for 

further analysis. A whole plant was considered positive for endophytic B. bassiana 

establishment if at least one of the plant parts (leaf or root segment) showed B. bassiana 

growth and if B. bassiana was confirmed by SSR markers to be strain ATCC 74040. 

 

3.2.5. Statistical analysis 

Statistical analysis were conducted using GenStat 19th Edition (VSN International, 2017), 

using the non-parametric Kruskal-Wallis one-way ANOVA. When the results showed 

possible significant differences (P≤0.05) between treatments, a follow-up post-hoc, non-

parametric Mann-Whitney U (Wilcoxon rank-sum) test was used to pairwise compare 

treatments.  

 

3.3. Results 

3.3.1. B. bassiana strain identification 

Strain specificity of endophytic B. bassiana strain ATCC 74040 was confirmed for all 

samples before inclusion in statistical analyses. The five Beauveria specific microsatellite 

markers had to show a signal at their expected length (Ba01 at 117 bp, Ba02 at 152 bp, Ba08 

at 255 bp, Ba12 at 231 bp and Ba13 at 216 bp) for the sample to be included. Based on the 
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SSR analysis, from the first experiment two samples (one originating from root and one from 

leaf material) and from the second experiment four samples (all originating from root 

material) were excluded.  

 

3.3.2. Experiment one 

Leaves collected from all treatments were positive for B. bassiana at some point during the 

first experiment (Figure 3.1), whether they were treated with B. bassiana or not. In total, the 

leaves of nine out of the 12 (or 75 %) plants sprayed with B. bassiana conidia (FSB) were 

found to be positive for endophytic establishment during the eight weeks of the trial, however 

this was not significantly different compared to the no treatment control (Cont) and to the 

foliar sprayed control (FSC) treatments (P=0.086). FSB treated plants were however, 

significantly different (P=0.041) to control treatments such as root dipping (RDC) and rice 

mixed in potting medium (CR), however comparison to these controls are not appropriate as 

they were not controls for those treatments (Figure 3.1). No other significant differences were 

observed (Figure 3.1). 
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Figure 3.1: Total number of grapevine plants with leaves positive for endophytic Beauveria 

bassiana during Experiment 1. 

Cont – no treatment control, FSC – foliar sprayed control, FSB – foliar sprayed with conidia 

solution, RDC – root dipped control, RDB – root dipped in conidia solution, RDrC – root 

drenched control, RDrB – root drenched in conidia suspension, CR – rice mixed in potting 

media, BCR – conidia grown on rice solid culture mixed in potting media. Same letters above 

the columns indicate no significant difference at P=0.05 using Kruskal-Wallis one-way 

ANOVA and Mann-Whitney U (Wilcoxon rank-sum) test. 

 

Endophytic B. bassiana establishment in the roots was first detected during the fourth 

week of the experiment, a single plant from each control root drenching treatment (RDrC) 

and B. bassiana on rice culture mixed into the potting mix (BCR) treatment. In week 6, two 

plants from the B. bassiana on rice culture mixed into the potting mix (BCR) treatment and 

a single plant root drenched with B. bassiana conidial suspension was found to be positive 

for endophyte establishment. In total, the roots of three (25 %) plants grown in potting media 

mixed with B. bassiana conidia on solid culture were endophytically colonised compared to 

the root drenching application where only a single (8.33 %) plant was positive. However, 

there were no significant differences between treatments and their corresponding controls 

(P≥0.05). 

A single top leaf sample (control plant in week 8) but none of the stem samples from 

any of the treatments for any week of assessment were positive for the establishment of 

endophytic B. bassiana. 
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Colony forming units (CFU) of B. bassiana were only found in samples from 

treatment pots and none were found in any of the controls (Table 3.1). While each soil sample 

weighed 1 g, the moisture content of the samples was not standardised. The aims were (i) to 

test if there were viable conidia in the potting media post-inoculation, (ii) to see if the conidia 

were still present and viable throughout the duration of the experiment and (iii) to give an 

indication of the potential infection load in each treatment by giving a proportion of CFU per 

treatment. Low CFU numbers were found in foliar sprayed (FSB) and root dipped (RDB) 

treatments, while a thousand fold increase of CFUs were observed in root drenched (RDrB) 

and treatments where B. bassiana was grown on rice cultures (BCR) (Table 3.1). Root 

dipping the plants in B. bassiana conidial suspensions (RDB) did not result in significantly 

higher CFUs from their control (RDC) at any of the time points (P=0.182 for weeks 2, 4, 6 

and P=1.000 for week 8) (Table 3.1). Foliar spraying with conidial suspensions of B. 

bassiana (FSB) resulted in a significant difference from the control (FSC) in week 2 

(P=0.015) and week 6 (P=0.015) (Table 3.1). Root drenching with B. bassiana conidial 

suspension (RDrB) and mixing B. bassiana conidia grown on solid culture in the potting 

media (BCR) resulted in significantly more viable B. bassiana conidia than their 

corresponding controls (RDrC and CR respectively) (P=0.024, P<0.001, P=0.002, P=0.006 

for group RDrB and RDrC for weeks 2, 4, 6 and 8 respectively and P=0.024 in week 2, 

P=0.002 in weeks 4, 6 and 8 for group BCR and CR group) (Table 3.1). 
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Table 3.1: Beauveria bassiana colony forming units (CFUs) found in 1 g of soil at 2, 4, 6 

and 8 weeks post inoculation.  

 

CFU/g Cont FSC FSB RDC RDB RDrC RDrB CR BCR 

Week 2 0 0 3.67x102 * 0 4.00x101 0 1.95x104 * 0 7.33x104 * 

Week 4 0 0 6.17x101 0 2.00x101 0 2.74x104 * 0 4.20x105 * 

Week 6 0 0 1.48x102 * 0 1.33x101 0 1.18x104 * 0 2.57x105 * 

Week 8 0 0 2.83x101 0 0 0 4.91x103 * 0 1.37x105 * 

 

Cont – no treatment control, FSC – foliar sprayed control, FSB – foliar sprayed with conidia 

solution, RDC – root dipped control, RDB – root dipped in conidia solution, RDrC – root 

drenched control, RDrB – root drenched in conidia suspension, CR – rice mixed in potting 

media, BCR – conidia grown on rice solid culture mixed in potting media. * denotes 

significant difference from the corresponding control treatments at the same time point 

(P=0.05). 

 

3.3.3. Experiment two  

The establishment of endophytic B. bassiana was only observed in plants treated with B. 

bassiana conidia (Figures 3.2 and 3.3). No control treatments were contaminated with 

endophytic B. bassiana (Figures 3.2 and 3.3). Successful leaf and root colonisation was only 

found in plants that were either root drenched or those where B. bassiana solid culture was 

mixed into the potting medium and no endophytic colonisation was found in the hydroponic 

plants (Figures 3.2 and 3.3). Endophytically colonised leaves were detected at all three 

assessment points (4, 6 and 8 weeks post-inoculation) (Figure 3.2). In total, the leaves of 10 

plants (55.6 %) grown in B. bassiana solid culture mixed in the potting mix (BCR) and five 

plants (27.8 %) of root drenched with B. bassiana conidia suspension (RDrB) were found to 

be endophytically colonised (Figure 3.2). Both of these treatments were significantly 

different to their corresponding controls (P<0.001 BCR and CR group and P=0.045 RDrB 

and RDrC group) (Figure 3.2). The leaves of hydroponically grown grapevines, either treated 

with B. bassiana conidia suspension (HB) or not (HC) were not found to be endophytically 

colonised by B. bassiana (Figure 3.2). 
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Figure 3.2: Number of plants with leaves positive for endophytic Beauveria bassiana in total 

during Experiment 2.  

RDrC – root drenched control, RDrB – root drenched in conidia suspension, CR – rice mixed 

in potting media, BCR – conidia grown on rice solid culture mixed in potting media, HC – 

hydroponic control, HB – conidia suspension in hydroponic solution. Same letters above the 

columns indicate no significant difference at P=0.05 using Kruskal-Wallis one-way ANOVA 

and Mann-Whitney U (Wilcoxon rank-sum) test. 

 

In total, the roots of 11 (61 %) plants grown in B. bassiana solid culture mixed in the 

potting mix (BCR) and four (22 %) roots drenched with B. bassiana conidial suspensions 

(RDrB) were found to be endophytically colonised (Figure 3.3). The number of 

endophytically colonised roots of the plants grown in B. bassiana solid culture mixed in the 

potting mix (BCR) was significantly different (P<0.001) to their corresponding control (CR). 

This is not the case for the root drenched plants, where the difference was not significant 

(P=0.104). The roots of hydroponically grown grapevines, either treated with B. bassiana 

conidial suspensions (HB) or not (HC) were not found to be endophytically colonised by B. 

bassiana (Figure 3.3).  
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Figure 3.3: Beauveria bassiana and other fungi growing out of sterilised Vitis vinifera roots 

on Beauveria selective media (BSM).  

 

 

 

Figure 3.4: Number of plants with roots positive for endophytic Beauveria bassiana in total 

during Experiment 2.  

RDrC – root drenched control, RDrB – root drenched in conidia suspension, CR – rice mixed 

in potting media, BCR – conidia grown on rice solid culture mixed in potting media, HC – 

hydroponic control, HB – conidia suspension in hydroponic solution. Same letters above the 

columns indicate no significant difference at P=0.05 using Kruskal-Wallis one-way ANOVA 

and Mann-Whitney U (Wilcoxon rank-sum) test. 

 



Chapter 3 68 

 

In this second experiment, B. bassiana colony forming units (CFU) were only 

assessed at one time point (4 weeks post inoculation). They were only found in the growing 

media (potting mix or hydroponic solution) of plants that were treated with B. bassiana 

conidia (RDrB=1.82x105 conidia/mL, BCR=6.65x105 conidia/mL, HB=2.11x102 

conidia/mL), none were found in the control treatments (RDrC, CR, HC). Similar to 

experiment one, each soil sample weighed 1 g, without standardising the moisture content. 

This was done only to give an indication if there were viable conidia in the growing media 

post inoculation and to observe the potential infection load in each treatment. Four weeks 

post inoculation the number of CFU found in the growing media (potting mix or hydroponic 

solution) of plants treated with B. bassiana conidia were significantly different to their 

corresponding controls (P<0.001 for both groups RDrB, RDrC and BCR, CR; P=0.001 for 

group HB, HC). 

 

3.4. Discussion 

The results demonstrate that it is possible for B. bassiana to endophytically colonise the root 

tissue of V. vinifera using root inoculation methods where the roots are in direct contact with 

the inoculum (B. bassiana conidia). The two successful methods where endophytic B. 

bassiana establishment was found in the roots were by root drenching, where a conidial 

suspension was directly poured onto the roots of potted plants and where conidia were grown 

on rice culture which was mixed in the potting medium.  

The leaf sample results of the first experiment showed that the treatments were 

contaminated by the B. bassiana strain applied to the other plants. It is underpinned by the 

fact that the B. bassiana strain found in the leaves of control plants, as confirmed by the SSR 

markers, was the same as the one applied. During this first experiment, there was also a single 

top leaf with the no treatment control that was found to be endophytically colonised. This 

result also points to likely cross contamination between treatments. These putative cross 

contaminations however, indicate that the conidia of the B. bassiana strain applied could 

become airborne (from either conidia suspension or solid culture) and readily invade 

grapevine leaves. This outcome supports the findings of other studies that assessed the 

endophytic relationship between grapevine leaves and B. bassiana strain ATCC 74040 

(Jaber, 2014; Rondot and Reineke, 2018). Growing B. bassiana treated and untreated plants 

in the same growing chamber can lead to contamination of control plants. Powell et al. 
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(2009b) found that tomato (S. lycopersicum) plant tissues grown from seeds treated with B. 

bassiana were endophytically colonised by the fungus. However, they also found that stems, 

leaves, lateral shoot suckers, petioles and even roots of control plants were also 

endophytically colonised (Powell et al., 2009b). The authors hypothesised that the control 

plants were contaminated by foliar contact of hyphae or conidia originating from treated 

plants in the same growth chamber (Powell et al., 2009b). This finding underlines the 

importance of keeping physical distance between treated and untreated plants, and therefore 

in the second experiment described here a non-randomised set up was adopted. Other studies 

on endophytic B. bassiana establishment within leaves of V. vinifera did not report any issues 

with contaminated control plants (Jaber, 2014; Rondot and Reineke, 2018). All the 

grapevines in the experiment by Jaber (2014) were randomised along a single bench, while 

Rondot and Reineke (2018) randomised their vines within the blocks of inoculated and non-

inoculated vines. Both of their approaches provided enough separation between treated and 

untreated plants. In the second experiment in this study, contamination between treatments 

was eliminated by keeping the treatments separate from each other, while using the same 

glasshouse chamber. None of the control treatments contained endophytic B. bassiana in 

their roots or leaves.  

Endophytic B. bassiana has previously been isolated from lignified stems of V. 

vinifera (González and Tello, 2010); however, this was not found during the first experiment 

described in this chapter. It is possible that the duration of the trials described in this chapter 

were too short for the fungus to begin colonising different parts/tissues. However, it could 

also mean that B. bassiana is unable to freely move within V. vinifera plants. This is in 

contrast to research on endophytic bacteria within V. vinifera plants, were the bacteria have 

been shown to be able to move within the plants, in the xylem vessel (West et al., 2010). 

There is evidence that some plants do not support unrestricted within plant movement 

of endophytic B. bassiana. The foliage of sorghum (S. bicolor) plants were sprayed with 

conidia suspension and while the leaves and stems were found to have endophytic B. 

bassiana, it was not recovered from the roots (Tefera and Vidal, 2009). Similarly, foliar 

application of B. bassiana conidia suspension to rice (Oryza sp.) leaves resulted in 

endophytic B. bassiana being recovered from leaves only, not from stems, roots or seeds (Jia 

et al., 2013). Applying B. bassiana conidial suspensions as a root drench to cassava (Manihot 

esculenta Crantz) plants resulted in the successful endophytic colonisation of the roots, yet 
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unsuccessful endophytic colonisation of the stems and leaves of the plants (Greenfield et al., 

2016). Jute (Corchorus oliotus L.) seeds were treated with B. bassiana conidial suspensions, 

and while all treated plants had endophytic colonisation, it was only detected in leaves, stems 

and green capsules and not in the roots and seeds (Biswas et al., 2012). Green beans (P. 

vulgaris cv. Calima) were sprayed and drenched with B. bassiana conidia suspension, and 

while drenching resulted in endophytic establishment in the leaves, stems and roots, spray 

application resulted only in the leaves and stems, not roots (Parsa et al., 2013). The roots of 

coffee (C. arabica) plants were drenched, leaves sprayed and their stems injected with B. 

bassiana conidia suspension (Posada et al., 2007). Drenching of roots and spraying of leaves 

yielded successful endophytic establishment two months post treatment in the roots and 

leaves, while stem injection in the stems alone after 2 and 4 months and then solely in roots 

after 6 months (Posada et al., 2007). 

As a consequence of restricted within plant movement of endophytic B. bassiana in 

V. vinifera, it is likely that the bottom leaves found to be endophytically colonised by B. 

bassiana in the second experiment possibly came from conidia from the potting media when 

the covers were removed for watering.  

Endophytic B. bassiana has been identified in a number of plant tissue, such as leaf 

apoplast, xylem elements, stomatal openings, parenchyma (cell walls, air spaces between and 

intercellular spaces in the parenchyma), vascular tissue, xylem vessel, mesophyll tissues, and 

intercellular space (summarised by Vega 2018). However, no study has been conducted to 

specifically investigate what V. vinifera plant tissue B. bassiana is able to colonise. 

From the literature mentioned above, it is evident that the application method 

influences whether the applied B. bassiana will ultimately systemically colonise either the 

whole plant or only part of the plant. In addition, it is apparent that the treated part of the 

plant is most prone to colonisation. However, other studies indicate that endophytic 

establishment is driven by the plant and by the applied B. bassiana isolate. Root dipping 

banana (Musa spp.) plants in B. bassiana conidia suspension resulted in higher colonisation 

of the plants than mixing solid B. bassiana culture into the substrate (Akello et al., 2007). 

This is in contrast to the results of the first experiment described in this chapter, where root 

dipping V. vinifera plants resulted in no endophytic colonisation, while mixing solid B. 

bassiana culture into the potting medium did. Akello et al. (2007) hypothesise that by dipping 

the plants in conidial suspensions they have the largest surface area for B. bassiana conidia 
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to attach, while growing plants in the substrate with solid B. bassiana culture resulted in the 

roots and rhizome being unable to come in contact with the conidia. In the first experiment 

described in this chapter, the number of viable B. bassiana CFUs showed a thousand fold 

difference between root dipped and potting medium mixed with B. bassiana solid culture, 

therefore in this experiment it is feasible that the roots had more viable conidia contact during 

the treatment where B. bassiana solid culture were mixed in the potting medium, rather than 

after root dipping. 

In addition, the isolate of B. bassiana used has an effect on whether it will 

endophytically colonise a plant or plant tissue. Growing broad bean (V. faba) and green bean 

(P. vulgaris) plants from seeds treated by three isolates of B. bassiana conidial suspensions 

resulted in endophytic colonisation of both plant species (Akutse et al., 2013). However, only 

one of the B. bassiana isolates colonised all plant parts of both plants, while the other two 

colonised all parts of green bean (P. vulgaris) and showed preference toward root or stem 

colonisation of broad bean (V. faba), without leaf colonisation (Akutse et al., 2013). In the 

same study, significant differences in percentage colonisation between host plants and fungal 

isolates was also reported (Akutse et al., 2013). In another  study, radiata pine (P. radiata) 

plants were grown from seeds treated by two isolates of B. bassiana conidia suspension, one 

of which successfully endophytically colonised the plants while the other was only found on 

the surface of plants (Brownbridge et al., 2012). 

Different isolates of B. bassiana were used as foliar sprays of conidia suspension to 

demonstrate endophytic establishment in V. vinifera leaves (Jaber, 2014; Rondot and 

Reineke, 2018). All B. bassiana isolates tested successfully established as endophytes in 

grapevine leaves, with one study showing no significant differences in percentage 

colonisation between isolates (Rondot and Reineke, 2018), while the other study did (Jaber, 

2014). However, the V. vinifera cultivar in the two studies were different (Riesling and 

Müller-Thurgau) and only one of the fungal isolates was the same in both of these studies (B. 

bassiana isolate ATCC 74040). 

Systemic establishment of B. bassiana within V. vinifera plants has not been shown 

by the two studies mentioned above (Jaber, 2014; Rondot and Reineke, 2018) and the results 

of the experiments presented in this chapter suggest that B. bassiana is not likely to move 

within V. vinifera plants. Rondot and Reineke (2018) also conclude that root dipping and soil 

inoculation did not result in grapevine leaf colonisation, while the results of this chapter show 
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endophytic B. bassiana colonisation in both root dipped and soil inoculated plants. It is 

however most likely that the endophytic establishment of B. bassiana in the leaves came 

from conidia freely available in the glasshouse chamber, rather than from the roots. This is 

supported by the finding that root dipping treatment did not result in root colonisation in the 

experiment described in this chapter. 

While in the literature there is evidence of endophytic B. bassiana establishment in 

the roots of plants grown in artificial growing medium (Behie et al., 2015), there is no 

evidence of root colonisation of hydroponically grown plants. For experiment two in this 

chapter, we attempted to inoculate the roots of V. vinifera grown in still water hydroponic 

solution. While viable B. bassiana conidia were found in the liquid solution four weeks post 

application, no endophytic establishment was apparent in the roots. Fungi are aerobic and 

therefore potentially unable to germinate in a liquid, without oxygen. In a still water 

hydroponic system however, as the plant takes up the liquid, this level continuously drops, 

therefore exposing more and more of the root close to the stem to air. Nevertheless, this 

system did not support the endophytic establishment of B. bassiana in V. vinifera roots. 

These experiments have shown that it is possible to introduce B. bassiana into the 

root system of V. vinifera and that it is unlikely that B. bassiana freely moves within these 

plants. However, there were multiple statistical tests applied to the same data set that 

increases the risk of type I or familywise error. This is a limitation of statistical analyses 

where post hoc statistical tests are required and accordingly there is a need to correct for this 

type of error. However, no correction to the statistics was applied to the results reported in 

this chapter, as the experiment described is preliminary and therefore more replication and 

repetition of this work is required to draw definitive conclusions. 

Further experiments need to be conducted to include other entomopathogenic fungi 

(other Beauveria spp. and Metarhizium spp. and other genera) as potential root endophytes 

of V. vinifera. It would also be important to investigate if the successfully colonised V. 

vinifera roots have added protection from root feeding pests such as D. vitifoliae and/or 

secondary fungi associated with phylloxera feeding. 

Endophytic B. bassiana has been shown to have a negative effect on insect pests, 

however it is unclear how this is achieved (McKinnon et al., 2016). It could be by activating 

the plant’s defence responses or by releasing secondary fungal metabolites in the plant 
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(McKinnon et al., 2016). In the case of defence mechanisms against D. vitifoliae, this could 

involve antagonism against secondary fungi that are associated with phylloxera feeding. 

Furthermore, it would be beneficial to explore if the presence of entomopathogenic 

fungi in V. vinifera roots is permanent or transitory. Additional studies could take into 

consideration the colonisation process itself, to find the optimal combination of biotic (fungal 

isolate and viable conidia load along with V. vinifera variety or clone), and abiotic 

(temperature, soil moisture or humidity) factors and inoculation methods for the most 

favourable plant tissue colonisation. 

 



   

 

Chapter 4 

Virulence and pathogenicity of Beauveria spp. and Metarhizium spp. against green 

peach aphid (Myzus persicae) and grapevine phylloxera (Daktulosphaira vitifoliae) 

 

 4.1. Introduction 

Grapevine phylloxera, D. vitifoliae Fitch. (Hemiptera: Phylloxeridae), is a phylloxerid 

(Podsiadlowski, 2016) that is native to the eastern part of the United States of America and 

its natural host are the American Vitis species (Tagu et al., 2016). Phylloxera was accidentally 

introduced to Europe in the late 1800s, where it devastated vineyards planted to European 

grapevine (V. vinifera L.), initially in France, before spreading across the continent and then 

the world (Granett et al., 2001). Phylloxera induces leaf and root galls, lives above and below 

ground but it is the root-feeding (radicola) form, that causes grapevine decline and in some 

instances death (Granett et al., 2001). Worldwide, phylloxera is managed predominantly by 

using resistant rootstocks, the majority of which are hybrids of resistant American Vitis 

species (Granett et al., 2001; Powell, 2008). Where phylloxera is not widespread, an 

alternative management option for the pest is also available. For example in Australia, 

adhering to strict phylloxera-specific quarantine regulations has protected most viticulture 

regions in the country from the spread of phylloxera (Buchanan, 1987). However, this 

approach presents a distinct vulnerability; if a vineyard is planted only on ungrafted V. 

vinifera roots, these vines are very susceptible to the radicola form of phylloxera (Powell and 

Korosi, 2014). Carbamate organophosphate, organochlorine and neonicotinoid insecticide 

classes were reported to have a suppressive effect on phylloxera populations (Benheim et al., 

2012). However, for radicola phylloxera that reside on the roots, these chemical insecticides 

may not be sufficient in suppressing population numbers as they are unable to reach and 

penetrate the root system.  

A sustainable alternative to chemical insecticides, rootstocks and cultural 

management against the radicola form of phylloxera would be beneficial to the viticulture 

industry, particularly in countries like Australia where the use of phylloxera resistant 

rootstocks is limited. This alternative could be biological control where other organisms are 

used to control pests (including insects, mites, fungi and plants).  

Biological control options for grapevine phylloxera have previously been 

investigated. For example, the effectiveness of entomopathogenic fungi on root feeding 
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grapevine phylloxera has been tested previously in both Europe and USA. In the late 19th 

century, when phylloxera first devastated European vines, Isaria and Beauveria species were 

tested against phylloxera, with Isaria showing the most promise as an entomopathogen 

(Bittner, 2015). In the 20th century, excised root experiments were conducted under 

laboratory conditions to assess the efficacy of B. bassiana sensu lato (Bals.-Criv.) Vuill., M. 

anisopliae (Metschn.) Sorokin s. l. and I. farinosus (formerly known as P. farinosus 

(Holmsk.)) A.H.S. Br. & G. Sm on radicola phylloxera (Goral et al., 1975). Metarhizium 

anisopliae reduced the number of adults the least, while B. bassiana decreased the adult 

numbers more than M. anisopliae and both of these fungi increased the fecundity of the adult 

insects (Goral et al., 1975). Isaria farinosus on the other hand resulted in less adult mortality 

while reducing adult fecundity (Goral et al., 1975). Overall, it was concluded that I. farinosus 

was the most effective, followed by M. anisopliae s. l. and the least effective being B. 

bassiana s. l. from the three species (Goral et al., 1975).  

There is a mention of an unpublished study indicating that B. bassiana “has been 

shown to have an effect on phylloxera survival in vitro” (Granett et al., 2001). The suitability 

of M. anisopliae var. anisopliae isolate Ma 500 to control grapevine phylloxera was tested 

in two systems, in an excised root bioassays and a potted vine trial (Kirchmair et al., 2004a). 

While dead phylloxera with conidiophores were observed 5 days post treatment on excised 

roots in the bioassays, on the roots of potted vines, no phylloxera cadavers were recovered 

throughout the duration of the trial (Kirchmair et al., 2004a). It was concluded that M. 

anisopliae Ma500 had a detrimental effect on grapevine phylloxera because the number of 

colony forming units per gram of soil increased in pots where phylloxera was present and no 

fresh root galls were formed (Kirchmair et al., 2004a). The same M. anisopliae Ma500 isolate 

was also tested against grapevine phylloxera at two field sites (Huber and Kirchmair, 2007). 

Vineyard soil treated with M. anisopliae Ma500 decreased phylloxera infestations for up to 

two years post treatment, while the number of colony forming units of the fungus in the soil 

increased the first year and but decreased thereafter (Huber and Kirchmair, 2007). 

In another field trial, the suitability of B. bassiana against grapevine phylloxera was 

evaluated in an experimental vineyard in Romania (Ficiu and Dejeu, 2012). To intensify the 

disease suppressive abilities of the soil, B. bassiana was applied at three rates with different 

fertilisers (manure and compost, synthetic fertiliser or no fertiliser) (Ficiu and Dejeu, 2012). 

Synthetic fertilisers supported the fewest B. bassiana colonies, while compost and manure 
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treatments supported the most (Ficiu and Dejeu, 2012). Root populations of phylloxera were 

most reduced by the application of B. bassiana with manure followed by B. bassiana with 

compost (Ficiu and Dejeu, 2012).  

The Aphidoidea superfamily consists of three families: Adelgidae, Phylloxeridae, and 

Aphididae making the adelgids, phylloxerids and aphids taxonomically closely related 

(Podsiadlowski, 2016). In a study where the pathogenicity of entomopathogenic fungi 

(including B. bassiana and M. anisopliae) was evaluated against Adelges tsugae Annand 

(Hemiptera: Sternorrhyncha: Aphidoidea: Adelgidae), the fungal isolates were initially tested 

on a model insect followed by the target insect (Reid et al., 2010). Mysus persicae Sulzer 

(green peach aphid) (Hemiptera: Sternorrhyncha: Aphidoidea: Aphididae) was chosen as the 

initial test insect and it was concluded that M. persicae was a good model for A. tsugae, as 

fungal isolates effective against M. persicae, were also effective against A. tsugae (Reid et 

al., 2010). For the experiments described in this chapter, M. persicae was also chosen as a 

model insect to screen the pathogenicity of fungal entomopathogens. Mysus persicae has a 

relatively rapid development rate and is easy to rear in the laboratory. It has also been used 

successfully as a model insect for A. tsugae, and it is known to be sensitive to attack by 

entomopathogenic fungi such as Beauveria and Metarhizium (Hesketh et al., 2008; Jandricic 

et al., 2014; Lefort et al., 2014; Shan and Feng, 2010; Vu et al., 2007; Yeo et al., 2003).  

The main aim of the study described in this chapter was evaluate the effects of 

Beauveria and Metarhizium isolates originating from Australian vineyard soils against 

radicola phylloxera. Three groups of experiments were conducted. Initially (Experiment 1), 

the pathogenicities of eight Beauveria and 15 Metarhizium isolates were tested against M. 

persicae. Following this (Experiment 2) five Beauveria and six Metarhizium spp. isolates 

were selected based on the results of the previous experiment to examine their pathogenicity 

on radicola phylloxera, endemic to Australia and Europe. Finally (Experiment 3), because 

the fungi were stored and then moved between countries (Australia to Germany) to different 

laboratories, there was a need to confirm that the fungal isolates were still pathogenic. 

Therefore a rapid investigation was conducted using two insect species Aphis fabae Scopoli 

(black bean aphid) (Hemiptera: Aphididae) and Lobesia botrana Denis & Schiffermüller 

(European grapevine moth) (Lepidoptera: Tortricidae) that were readily available and mass 

reared at the laboratory. It was necessary to switch aphid species (M. persicae to A. fabae) 

for this final experiment as A. fabae was the only aphid mass reared at the laboratory. 
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4.2. Materials and methods 

4.2.1. Fungal cultures 

4.2.1.1. Selection of fungal isolates 

Fungal isolates used in these experiments originated from Australian vineyard soil surveys 

as previously described (Chapter 2). Isolates from the insect bait method, rather than the soil 

dilution method, were prioritised for efficacy trials. At least one isolate from each identified 

fungal species was selected and to capture both genetic and geographic diversity, in some 

cases more than one isolate from the same species, but of different origin (vineyard) were 

selected. A total of eight Beauveria (four B. bassiana, three B. australis and one B. 

pseudobassiana) (Table 4.1) and 15 Metarhizium (five M. robertsii, four M. brunneum, two 

M. guizhouense, two M. pingshaense, one M. majus and one M. flavoviride var. pemphigi) 

(Table 4.2) isolates were selected. For experiments 2 and 3 (Table 4.3), commercially 

available isolates from Europe were added to the bioassay. The commercial strains used were 

B. bassiana strain ATCC 74040 (Trade name: Naturalis® (CBC (Europe) S.r.l. – BIOGARD 

Division, Italy) and M. anisopliae var. anisopliae strain F52 (Trade name: ATCC 90448 Met 

52) (Novozymes, Everris GmbH, Nordhorn, Germany). 

 

Table 4.1: Beauveria spp. isolates from Australian vineyard soils by the bait method used in 

experiments 1, 2 and 3. 

 

Species Isolate Origin  Experiment 

B. australis B8B Riverina I  1b, 2a, 2b, 3 

 B44B Hunter Valley  1b, 3 

 B84B Riverina II  1b, 3 

B. bassiana B16B Riverina I  1b, 3 

 B178B Alpine Valleys  1b, 3 

 B187B Goulburn Valley  1b, 2a, 3 

 B228B Yarra Valley  1b, 2a, 2b, 3 

B. pseudobassiana B156B Alpine Valley  1b, 2c, 3 
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Table 4.2: Metarhizium spp. isolates from Australian vineyard soils used in experiments 1, 

2 and 3.  

 

Species Isolate Origin Isolation method Experiment 

M. robertsii M7D Riverina I Dilution 1a, 3 

 M94B Hilltops Bait 1a, 3 

 M164B Alpine Valleys Bait 1a, 3 

 M202B Goulburn Valley Bait 1a, 3 

 M224B Yarra Valley Bait 1a, 2a, 2b, 3 

M. brunneum M43B Hunter Valley Bait 1a, 2c, 3 

 M87B Riverina II Bait 1a 

 M180B Alpine Valleys Bait 1a, 2a 

 M198B Goulburn Valley Bait 1a, 3 

M. guizhouense M154B Alpine Valleys Bait 1a 

 M219B Yarra Valley Bait 1a 

M. pingshaense M39B Hunter Valley Bait 1a, 2a, 2b, 3 

 M176B Alpine Valleys Bait 1a, 3 

M. majus M123D Rutherglen Dilution 1a, 2a 

M. flavoviride var. 

pemphigi 

M209D Goulburn Valley Dilution 1a 
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4.2.1.2. Fungal culture and spore suspension preparation 

Stock cultures of Beauveria spp. and Metarhizium spp. collected from Australian vineyard 

soils, were stored at -20 °C at the National Wine and Grape Industry Centre (NWGIC), 

Charles Sturt University (CSU), Wagga Wagga, NSW, Australia. Isolates of Beauveria spp. 

were grown and stored on Malt Extract Agar (MEA2; 30 g malt extract, 10 g peptone, 15 g 

agar in 1000 mL of water) and isolates of Metarhizium spp. were grown and stored on 

Sabouraud dextrose agar with yeast (SDAY; 10 g peptone, 10 g yeast extract, 40 g dextrose, 

15 g agar in 1000 mL of water). All isolates were incubated at 25 °C in the dark until 

sporulation occurred.  

Subcultures of these isolates were transported to Hochschule Geisenheim University 

(HGU), Department of Crop Protection, Geisenheim, Germany. To prepare the isolates for 

transfer they were subcultured onto their retrospective media Petri dishes (MEA2 or SDAY), 

kept in the dark at 25 °C until sporulation occurred. Discs (10 of approx. 5 mm diameter) of 

each isolate were excised and placed into 1.5 mL Nalgene Cryotubes (Thermo Fisher 

Scientific, Waltham, Massachusetts, USA) filled with sterile dH2O. The tubes were 

refrigerated (approx. 4 °C) and shipped to HGU. On arrival at HGU, the isolates were 

subcultured onto their respective media and incubated in the dark at 25 °C. Upon sporulation, 

10 discs (of approx. 5 mm diameter) of each isolate were excised again and placed into 

1.5 mL Nalgene Cryotubes (Thermo Fisher Scientific, Waltham, Massachusetts, USA) 

containing 20 % glycerol in sterile dH2O for long-term storage at –80 °C.  

Laboratory cultures for all experiments were grown from either the slope or glycerol 

stored stock cultures by subculturing the isolates onto their respective MAE2 or SDAY media 

Petri dishes and incubated in the dark at 25 °C. Conidia were harvested from sporulating 

cultures that were between 14-30 days old (differed between experiments but consistent for 

each experiment). The conidia were collected from sporulating colonies by using either 

0.01 % Triton X and sieved through filter paper (Experiments 1a, 1b and 2a, Table 4.4) or 

0.01 % Tween 80 and sieved through glass wool (Sigma Aldrich, St. Louis, Missouri USA) 

(Experiments 2b, 2c and 3). The concentration of conidia in each suspension was determined 

using either a Neubauer (Experiments 1a, 1b and 2a) or a Thoma haemocytometer 

(Experiments 2b, 2c and 3) and adjusted to 1 x 107 conidia per mL for experiments 1a, 1b, 

2a and 2b and 1x108 per mL in experiments 2c and 3. 
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4.2.2. Plant material 

4.2.2.1. Bok choy 

Bok choy (Brassica rapa subsp. chinensis) plants were grown for rearing green peach aphids 

(M. persicae) at the NWGIC. Bok choy seeds (Mr Fothergill’s, South Windsor NSW, 

Australia) were sourced from Bunnings Warehouse (Wagga Wagga, NSW, Australia). Plants 

for stock insect material were grown using a non-circulating hydroponic method (Kratky, 

2004), in hydroponic fertiliser (Liquid Science Bloom, A&B powder, Hydromasta, Galston, 

Australia). Single leaves were removed from the plants and used to rear M. persicae.  

For experiments 1a and 1b, seedlings were grown in a glasshouse under artificial light 

(LEDmasta 100 dual spectrum LED (1 x 32 chips) 0.24 Amps (150 W HID equivalent), 

Hydromasta, Galston, NSW, Australia), with 16:8 day:night photoperiod. Two seeds were 

placed into each 50 mL transparent polypropylene container (Sarstedt, Technology Park, 

South Australia, Australia) in shallow vermiculite medium (Premium Vermiculite, 

Australian Vermiculite & Perlite Pty Ltd, Fairfield, Vic, Australia supplied by Peards 

Nursery, Albury, NSW, Australia) and watered every second/third day with hydroponic 

fertiliser (as above) until the first true leaves appeared (approximately 2 weeks).  

Bok choy seedlings were then transferred to disposable polystyrene 90 x 15 mm Petri 

dishes and roots were covered with filter paper that was moistened to saturation with the 

aforementioned hydroponic fertiliser. For the experiments, adult M. persicae were introduced 

to these plants. 

4.2.2.2. Grapevine root material 

European grapevine (V. vinifera) roots were used to grow grapevine phylloxera (D. vitifoliae). 

For experiment 2a, V. vinifera cv. Cabernet Sauvignon grapevine roots were sourced from a 

conventionally managed, commercial vineyard in the Beechworth Viticultural Geographical 

Indication VGI (Wine Australia, 2016), that was known to be phylloxera free. Roots 

(approximately 10 mm in diameter) were extracted from the soil and prepared according to 

Kingston et al. (2007a). Briefly, roots were washed under running tap water to remove all 

soil debris, soaked in Ridomil Gold MZ WG (Syngenta, Basel, Switzerland) fungicide and 

triple rinsed in sterile dH2O. Roots were air dried, then cut into 7 cm long pieces with both 

ends wrapped in cotton wool and placed in filter paper-lined disposable polystyrene 90 x 15 

mm Petri dishes.  
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For subsequent experiments (2b and 2c), glasshouse-grown grapevine material, V. 

vinifera cv. Riesling was used. Plants were propagated from hardwood cuttings and grown 

in a clay/white peat potting mix (ED73 Einheitserdewerke Patzer, Sinntal-Altengronau, 

Germany), in a greenhouse at 22–25 °C with 16:8 day:night photoperiod at the HGU. Plants 

that were at least 15 weeks old, with roots 1.5 mm in diameter and beginning to lignify, were 

best suited for phylloxera settlement and development (personal observation, data not shown). 

Prior to harvesting the roots, the plants were slightly water stressed (the potting media was 

dry although plants were not showing signs of wilting). Roots were removed from the plants 

and any excess potting medium was shaken off. To eliminate any fungal contaminants, the 

roots were dipped in 1 % sodium hypochlorite for 10 seconds, followed by two 10 second 

dips in dH2O. The roots were then dried at room temperature, wrapped in paper towel and 

stored at 4 °C until required. For the phylloxera cultures, roots were cut into 7 cm long pieces, 

with the top ends (end closer to the base of the vine) wrapped in cotton wool and moistened 

with dH2O. The root pieces were placed in disposable polystyrene 90 x 15 mm Petri dishes 

lined with filter paper. 

 

4.2.3. Insects 

All aphids and phylloxera were handled with a 00 size, fine sable hair paint brush.  

4.2.3.1. M. persicae 

A cohort of M. persicae was obtained from Biological Services, Loxton, South Australia. A 

colony originating from a single female was selected to achieve a genetically identical line 

to use in the experiments. Aphids were reared on glasshouse grown, still water hydroponic 

bok choy leaves in an incubator (Percival I36LL, Percival Scientific, Perry, IA, USA) at 

25 °C with 16:8 light:dark photoperiod. Weekly, freshly picked leaves were placed in filter 

paper lined, disposable polystyrene 90 x 15 mm Petri dishes with their stem covered by moist 

filter paper. A section of a leaf with a cohort of M. persicae was placed on top of the leaf so 

that the insects could move off the old leaf to the new.  

4.2.3.2. Grapevine phylloxera 

Five different, yet genetically homogenous phylloxera populations were used in the 

experiments. In Australia, a laboratory population of designated G1 phylloxera that 

originated from the Yarra Valley, Victoria, Australia was used. These insects were reared at 

the Agriculture Victoria laboratories (Rutherglen, Victoria, Australia) on excised V. vinifera 
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roots in disposable polystyrene 150 x 15 mm Petri dishes, in constant darkness at 25 °C 

(Kingston et al., 2007a). This population had previously been characterised by using six 

nuclear DNA microsatellite markers (Umina et al., 2007). 

A further four laboratory populations of grapevine phylloxera were reared at HGU, 

designated KB3 sfl, Koko, Joh5 and Hyb. Designated KB3 sfl, (Forneck et al., 2016) was 

reared as a laboratory population at the University of Natural Resources and Life Sciences, 

Department of Crop Sciences (BOKU), Division of Viticulture and Pomology, Tulln, Austria. 

Eggs from this population were transported to HGU in May 2017 where they were placed on 

excised lignified roots of 5BB Kober (V. riparia x V. berlandieri). The eggs laid were then 

transferred to the excised roots of glasshouse grown V. vinifera cv. Riesling roots in 

disposable polystyrene 90 x 15 mm Petri dishes. The culture was maintained by moving 

newly hatched eggs onto fresh V. vinifera cv. Riesling roots once a week or once a fortnight 

as required. Petri dishes with excised roots were sealed with Parafilm® M (Bemis North 

America, Neenah, WI, USA), wrapped in aluminium foil to maintain darkness and stored at 

room temperature (on laboratory benchtop, approx. 20 °C) in a sealed plastic container in a 

black plastic bag. 

Designated Koko phylloxera was collected from leaf galls of 5BB Kober rootstock 

plants in May 2017 at the HGU. The eggs from the leaf galls were placed on excised lignified 

roots of 5BB Kober. The hatched insects were left on the root piece and after a period of 4-6 

weeks only a single female was found alive on the roots. The eggs of this single female were 

removed and placed on excised roots of glasshouse grown V. vinifera cv. Riesling roots in 

disposable polystyrene 90 x 15 mm Petri dishes where this population established as a 

radicola form and was reared continuously. Designated Joh5 phylloxera was collected from 

leaf galls from a grapevine in Johannisberg, Geisenheim, 65366, Germany in early June 2017. 

Eggs from the leaf galls were placed on excised roots of glasshouse grown V. vinifera cv. 

Riesling roots in disposable polystyrene 90 x 15 mm Petri dishes. Eight weeks later eggs 

from a single female were transferred to a new rootpiece to establish a line of genetically 

identical radicola colony that were then reared as described above. Finally, designated Hyb 

phylloxera was collected late June 2017 from leaf galls of hybrid vines with V. vinifera in 

their parentage, grown at the Windeck experimental site of HGU. A single female radicola 

colony establishment on V. vinifera roots was similar to that of Joh5 described above. 



Chapter 4 83 

 

Adult individuals from four phylloxera populations (KB3 sfl, Koko, Joh5 and Hyb) 

were sent to BOKU for identification. This was necessary to establish if the four root grown 

laboratory phylloxera populations were (1) genetically identical or different, (2) pure and not 

cross contaminated within themselves during the rearing process and (3) identical to any 

previously genotyped populations. Genotyping was performed using seven out of the ten 

recommended single sequence repeat (SSR) microsatellite markers (Forneck et al., 2015; 

Forneck et al., 2017). This is the current recommended standard to identify phylloxera 

genotypes worldwide (Forneck et al., 2017). 

4.2.3.2. A. fabae and L. botrana 

Laboratory stock cultures of A. fabae were reared at HGU on broad beans (Vicia faba L.). 

Weekly, a couple of handfuls of beans were planted into a white plastic container (200 x 150 

x 90 mm) in a clay/white peat potting mix (as specified for V. vinifera above) and kept at 22–

25 °C with 16:8 day:night photoperiod in the glasshouse at the HGU. When plants were 

approximately 10 cm tall, a cohort of A. fabae was introduced to the bean leaves by cutting 

some of the old plants with aphids and transferring them to the new leaves. Cohorts of A. 

fabae from these plants were used in subsequent experiments. 

Laboratory stock cultures of L. botrana were also reared at HGU on a modified semi-

synthetic diet based on a general-purpose diet (Singh and Moore, 1985) as described by 

Reineke and Selim (2019). Briefly, alfalfa sprouts were mixed with agar and boiled, then 

sucrose, yeast, wheat germ, cholesterol, casein, sunflower oil and Wesson’s salt mixture were 

added. After cooling, Vitamin mixture, sorbic acid, propionic acid and 95 % ethanol were 

mixed in. The diet was then distributed into 200 x 150 x 90 mm plastic containers to which 

the L. botrana eggs were introduced and kept at the insect rearing room at 24 ± 1 °C; 40 ± 

12 % relative humidity and 16:8 day:night photoperiod. Late (5th) instar larvae were used in 

subsequent experiments. 

 

4.2.4. Virulence and pathogenicity of selected entomopathogenic fungi against insects 

In total, six experiments were conducted to explore the effects of selected Beauveria and 

Metarhizium spp. isolates on four insect species, M. persicae, D. vitifoliae, A. fabae and 

L. botrana (Table 4.3).  
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Table 4.3: Isolates of Beauveria and Metarhizium spp. and insect combinations used in the 

experiments.  

 

Experiment Insect Fungal isolate 

1a M. persicae Metarhizium spp. (15 isolates) 

M7D, M94B, M164B, M202B, M224B, M43B, M87B, 

M180B, M198B, M154B, M219B, M39B, M176B, 

M123D, M209D 

1b M. persicae Beauveria spp. (8 isolates) 

B8B, B44B, B84B, B16B, B178B, B187B, B228B, B156B 

2a D. vitifoliae Beauveria spp. (3 isolates) 

B8B, B187B, B228B 

Metarhizium spp. (4 isolates) 

M224B, M39B, M180B, M123D 

2b D. vitifoliae Beauveria spp. (2 isolates) 

B8B, B228B 

Metarhizium spp. (2 isolates) 

M224B, M39B 

2c D. vitifoliae Beauveria spp. (2 isolates) 

B156B, Naturalis (ATCC 74040) Nat 

Metarhizium spp. (2 isolates) 

M43B, F52 (ATCC 90448) Met 52 

3 D. vitifoliae, 

A. fabae,  

L. botrana 

Beauveria spp. (9 isolates) 

B8B, B44B, B84B, B16B, B178B, B187B, B228B, 

B156B, Naturalis (ATCC 74040) Nat 

Metarhizium spp. (10 isolates) 

M7D, M94B, M164B, M202B, M224B, M43B, M198B, 

M39B, M176B, F52 (ATCC 90448) Met 52 
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4.2.4.1. Experiment 1: Effects of Metarhizium spp. (1a) and Beauveria spp. (1b) 

on M. persicae 

Both experiments (1a and 1b) were conducted at the laboratory facilities at the NWGIC. Two 

bok choy seedlings (with one true leaf showing, approx. 2 weeks old) in a single disposable 

polystyrene 90 x 15 mm Petri dish was considered a replicate for each treatment. Each 

replicate received a single adult female M. persicae. Aphids were left on the seedlings for 

24-48 hours to lay first instar larvae, then the adult individual was removed and 10 one-to-

two-day-old first instar larvae were left for a further 24 hours before being treated. Altogether 

23 (15 Metarhizium spp. (1a) and eight Beauveria spp. (1b) (Table 4.3)) fungal treatments 

were conducted with five replicates for each treatment. 

Conidial suspensions were sprayed onto each seedling using a 30 mL atomiser 

(Natural HDPE Boston Bottle with 18/415 White Fine Mist Sprayer, SNCL Packaging, 

Minchinbury, NSW, 2770, Australia). Each seedling received 10 mL of the conidial 

suspension, which covered the plants to runoff. The application of fungal conidia was 

designated as day one. Two control treatments were used, one where plants did not receive 

any spray (Cont NT) and one where the plants were sprayed with water with surfactant 

(0.01 % Triton X) only (Cont W). Petri dishes were re-sealed with Parafilm® and moved to 

the incubator at a 25 °C with 16:8 day:night photoperiod for 19 days. 

Every second or third day the Petri dishes were opened and the number of dead, alive 

and missing insects were recorded, along with the number of insects becoming adults and 

first instars laid. Newly laid first instars and dead individuals were removed. Dead individuals 

were placed into a moist chamber (disposable polystyrene 90 x 15 mm Petri dish lined with 

moist filter paper, as described in Chapter 2) and kept in the dark until sporulation was 

observed on the cadavers. When the Petri dishes were opened for counting, the lids were 

cleared of condensation with tissue paper and liquid hydroponic fertiliser was applied to the 

filter paper covering the roots to keep the liquid level at saturation point for the roots but also 

to maintain high moisture levels inside the dish. 
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4.2.4.2. Experiment 2: Effects of Metarhizium spp. and Beauveria spp. on D. 

vitifoliae  

4.2.4.2.1. Experiment 2a: Effects of Metarhizium spp. and Beauveria spp. on G1 

D. vitifoliae 

This experiment was conducted at the Agriculture Victoria laboratory facilities. A total of 

seven fungal isolates were screened against G1 phylloxera, consisting of three Beauveria and 

four Metarhizium isolates (Table 4.3). Two control treatments were imposed as described 

previously: no treatment (Cont NT) and water with 0.01 % Triton X (Cont). There were five 

replicates for each treatment and each replicate received 10 newly laid G1 phylloxera eggs. 

The Petri dishes were sealed with Parafilm®, covered with aluminium foil to keep them dark 

and placed in a constant temperature room at 25 °C. After seven days, when the eggs hatched 

into first instars, 1 x 107 conidia per mL suspensions were applied to each root piece as 

described above for M. persicae. The experiment ran for 21 days. At 14 and 21 days post 

inoculation, the number of individuals still alive and the number of eggs laid was recorded. 

Dead insects were not counted nor removed to a moist chamber to monitor sporulation.  

 

4.2.4.2.2. Experiments 2b and 2c: Effects of Metarhizium spp. and Beauveria spp. 

on KB3 sfl, Koko and Joh5 D. vitifoliae 

Two further experiments using phylloxera were conducted at the laboratory facilities of HGU. 

For experiment 2b, two isolates of Beauveria spp. and two isolates of Metarhizium spp. were 

selected (Table 4.3). This selection was based on the performance of these isolates on M. 

persicae (Experiments 1a and 1b). There were not enough phylloxera eggs available from a 

single phylloxera line so two lines were used, designated Koko and KB3 sfl. There were six 

replicates per treatment. Each treatment consisted of three replicates of Koko and two 

replicates of KB3 sfl and the 6th replicate was either Koko (treatments B228B, M224B and 

Cont NT) or KB3 sfl (treatments B8B, M39B and Cont W). Again, two control treatments 

were added, one that did not receive any treatment (Cont NT) and one where water with 

surfactant (0.01 % Tween 80) only (Cont W) was used. Using a fine sable hair paintbrush, 

20 phylloxera eggs were placed on each root piece in each Petri dish. The Petri dishes were 

then sealed with Parafilm®, kept at room temperature (on laboratory benchtop, 

approximately 20 °C) in a sealed plastic container in a black plastic bag for a week until the 

first instars hatched from the eggs. The number of first instars were counted and conidial 
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suspensions containing 1 x 107 conidia per mL were applied to each treatment as described 

above for M. persicae. After application of the treatments, the Petri dishes were re-sealed 

with Parafilm® and incubated at 20 °C in the dark. The application of conidia was designated 

as day one and the experiment run for 32 days.  

Similar to the experiments with M. persicae (Experiment 1), the Petri dishes were 

opened every second or third day post infestation when the insect mortality was assessed, 

cadavers removed and the number of insects becoming adults and newly laid eggs was 

recorded. Dead individuals and newly laid eggs and were removed. Dead individuals were 

placed into a moist chamber (same as Experiment 1) and kept in the dark for two weeks to 

encourage sporulation. 

Experiment 2c was conducted as described above for Experiment 2b with the 

following modifications. Along with one of each of the selected Beauveria spp. and 

Metarhizium spp. isolates, commercially available B. bassiana and M. anisopliae were 

included (Table 4.3). These commercial strains were also plated on Petri dishes containing 

MEA2 and SDAY respectively from their commercial formulations and were thereafter 

handled as per the other isolates. Only Joh5 phylloxera was used, with six replicates per 

treatment. The inoculation was performed as described in the above experiments, except 1 x 

108 conidia per mL was used. The concentration of conidia was increased because the 

previous experiments did not achieve the expected results, so this final experiment was an 

attempt to overwhelm the insects. After the inoculation, the conidial suspensions were kept 

at 4 °C for a week and they were used to re-inoculate three of the six replicates of each of the 

treatments with the same conidial suspension as used for the original inoculation. This was 

also an attempt to overwhelm the insects. A single spray of the refrigerated conidia 

suspension was also applied to Petri dishes containing MEA2 and SDAY to make sure the 

conidia were still able to germinate after storage. The experiment was evaluated the same as 

Experiment 2b above, for 19 days. 

 

4.2.4.3. Experiment 3: Effects of Metarhizium spp. and Beauveria spp. on L. 

botrana, A. fabae and Joh5 D. vitifoliae 

Three tests, with three different insects, representing the orders Hemiptera and Lepidoptera, 

were established to evaluate the pathogenicity of the entomopathogenic fungi towards other 

insect species. Fungal isolates described in Table 4.3 (eight Beauveria spp. and nine 
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Metarhizium spp. isolates) were used together with the commercially available B. bassiana 

and M. anisopliae isolates. Two controls were used for each of these experiments, one that 

did not receive any treatment (Cont NT) and one where water with surfactant (0.01 % 

Tween 80) only (Cont W) was used. 

Readily available at the HGU laboratory, mass reared stock cultures of European 

grapevine moth (L. botrana), black bean aphid (A. fabae) and phylloxera Joh5 were used. 

Five late instars of the L. botrana were placed in a filter paper lined disposable polystyrene 

90 x 15 mm Petri dish and 1 mL of suspension of 1 x 108 conidia per mL was directly pipetted 

onto each larva. Only a single Petri dish was used per fungal isolate. Petri dishes were sealed 

with Parafilm® and placed in a glasshouse in complete darkness at 24 °C. The number of 

dead larvae post inoculation was assessed after three days and three weeks.  

Single, germinated, one week old broad beans (V. faba) were placed in disposable 

polystyrene 90 x 15 mm Petri dishes, roots wrapped in hydroponic fertiliser soaked filter 

paper (as described for Bok choy in Experiment 1). Parts of V. faba with various instars of 

A. fabae were transferred to each Petri dish. These plants were then inoculated with 1 x 108 

conidia per mL suspensions as described for M. persicae (Experiment 1). Only a single Petri 

dish was used per isolate. Petri dishes were sealed and kept in a glasshouse together with the 

European grapevine moths, at 24 °C with 16:8 light:dark photoperiod. After three weeks, the 

aphids were examined for fungal growth.  

Finally, conidial (1 x 108 conidia per mL) suspensions of each fungal isolate were 

placed onto five filter papers. A single filter paper was then placed in a disposable 

polystyrene 90 x 15 mm Petri dish and two Petri dishes were used per fungal isolate. Fifty 

eggs of phylloxera genotype Joh5 were placed onto a 5 mm x 5 mm size filter paper and were 

positioned in the middle of the spore suspension soaked filter paper. Petri dishes were sealed 

with Parafilm® and placed in complete darkness at 20 °C on the laboratory bench. After two 

weeks, hatched eggs were counted and dead 1st instar larvae were examined for fungal growth.  

 

4.2.5. Statistical analysis 

Statistical analyses were conducted using Genstat for Windows 19th edition (VSN 

International, 2017). One data type collected during the experiments was time-to-event 

(death post inoculation) recordings. These observations, however can be incomplete (insect 

cannot be found from one time point to the next, therefore death or time of death cannot be 
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determined) and thus censoring of the data set is required. Survival data analysis is an 

appropriate statistical test to resolve the challenges of censored information from time-to-

event data (Ma, 2010). To compare the survival time of insects treated with different fungal 

isolates to the control groups the Kaplan-Meier estimate of the survival function was used. 

Log-rank non-parametric test was then used to compare the survival curves. 

Mann-Whitney U (Wilcoxon rank-sum), also a non-parametric test was used to 

evaluate if the total numbers of first instars or eggs laid per replicate during the experimental 

periods by insects treated with different fungal isolates were different to the control groups. 

A two-sided U test was performed to investigate the differences between each group and the 

control groups. The result of non-parametric tests is a P value (probability) that indicates 

significant difference at a chosen confidence level. For example, significant differences at 

90 % - 95 % are indicated by P values between 0.1-0.05. In the results that follows, these P 

values are quoted, significant differences in the graphs are indicated by * above the columns. 

The statistical test does not rely on error bars, therefore these are not shown. 

 

4.3. Results 

4.3.1. European phylloxera genotypes 

The results of the genetic identification of the four European phylloxera populations (Koko, 

Joh5, Hyb and KB3 sfl) are shown in Table 4.4. Identical strains have identical fragment 

sizes for all loci. The four European phylloxera tested come from four genetically different 

populations. These populations are pure which means they were not cross contaminated with 

each other during insect handling. Three of the four populations (Koko, Joh5 and Hyb) have 

not previously been recorded, while KB3 sfl is genetically identical to STD1, previously 

identified by Forneck et al., 2017. 
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Table 4.4: Phylloxera genotypes identified using seven single sequence repeat (SSR) 

microsatellite markers with their corresponding microsatellite loci fragment sizes. 

 

 Locus 

Phylloxera 

population 

Dvit6 DV4 DV8 PhyIII30 PhyIII36 PhyIII55 DVSSR4 

KB3 sfl 202/205 216/225 145/147 123/132 195/195 124/136 253/253 

Koko 202/205 210/222 143/145 129/132 195/204 124/130 251/251 

Joh5 202/208 210/216 143/143 129/132 195/195 121/130 251/253 

Hyb 205/208 216/216 145/145 129/129 195/195 124/130 241/251 

 

4.3.2. Experiment 1: Effects of Metarhizium spp. (1a) and Beauveria spp. (1b) on M. 

persicae 

In the first experiment, M. persicae were treated with different isolates of Beauveria spp. and 

Metarhizium spp. Total mortality (100 %) of M. persicae was recorded for M. robertsii, M. 

brunneum, M. guizhouense and M. pingshaense isolates; however, M. majus and M. 

flavoviride var. pemphigi isolates did not cause 100 % mortality (Figure 4.1, Table 4.5). The 

survival of aphids in the two control treatments was not significantly different from each 

other (P=0.502) and the survival of the aphids treated with M. flavoviride var. pemphigi 

(M209D) was not significantly different from the control treatments (P=0.304). There was a 

significant difference between survival on the controls and all of the other treatments 

(P<0.001).  

Aphids in the controls, M. majus (M123D) and M. flavoviride var. pemphigi (M209D) 

treatments were still alive when the experiment was terminated (Table 4.5). The shortest time 

to 100 % mortality was 9 days caused by two M. robertsii and two M. pingshaense isolates, 

respectively (Table 4.5).  

The highest percentage of aphid cadavers covered with fungal mycelia was 93 % 

achieved by M. robertsii (M164B), M. pingshaense (M39B) and M. guizhouense (M154B) 

(Table 4.5). Aphid cadavers from M. majus (M123D) and M. flavoviride var. pemphigi 

(M209D) treatments showed no mycelial growth on the surface (Table 4.5). 

The mean number of all the first instars laid by treated females during the 

experimental period of 19 days was significantly reduced compared to the numbers of first 

instars laid by control females treated with M. robertsii (M7D, M94B, M164B, M202B, 
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M224B; P=0.008), M. pingshaense (M39B, M176B; P=0.008) and M. guizhouense (M154B; 

P=0.008 and M219B; P=0.016) isolates (Figure 4.2). Three out of the four M. brunneum 

treatments also showed significant differences to the control treatments (M43B, M180B, 

M198B; P=0.008), with a single M. brunneum isolate not being significantly different at the 

95 % confidence level (B87B; P=0.056) (Figure 4.2). There was no significant difference 

between the number of first instars laid by the control females (P=0.690) or the control 

females and M. majus (M123D; P=0.151) or M. flavoviride var. pemphigi (M209D; P=0.548) 

(Figure 4.2).  
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Figure 4.1: Kaplan-Meier estimate of the survival function of Myzus persicae treated with 

different Metarhizium isolates. 

 

Circles indicate censored data (missing individuals or individuals still alive at experiment 

termination). Statistical analysis was performed on the whole dataset; isolates belonging to 

one or two Metarhizium species are shown in one graph. (A) M. robertsii isolates (M7D, 

M94B, M164B, M202B, M224B), (B) M. brunneum isolates (M43B, M87B, M180B, 

M198B) (C) M. guizhouense (M154B, M219B) and M. pingshaense (M39B, M176B) 

isolates (D) M. majus (M123D) and M. flavoviride var. pemphigi (M209D) isolates with no 

treatment control (Cont NT) and control where water with surfactant (0.01 % Triton X) only 

was used (Cont W).  
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Table 4.5: Mortality of Myzus persicae treated with selected Metarhizium isolates and 

control treatments. 

 

Species Isolate 50 % of 

aphids dead 

(days) 

100 % of 

aphids 

dead 

(days) 

% dead insects with 

fungal sporulation 

M. robertsii M7D 9 13 89 

 M94B 9 13 76 

 M164B 5 11 93 

 M202B 5 9 74 

 M224B 5 9 89 

M. pingshaense M39B 5 9 93 

 M176B 5 9 92 

M. majus M123D 9 >19 0 

M. brunneum M43B 8 14 86 

 M87B 6 12 73 

 M180B 6 12 83 

 M198B 8 19 78 

M. guizhouense M154B 6 14 93 

 M219B 6 14 76 

M. flavoviride 

var. pemphigi 

M209D 14 >19 0 

Control Cont W 14 >19 0 

 Cont NT 10 >19 0 

Cont NT = no treatment control, Cont W = control where water with surfactant (0.01 % 

Triton X) only was used. 
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Figure 4.2: Mean number of total first instars laid by Myzus persicae treated with different 

Metarhizium isolates and control treatments. 

Cont NT = no treatment control, Cont W = control where water with surfactant (0.01 % 

Triton X) only was used.  

*denotes significant difference from the control treatments at the 95 % confidence level.  

 

Total mortality (100 %) of M. persicae during the trial was caused by the majority of 

B. bassiana isolates and one B. australis isolate, while B. pseudobassiana did not cause 

100 % mortality (Figure 4.3, Table 4.6). Aphid survival in the two control treatments were 

not significantly different from each other (P=0.740). The B. bassiana (B16B; P=0.459) and 

B. pseudobassiana (B156; P=0.357) treatments were not significantly different from the 

control treatments. All the other treatments were significantly different (P<0.001).  
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Figure 4.3: Kaplan-Meier estimate of the survival function of Myzus persicae treated with 

different Beauveria isolates.  

Circles indicate censored data (missing individuals or individuals still alive at experiment 

termination). Statistical analysis was performed on the whole dataset; isolates belonging to 

the same Beauveria species are shown in one graph. (A) B. australis isolates (B8B, B44B, 

B84B), (B) B. bassiana isolates (B16B, B178B, B187B, B228B) (C) B. pseudobassiana 

isolate (B156B) with no treatment control (Cont NT) and control where water with surfactant 

(0.01 % Triton X) only was used (Cont W). 
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Control aphids and those treated with B. pseudobassiana (B156B), two of the B. 

australis (B44 and B84) and one of the B. bassiana (B16) isolates, survived for longer than 

the trial period (Table 4.6). The shortest time to achieve 100 % mortality was 12 days by B. 

bassiana isolate B187B (Table 4.6).  

The highest percentage of aphid cadavers covered with fungal mycelia was 93 % 

caused by B. bassiana isolate B228B (Table 4.6). All treatments showed mycelial growth on 

the cadavers even if at quite a low level (B. pseudobassiana B156B, 20 %) (Table 4.6). 

 

Table 4.6: Mortality of Myzus persicae treated with selected Beauveria isolates and control 

treatments. 

 

Species Isolate 50 % of 

aphids 

dead  

(days) 

100 % of 

aphids 

dead  

(days) 

% dead insects with 

fungal sporulation 

B. australis B8B 7 14 88 

 B44B 10 >19 49 

 B84B 10 >19 74 

B. pseudobassiana B156B 12 >19 20 

B. bassiana B16B 14 >19 28 

 B178B 10 14 89 

 B187B 5 12 82 

 B228B 7 14 93 

Control Control W 12 >19 0 

 Control NT 14 >19 0 

Cont NT = no treatment control, Cont W = control where water with surfactant (0.01 % 

Triton X) only was used. 

 

The mean number of all the first instars laid during the experimental period showed 

significant differences from the control treatments in four cases (Figure 4.4). One B. australis 

and three B. bassiana treatments were significantly different from the controls (B8B, B178B, 

B187B; P=0.008 and B228B; P=0.04). The other two B. australis and single B. bassiana and 

B. pseudobassiana treatments were not significantly different from the control treatments 
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(B16B, B84B, B156B; P=0.841 and B44B; P=0.222). There was no significant difference 

between the number of first instars laid by the control treatments (P=0.222). 

 

 

Figure 4.4: Mean number of  total first instars laid by aphids treated with different Beauveria 

isolates and control treatments. 

 

Cont NT = no treatment control, Cont W = control where water with surfactant (0.01 % 

Triton X) only was used.  

*denotes significant difference from the control treatments at the 95 % confidence level. 

 

4.3.3. Experiment 2: Effects of Metarhizium spp. and Beauveria spp. on D. vitifoliae 

In experiment 2a, G1 grapevine phylloxera were treated with different isolates of Beauveria 

spp. and Metarhizium spp. During the initial experiment, none of the isolates caused 100 % 

mortality (Figure 4.5). Significant differences from the control treatments were not found in 

the number of surviving adults and nymphs 14 days after inoculation (Figure 4.5). Some 

significant differences were observed 21 days post inoculation, where phylloxera treated with 

fungal isolates had more individuals surviving than the no treatment control (Cont NT) 

(Figure 4.5). These treatments included one Metarhizium (M. majus M123D; P=0.056) and 

three Beauveria (B. australis B8B; P=0.032, B. bassiana B228B; P=0.04 and B187B; 

P=0.016) isolates (Figure 4.5). However, no significant differences were observed between 

Cont W (water with 0.01 % Triton X) and any of the treatments (Figure 4.5). The two control 
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treatments were not significantly different from each other (Day 14; P=0.579 and Day 21; 

P= 0.246). 

 

 

Figure 4.5: Total number of G1 phylloxera (nymphs and adults) surviving 14 and 21 days 

post treatment with different Beauveria and Metarhizium isolates and control treatments. 

Blue bars = 14 days, green bars = 21 days post treatment. Cont NT = no treatment control, 

Cont W = control where water with surfactant (0.01 % Triton X) only was used. 

*denotes significant difference from the no treatment control (Cont NT) at the 94 % 

confidence level. 

 

No significant differences were found in the total number eggs laid by G1 phylloxera 

14 days after conidial suspensions were applied (Figure 4.6). Significant differences were 

observed 21 days post inoculation, between the no treatment control (Cont NT) and two 

Beauveria (B. australis B8B; P=0.048 and B. bassiana B187B; P=0.048) isolates (Figure 

4.6), where the treated replicates laid more eggs than the control replicates. Similarly to the 

surviving number of nymphs and adult phylloxera numbers, no significant differences were 

observed between Cont W (water with 0.01 % Triton X) and any of the treatments. The two 

control treatments were not significantly different from each other (Day 14; P=1.00 and Day 

21; P= 0.722). 
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Figure 4.6: Total number of G1 phylloxera eggs laid 14 and 21 days post treatment with 

different Beauveria and Metarhizium isolates and control treatments. 

Blue bars = 14 days, green bars = 21 days post treatment. Cont NT = no treatment control, 

Cont W = control where water with surfactant (0.01 % Triton X) only was used. 

*denotes significant difference from the no treatment control (Cont NT) at the 95 % 

confidence level.  

 

The follow up experiment (2b) was conducted using Koko and KB3 sfl phylloxera. 

100 % mortality of phylloxera was not achieved during the 32 days of the trial (Figure 4.7). 

There was no significant difference found between the two control treatments (P=0.68). The 

survival of phylloxera treated with B. australis B8B was the only isolate significantly 

different from both of the controls (P=0.019) while B. bassiana (B228B) was only 

significantly different from Cont W (water with 0.01 % Tween 80 application; P=0.041) but 

not from the no treatment control (P=0.099). Neither of the Metarhizium treatments were 

significantly different from either of the controls.  

The mean number of all the eggs laid during the experimental period showed no 

significant differences from the control treatments for any of the fungal isolates applied 

(P=0.447) and the two control treatments were not significantly different from each other 

either (P= 0.937). 
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Figure 4.7: Kaplan-Meier estimate of the survival function of combined Koko and KB3 sfl 

phylloxera treated with two Beauveria (A) and two Metarhizium (B) isolates. 

Circles indicate censored data (individuals still alive at experiment termination). Statistical 

analysis was performed on the whole dataset; isolates belonging to the same genera are 

shown in one graph. (A) B. australis (B8B) and B. bassiana (B228B) isolates (B) M. 

pingshaense (M39B) and M. robertsii (M224B) isolates. Both graphs include no treatment 

control (Cont NT) and control where water with surfactant (0.01 % Tween 80) only was used 

(Cont W). 

 

In the next experiment (2c), the single Joh5 phylloxera was used. Treatments were 

compared by comparing the number of live nymphs and adult individuals at the start and at 

the end of the experiment (Figure 4.8). There were no significant differences between the 

control treatments (P=0.734). Beauveria pseudobassiana (B156B; P=0.113), M. brunneum 

(M43B; P=0.439) and M. anisopliae (M52; P=0.126) were not significantly different from 

the control treatments. The commercially available B. bassiana isolate (Nat) was the only 

treatment significantly different from the controls (P=0.032). 

The number of eggs laid during the experimental period showed no significant 

differences from the control treatments (P>0.05) and the two control treatments were not 

significantly different from each other (P=0.065).  

Fungal (Beauveria spp. or Metarhizium spp.) growth was not observed on the dead 

phylloxera cadavers kept in the moist chambers in any of the experiments. 
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Figure 4.8: Total number of Joh5 phylloxera (nymphs and adults) on the first day and 19 

days post treatment with two Beauveria and two Metarhizium isolates and control treatments. 

Blue bars = day of treatment, green bars = 19 days post treatment. Cont NT = no treatment 

control, Cont W = control where water with surfactant (0.01 % Tween 80) only was used. 

Same letters indicate no significant difference from the control treatments at 95 % confidence 

level. 

 

4.3.4. Experiment 3: Effects of Beauveria spp. and Metarhizium spp. on L. botrana, 

A. fabae and D. vitifoliae 

After observing the differences between the results of the experiments on aphids (1a and 1b) 

and phylloxera (2a, 2b and 2c), it was necessary to demonstrate that the fungal isolates were 

still pathogenic towards insects. It was prudent to prove the fungal cultures did not lose their 

pathogenicity while in cold storage and moving them between laboratories. These 

experiments were established to check if the fungal isolates were still viable and able to kill 

insects.  

4.3.4.1. Lobesia botrana 

All the fungal isolates tested were able to cause 60 to 100 % mortality of L. botrana larvae 

three days after treatment (Table 4.7). Three weeks post treatment, all of the larvae treated 

with any of the fungal isolates were dead, with fungal hyphae and conidial growth on their 

surface and only the control individuals were still alive (Table 4.7), either as pupae or as adult 

moths. 
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4.3.4.2. Aphis fabae 

Three weeks post treatment with all fungal isolates, 100 % of A. fabae were dead with fungal 

hyphae and conidia growing out of them (Table 4.7). The control insects were alive and 

overcrowding the bean plant and Petri dish. 

4.3.4.3. Daktulosphaira vitifoliae 

All Joh5 phylloxera eggs hatched after two weeks on the filter papers soaked in fungal 

conidial suspension. All individuals moved off the small filter paper, moved around the Petri 

dish and most died on the lid. Eight of the 19 fungal isolates tested displayed no signs of 

fungal growth on any of the first instar phylloxera (Table 4.7). The remaining 11 isolates (6 

Beauveria spp. B8B, B16B, B156B, B178B, B187B, B228B and 5 Metarhizium spp. M7D, 

M39B, M43B, M164B, M52) showed two individuals (out of 2 x 50 individuals) each with 

fungal growth (Table 4.7). 

The experimental design did not allow statistical analyses to be performed on the 

results. This was only a rapid, not labour intensive evaluation of the viability and 

pathogenicity of the fungal isolates. 

  



Chapter 4 103 

 

Table 4.7: Efficacy of isolates of Beauveria spp. and Metarhizium spp. against three model 

insects. 

 

Species 

 

Time^ 

Isolate Lobesia 

botrana 

3 days* 

Lobesia 

botrana 

3 weeks** 

Aphis 

fabae 

3 weeks 

Daktulosphaira 

vitifoliae (Joh5) 

2 weeks** 

B. australis B8B 100 100 aad 2 

 B44B 100 100 aad 0 

 B84B 100 100 aad 0 

B. bassiana B16B 60 100 aad 2 

 B178B 100 100 aad 2 

 B187B 100 100 aad 2 

 B228B 100 100 aad 2 

B. pseudobassiana B156B 100 100 aad 2 

B. bassiana Nat 100 100 aad 0 

M. robertsii M7D 100 100 aad 2 

 M94B 100 100 aad 0 

 M164B 80 100 aad 2 

 M202B 100 100 aad 0 

 M224B 100 100 aad 0 

M. brunneum M43B 100 100 aad 2 

 M198B 100 100 aad 0 

M. pingshaense M39B 75 100 aad 2 

 M176B 100 100 aad 0 

M. anisopliae M52 100 100 aad 2 

No Treatment Control Cont NT 0 0 poba 0 

Water with 0.01 % 

Tween 80 

Cont W 
0 0 poba 0 

Time^ = elapsed time from inoculation till evaluation, aad = all aphids dead with fungal 

growth, poba = plants overcrowded by aphids, * = percent of dead insects, ** = percent of 

insects with fungal growth. 
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4.4. Discussion 

European phylloxera populations Koko, Joh5 and Hyb were collected as gallicola phylloxera 

(from leaf galls) and they became well established root populations on lignified V. vinifera 

roots prior to using them in experiments. This finding indicates that these phylloxera biotypes 

potentially belong to biotype A (Forneck et al., 2016) that are able to develop in large 

numbers on leaves of rootstocks and hybrids and also on the roots of V. vinifera. This is 

underpinned by the fact that large numbers of eggs were required for the experiments 

described in this chapter and these populations were able to provide that from their radicola 

forms. KB3 sfl originated from BOKU and after genotyping it was found to be pure (not 

cross-contaminated with other phylloxera lines) and identical to STD1. This finding indicates 

that the phylloxera rearing conducted at HGU were adequate to keep phylloxera populations 

from cross contamination and true to type. 

The initial expectation to use M. persicae as a model insect for D. vitifoliae was 

erroneous. Entomopathogenic fungal strains tested during the experiments that showed 

efficacy against M. persicae by achieving 100 % aphid mortality, did not exhibit the same 

effectiveness against grapevine phylloxera. True aphids (Aphididae), adelgids (Adelgidae) 

and phylloxerids (Phylloxeridae) are taxonomically closely related to each other, as the three 

families within Hemiptera: Sternorrhyncha: Aphidoidea (Podsiadlowski, 2016). Using M. 

persicae as a model insect was justified in a study on A. tsugae (Reid et al., 2010). Reid et 

al. (2010) tested 63 entomopathogenic fungal isolates (12 B. bassiana, 10 Fusarium sp., 19 

P. farinosus, 1 M. anisopliae and 21 Lecanicillum lecanii) against M. persicae and found 

mortality of the aphids ranged between 0-86 %. Twelve of these isolates were then screened 

against A. tsugae, with a resulting mortality range of 32-84 % for these insects (Reid et al., 

2010). However, 62 of the 63 fungal isolates used in this study were isolated from A. tsugae 

colonies originating in eastern USA and China (Reid et al., 2010), potentially making them 

more specific to A. tsugae. 

While the fungal isolates tested against grapevine phylloxera described in this chapter 

were isolated from vineyard soils (except for two commercial isolates), none of them were 

from infected phylloxera individuals. If however, there was an entomopathogenic fungal 

isolate originating from an infected phylloxerid (Phylloxeridae family) individual, this isolate 

could potentially be effective against phylloxerids and M. persicae. The relatedness between 

the families in the Aphidoidae could translate to susceptibility to entomopathogens, therefore 
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it would be useful to examine if the fungal isolates effective against adelgids are also effective 

against phylloxerids.  

Many studies have tested various entomopathogenic fungal species and isolates 

against M. persicae and most reported high or very high mortality in 7-10 days post treatment 

(Hesketh et al., 2008; Ibrahim et al., 2011; Lefort et al., 2014; Shan and Feng, 2010; Vu et 

al., 2007; Yeo et al., 2003). Even endophytic B. bassiana and M. brunneum reduced the 

development and fecundity of M. persicae on sweet peppers (Capsicum annum L.) (Jaber 

and Araj, 2018).  

It is difficult to compare previous studies with each other and the experiment 

described in this chapter as insect rearing and test conditions, fungal isolates and conidia 

concentrations are different in each. Regardless of the experimental conditions, it is a 

common finding that Beauveria spp. and Metarhizium spp. are pathogenic to M. persicae 

(Hesketh et al., 2008; Ibrahim et al., 2011; Lefort et al., 2014; Shan and Feng, 2010; Vu et 

al., 2007; Yeo et al., 2003). The findings of this chapter on M. persicae mortality are in 

agreement with the above mentioned studies. Furthermore, one study that tested B. 

pseudobassiana (Jandricic et al., 2014) against M. persicae also found, that this fungus is 

among the least pathogenic to this insect.  

Other studies that tested Beauveria spp. and/or Metarhizium spp. isolates together 

with other entomopathogenic fungi report that species such as L. lecanii (Vu et al., 2007), P. 

fumoroseus, L. longisporium (Hesketh et al., 2008) and V. lecanii (Yeo et al., 2003) cause 

higher mortality rates to M. persicae compared with Beauveria spp. and/or Metarhizium spp. 

isolates tested under the same conditions. 

The susceptibility of aphids to entomopathogens differs between aphid species. 

Hesketh et al. (2008) found M. persicae and A. fabae to have similar susceptibility to 

entomopathogenic fungi, while Yeo et al. (2003) found A. fabae to be more susceptible than 

M. persicae. Root feeding aphids appear to be even less susceptible to entomopathogenic 

fungi. In one study, four  M. anisopliae, three P. farinosus, five B. bassiana and 13 V. lecanii 

were tested against Pemphigus bursarius (Homoptera: Pemphigidae) (lettuce root aphid) 

(Chandler, 1997). Only a single M. anisopliae isolate was pathogenic to P. bursarius, and 

this isolate originated from P. trehernei, a close relative to P. bursarius (Chandler, 1997).  

Previous experiments conducted to evaluate entomopathogenic fungi against D. 

vitifoliae have shown success against the radicola form of phylloxera (Bittner, 2015; Ficiu 
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and Dejeu, 2012; Goral et al., 1975; Huber and Kirchmair, 2007; Kirchmair et al., 2007; 

Kirchmair et al., 2004a; Kirchmair et al., 2004b). Beauveria bassiana (Bittner, 2015; Ficiu 

and Dejeu, 2012; Goral et al., 1975; Granett et al., 2001), M. anisopliae (Goral et al., 1975; 

Huber and Kirchmair, 2007; Kirchmair et al., 2007; Kirchmair et al., 2004a; Kirchmair et al., 

2004b), Isaria sp. (Bittner, 2015) and P. farinosus (Goral et al., 1975) have been shown to 

either kill, grow on phylloxera cadavers or reduce damage caused by radicola phylloxera. 

Again, direct comparison between these studies and the experiments described in this chapter 

is not possible because the experimental conditions were very different in each case.  

In the research presented here, an excised root bioassay method was used with V. 

vinifera as a food source and habitation for the phylloxera insects. Goral et al. (1975) used 

excised grapevine roots with different root galling phylloxera life stages, to assess the effect 

of three entomopathogenic fungi, B. bassiana, M. anisopliae and P. farinosus at five conidia 

concentrations (105-109 conidia per mL). Details about the origin, type and growth conditions 

of the grapevine (rootstock or V. vinifera), insect (laboratory reared or field collected) or 

fungi (growing media) prior to experimental setup are not provided (Goral et al., 1975). The 

experiment was conducted for 42 days and the number of larvae (all stages together), adults 

and eggs were recorded (Goral et al., 1975). The number of eggs laid by adults increased 

during the first three to six days of the experiment when treated with B. bassiana, 3-14 days 

when treated with M. anisopliae and only the first three days when treated with P. farinosus; 

however, the rate of increase decreased as the conidia suspension concentration increased 

(Goral et al., 1975). The experiments conducted in this chapter also showed that the number 

of eggs increased for some of the phylloxera fungal isolate (both Beauveria and Metarhizium) 

combinations, although only in a single instance a statistically significant difference could be 

found. Goral et al. (1975) reports that all life stages of larvae and adults were killed by all 

three fungi. This finding is different from the results presented in this chapter. Most of the 

phylloxera survival was not significantly different between fungal and control treatments 

with only two exceptions  in the case of Beauveria isolates B8B and B228B and isolate 

Beauveria Nat. 

Another study also used an excised root bioassay method. Here grapevine rootstock 

5BB Klon 13-11 Gm (V. riparia × V. berlandieri Kober) was the food source for the insects 

(Kirchmair et al., 2004a). Phylloxera originated from leaf galls, however, their homogeneity 

was not tested and their identity was not verified by molecular methods (Kirchmair et al., 
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2004a). The roots of the plants were infested with leaf galls while still in the pots and six 

weeks post insertion of leaf galls the roots of the plants were assessed and considered to have 

enough root galls and phylloxera attached to commence the experiments (Kirchmair et al., 

2004a). To the contrary, during the establishment of radicola phylloxera populations from 

leaf galls for the experiments in this chapter, it was observed that not many phylloxera 

individuals originating from leaf galls settled on (excised) roots and for the first six weeks of 

establishment, they did not lay eggs. After six weeks of phylloxera establishment on the roots, 

Kirchmair et al. (2004a) removed some of the roots with galls from the pots for the bioassay 

experiments. A single fungal isolate, M. anisopliae var. anisopliae, clone Ma 500 was used 

(Kirchmair et al., 2004a). This experiment found the first dead phylloxera on the excised 

roots five days post infestation, however the actual results of this bioassay experiment were 

not reported or discussed in detail (Kirchmair et al., 2004a). In this chapter, dead phylloxera 

were found on the roots treated with either Beauveria or Metarhizium. However, when these 

dead cadavers were put in a humid chamber to encourage sporulation, no fungal growth was 

observed. Moreover, the survival of all phylloxera on the roots were not significantly 

different to the controls, therefore it is unlikely any of these insects were killed by the fungi. 

When phylloxera eggs were put on filter paper soaked with fungal conidia suspension then 

fungal growth was observed on some of the phylloxera cadavers. However, under those 

circumstances, where phylloxera had no food it is possible these starved insects were more 

susceptible to the fungus as the fungus grew saprophytically on the dead insect cadaver. 

Regardless, only 2 % of dead insects were covered by fungi, which can be an indication that 

these phylloxera, even when dead, are not a good substrate for the fungal isolates tested. 

Out of the all the bioassays, only the experiments described in this chapter had the 

starting number of insects recorded with individuals followed throughout the experiments. 

Other bioassays had a cohort of different age and life stage insects for their experiments 

(Goral et al., 1975; Kirchmair et al., 2004a). While the results of this experiment did not 

result in a high percentage of phylloxera mortality, they did show that Beauveria isolates can 

significantly lower the number of surviving insects compared to the control. While these 

results are statistically significant, the number of insects surviving at the end of the trial 

period is still over 50 % of the starting number, indicating that a substantial proportion of the 

population is still able to survive. 
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The scope of the study described in this chapter did not extend to testing the efficacy 

of these entomopathogenic fungi on the radicola phylloxera on whole vine plants, such as 

glasshouse grown potted vines or field grown vines. Other authors have tested phylloxera 

infested, potted glasshouse grown 5BB Klon 13-11 Gm and field vines and reported that M. 

anisopliae had a negative impact on phylloxera survival and reported success in controlling 

the radicola form (Huber and Kirchmair, 2007; Kirchmair et al., 2004a; Kirchmair et al., 

2004b). These could be due to the habitat and food source of the insects but also, as 

mentioned above, due to the presence of different life stages of the insect. 

Entomopathogenic fungal isolates originating from vineyard soils tested in the 

experiments described in this chapter were found to have a broad insect host range, these 

include T. monitor (Coleoptera) that was used as bait during isolation, M. persicae and A. 

fabae (Hemiptera) and L. botrana (Lepidoptera). The results show that the fungal isolates 

were effective against A. fabae and L. botrana so their lack of effectiveness against 

phylloxera was not due to their loss of viability or pathogenicity. Therefore these fungal 

isolates do have the potential to be used against a number of Coleopteran, Hemipteran and 

Lepidopteran insect pests in vineyards or other horticultural/agricultural environments.  

The resistance of phylloxera to succumb to entomopathogenic fungal isolates 

originating from vineyards could only be speculated. The main stages of entomopathogen 

infestation of invertebrates include conidia adhesion and germination followed by the 

differentiation of infectious structures that penetrate the cuticle and finally the colonisation 

of the haemocoel, emergence from cadavers and sporulation. From the results shown in this 

chapter, it is conceivable that phylloxera possesses defences that inhibit infection. Since 

phylloxera survived during the experiments described in this chapter, it is likely that the 

defence or defences occur in the early stages of infestation.  

This resistance could have been acquired by transgenerational immune priming, 

where insects develop resistance to entomopathogenic fungi and pass this resistance to their 

progeny (Dubovskiy et al., 2013). It is conceivable that former generations of root galling 

phylloxera were exposed to microbial invaders, developed immunity against them and passed 

this innate immunity to their progeny. However, the diet of the offspring seem to have an 

impact on the response to infection. For example poor diet and infection resulted in a lower 

survival rate, while a more nutritious diet and infection lead to a higher survival rate in Plodia 

interpunctella (Hubner) (Indian meal moth) (Littlefair et al., 2017). In the case of phylloxera, 
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it is probable that populations feeding on V. vinifera roots are exposed to a more nutritious 

diet as demonstrated by them producing higher population numbers on these roots compared 

to rootstocks (Corrie et al., 2003; Korosi et al., 2007; Viduka et al., 2003), therefore 

potentially increasing their immunity towards entomopathogens. Future work should 

examine the influence of different rootstocks on the effectiveness of entomopathogenic fungi. 

A recent study of the transcriptome assembly of grapevine phylloxera showed a 

number of immune-related and detoxification system genes being highly expressed in either 

the gallicola or radicola forms of phylloxera (Rispe et al., 2016). For example genes involved 

in neurological processes (cell-cell signalling) were highly upregulated in the radicola forms, 

suggesting a high level of interaction with the environment underground (Rispe et al., 2016). 

Two serine protease genes and a gene highly similar to Megourin were found to be highly 

expressed in gallicola phylloxera (Rispe et al., 2016). Serine proteases can be associated with 

defence responses towards microbial intruders while Megourin is associated with innate 

immunity (Rispe et al., 2016). Very high expression of cytochrome P450-like genes were 

found in the radicola form of phylloxera (Rispe et al., 2016). Cytochrome P450 has been 

shown to be upregulated in Plutella xyllostella L. (diamondback moth) larvae injected with 

destruxin A (mycotoxin produced by some entomopathogenic fungi), therefore implying that 

this protein has an important role in detoxification of destruxin (Han et al., 2013). 

It is also worth noting that cuticle protein genes were more expressed in radicola than 

in leaf galling (gallicola) forms, causing gallicola forms to appear paler with thinner 

integument, compared to radicola (Rispe et al., 2016). The cuticle is the first barrier between 

an intruding fungus and the insect, damage to this layer (including fungal penetration) leads 

to melanin accumulation in the cuticle. It has been demonstrated that the melanic form of an 

insect (for example the greater wax moth, Galleria melonella L. Lepidoptera: Pyralidae) 

possess some level of resistance to insect pathogenic fungi (Dubovskiy et al., 2013).  

In this chapter, only fungal isolates belonging to the genera Beauveria and 

Metarhizium were assessed. Other genera, such as Isaria (Bittner, 2015; Goral et al., 1975) 

showed some success against phylloxera in previous experiments, therefore further 

investigations could include these genera. There are other entomopathogenic fungi that could 

potentially be successful against grapevine phylloxera based on their effectiveness on M. 

persicae (such as L. lecanii and L. longisporium) (Hesketh et al., 2008; Vu et al., 2007; Yeo 

et al., 2003) or A. tsugae (such as Fusarium sp. and L. lecanii) (Reid et al., 2010). 
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At the onset of the experiments described here, the expectation was that by the end 

of these investigations there would be at least one fungal isolate that would rapidly kill 

phylloxera. This expectation was based on information in the published literature about many 

insects succumbing to attack from isolates in the genera Beauveria and Metarhizium and 

information available about phylloxera itself being controlled by entomopathogens. However, 

using Beauveria and Metarhizium isolates to kill phylloxera has proven to be less straight 

forward than expected. Therefore, this work opens up the opportunity for further 

investigations. There is still a demand for entomopathogens that can achieve high mortality 

in radicola phylloxera and to discover them may require a different approach. This could be 

addressed by employing a more targeted search for suitable fungal isolates from other genera, 

for example targeting isolates that were successful in killing other root feeding aphids. 

Observing naturally occurring mycosis of phylloxerids could also provide a suitable fungal 

isolate. An interesting avenue of investigation could be to test other phylloxerids for their 

responses to entomopathogens. The interaction between the entomopathogen and phylloxera 

needs further, more in depth investigation, for example gene expression studies during the 

initial stages of infection that investigates responses on both sides (fungus and insect). These 

studies could be extended to include physiological investigations, to consider if there is a 

physical incompatibility between these fungi and phylloxera. Finally, the interactions 

between host plant, insect and entomopathogen could also be of importance, as the plant 

provides food and habitat for the insect. 

 



   

 

Chapter 5 

Infection of black bean aphid (Aphis fabae) and grape phylloxera (Daktulosphaira 

vitifoliae) by Beauveria bassiana and Metarhizium pingshaense  

 

5.1. Introduction 

Entomopathogenic fungi are able to invade the body of an arthropod, killing them, which is 

followed by their sporulation on the mycosed cadaver. In their natural environment, 

Beauveria and Metarhizium species reproduce clonally by producing conidia (Bidochka et 

al., 2001; Meyling et al., 2009). These conidia infect the insect body by producing germ 

tubes that directly penetrate the exoskeleton (Clarkson and Charnley, 1996).  

To be able to invade the host insect, a conidium first needs to adhere to the 

exoskeleton, where it germinates and forms an appressorium (Clarkson and Charnley, 1996). 

Mechanical pressure and enzymes are required to break through the exoskeleton and enter 

the haemocoel (Butt et al., 2016; Clarkson and Charnley, 1996; Valero-Jimenez et al., 2016). 

In the haemocoel, the fungus proliferates as blastospores, hyphal bodies or protoplasts 

(Clarkson and Charnley, 1996). When it spreads in the hemolymph, the fungus consumes the 

available nutrients and produces toxins, both contributing to the death of the insect (Butt et 

al., 2016; Clarkson and Charnley, 1996; Valero-Jimenez et al., 2016).  Finally, following the 

death of the host, the fungi must emerge out of the cadaver penetrating the exoskeleton now 

from the inside, leading to conidiogenesis on the insect surface (Valero-Jimenez et al., 2016).  

In arthropods such as the western flower thrip (Frankliniella occidentalis (Pergande)) 

(Vestergaard et al., 1995; Wu et al., 2014), two spotted mite (Tetranychus urticae (Koch)) 

(Wu et al., 2016), green peach aphid (M. persicae (Sulzer)), mustard aphid (Lipaphis erysimi 

(Kaltenbach)), cabbage stem flea beetle (Psylliodes chrysocephala (L.) (Butt et al., 1995) 

and onion fly (Delia antiqua (Meigen)) (Zhang et al., 2016) these stages may occur within a 

number of hours. Two hours after inoculation, the conidia adhere to the cuticle (Wu et al., 

2014; Wu et al., 2016; Zhang et al., 2016) and at 24 hpi the conidia germinate (Butt et al., 

1995; Vestergaard et al., 1995; Wu et al., 2016) with the germ tubes oriented towards the 

cuticle (Wu et al., 2014; Zhang et al., 2016). As demonstrated by Wang et al. (2017), conidia 

from two isolates of B. bassiana started germinating 12 hpi on minimal media containing 

silkworm (Bombyx mori (L)) cuticles at concentrations of 0.1 % and 1 %, and at 24 hpi 95 % 

of conidia germinated (Wang et al., 2017). Between 36 to 48 hpi, the cuticle was penetrated 
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(Wu et al., 2014; Wu et al., 2016; Zhang et al., 2016). Finally, 48-72 hpi, the fungal mycelia 

emerged from the exoskeleton (Butt et al., 1995; Vestergaard et al., 1995; Wu et al., 2014; 

Wu et al., 2016; Zhang et al., 2016). However, this process does not take place in some other 

arthropods, such as phytoseiid predatory mites (Acarina: Phytoseiidae): Neoseiulus 

(Amblyseius) barkeri (Hughes), N. cucumeris (Oudemans), N. californicus (McGregor), N. 

womersleyi (Schicha) (Amblyseius pseudolongispinosus Xin, Liang and Ke), Phytoseiulus 

persimilis (Athias-Henriot) and Amblyseius swirskii (Athias-Henriot). The conidia still 

adhere to the cuticle two hpi where they germinate 24 hpi, but the germ tubes are unable to 

penetrate the cuticle (Wu et al., 2016). Forty-eight hpi the conidia become shrivelled with 

only a few remaining on the body (Wu et al., 2014).  

A number of genes play an important role during insect colonisation as summarised 

by Butt et al., (2016) and Valero-Jimenez et al. (2016). Surface adhesion is a key first step 

and the adhesive properties of M. anisopliae have been identified to be regulated by two 

genes, Mad1 (Metarhizium adhesin-like protein 1) and Mad2 (Metarhizium adhesin-like 

protein 2) (Wang and St Leger, 2007). The expression of Mad1 was found at a very high 

frequency in the insect hemolymph of Manduca sexta (L), while that of Mad2 was detected 

in bean root exudates (Wang et al., 2005). The Mad1 gene was found to play a role in 

adhesion to insect surfaces, conidial germination, blastospore formation and hyphal body 

differentiation when inside the insect (Wang and St Leger, 2007). Consequently, the deletion 

of the Mad1 gene caused significant reduction of virulence of the mutant isolate (Wang and 

St Leger, 2007). The Mad2 gene was identified to have a role in adherence to plant surfaces 

(Wang and St Leger, 2007) and during nutrient starvation (Barelli et al., 2011). While the 

conidia initially attaches to the insect surface passively, using hydrophobic forces (Boucias 

et al., 1988; Holder and Keyhani, 2005), subsequently this bond is replaced by more specific 

binding that is mediated by Mad1 (Wang and St Leger, 2007). The relative expression levels 

of Mad1 and Mad2 were assessed for eight days in the diamondback moth (Plutella xylostella 

(L)) inoculated with M. robertsii (Barelli et al., 2011). The expression of Mad1 peaked at 24 

hours after a steady increase following inoculation, and then showed a gradual decline in 

expression through the 8-day post-inoculation period (Barelli et al., 2011). Mad2 expression 

followed a different pattern, with relative expression peaking at 92 hpi, without a gradual 

increase preceding, but was followed by a steady decline also until 8 days post-inoculation 

(Barelli et al., 2011). 
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Mad1 and Mad2 whole gene and protein sequences indicate species specificity 

(Wyrebek and Bidochka, 2013). The phylogenetic analysis of the whole gene sequences of 

these two genes shows that Mad2 phylogeny is more compatible with the EFT1 phylogeny, 

that is used to identify Metarhizium species (Bischoff et al., 2009). Wyrebek et al. (2013) 

proposed that the Mad2 gene diverged within the Metarhizium lineages while Mad1 has been 

conserved, indicating a plant-fungus interaction driven evolutionary adaptation, rather than 

an insect-fungus one.  

Orthologues to Mad1 and Mad2 genes were identified in the genome of B. bassiana 

designated BBA_02419 (34 % identity of Mad1) and BBA_02379 (47 % identity of Mad2) 

(Xiao et al., 2012). To eliminate confusion between the two Beauveria genes (BBA_02419 

and BBA_02379) and to highlight their similarity to their orthologues within Metarhizium 

(Mad1 and Mad2) subsequently BBA_02419 is referred to as Bad1 (Beauveria adhesin-like 

protein 1) and BBA_02379 as Bad2 (Beauveria adhesin-like protein 2). Both Bad1 and Bad2 

genes were upregulated in a virulent strain of B. bassiana compared to in a less virulent B. 

bassiana strain after they were grown for 24 hours on a media containing the cuticle extract 

of silkworm (Wang et al., 2017). This suggests that these genes are also involved in the early 

stages of insect infection and are linked with B. bassiana pathogenicity (Wang et al., 2017). 

In Chapter 4 of this thesis, it was established that some strains of Beauveria spp. and 

Metarhizium spp. are virulent to aphids but not phylloxera. The aim of this chapter was to (a) 

determine if the virulence of these strains are related to the sequences of the adhesin-like 

proteins 1 and 2, (b) include a parallel comparison of one of each strains of Beauveria and 

Metarhizium on a susceptible aphid host, and the non-susceptible phylloxera, during the first 

72 hours post infection. This was investigated using qPCR to assess the gene expression of 

the adhesin-like protein 1 gene and by using SEM. 

  

5.2. Material and Methods 

5.2.1. Plant material 

Broad bean (Vicia faba L.) and European grapevine (Vitis vinifera L.) plants were grown 

from seeds and hardwood cuttings respectively, at the Hochschule Geisenheim University, 

Department of Crop Protection, Geisenheim, 65366, Germany (HGU) as described in 

Chapter 3.  
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5.2.2. Insect material 

Laboratory cultures of black bean aphid (Aphis fabae Scopoli) and grapevine phylloxera (D. 

vitifoliae Fitch) Joh5 biotype were reared as stock cultures at the HGU also as described in 

Chapter 4. Joh5 phylloxera was selected for these experiments, as this population had the 

most number of eggs available at the experiment time. These experiments were conducted at 

HGU, where the only aphid species mass reared in the laboratory was A. fabae. For 

consistency M. persicae would have been a better aphid choice however, insect availability 

made it necessary to switch to A. fabae. 

 

5.2.3. Fungal material 

A selection of 10 Beauveria spp. and nine Metarhizium spp. isolates identified in Chapter 2 

were used in this study. They are as follows: B. australis isolates B8B, B44B, B84B, B. 

pseudobassiana isolate B156B, B. bassiana isolates B16B, B78B, B178B, B187B, B228B 

and the commercially available strain ATCC74040 (Naturalis©), along with M. robertsii 

isolates M7D, M94B, M164B, M202B, M224B, M. brunneum isolates M43B, M198B and 

M. pingshaense isolates M39B, M176B. All Beauveria spp. isolates were grown on MEA2 

and all Metarhizium spp. isolates were grown on SDAY as described in Chapter 4. 

 

5.2.4. Genetic variability of insect and plant adhesin-like genes 

The DNA was extracted from two-week old fungal cultures using the MasterPure™ DNA 

Purification Kit (Epicentre®, Lucigen, Biozym Scientific GmbH Steinbrinksweg 27 D - 

31840 Hessisch Oldendorf, Germany) and according to manufacturer’s recommendations (as 

in Chapter 3). To assess the genetic variability of Metarhizium insect adhesin-like protein 

(Mad1) and Metarhizium plant adhesin-like protein (Mad2), partial sequences of these genes 

were amplified using published primers (Mad1 (F): 5’-

AGACTCCCCCTTGCCCTCCTGTT and (R): 5’- GTCTCGGCACCGGTGGCAATGA, 

Mad2 (F): 5’- GCCTCGTCTCCCGCAGTTGTCGTTCTC and (R): 5’-

CCCCCTCCCCCTCCTCTCCAGTTTTACAC) (Barelli et al., 2011). 

The genetic variability of Beauveria insect adhesin-like protein (Bad1) and Beauveria 

plant adhesin-like protein (Bad2) were evaluated similarly by amplifying partial sequences 

of these genes. Since there were no published primers available for these genes, primers were 
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designed using the primer-BLAST option at the National Center for Biotechnology 

Information website (National Center for Biotechnology Information, 2019). Potential 

primer pairs were checked for primer dimer and hairpin formations using ThermoFisher 

Scientific’s Multiple Primer Analyzer tool (ThermoFisher Scientific, 2019a) and the optimal 

annealing temperature for each primer pair was calculated using the ThermoFischer 

Scientific’s Tm calculator (ThermoFisher Scientific, 2019b). The forward and reverse primers 

designed to amplify the insect and plant adhesin partial genes were Bad1 (F) 5’ -

TGTTCCCACGCAGTCTCTTC, (R) 5’ - GTCTCGGCACCAGTAGCAATG, Bad2 (F) 5’ 

- CGTCTCCATCGTCGCCGCTCA and (R) 5’ - CGTAGTGCCACTCCTCGTCC. 

The same touch-down PCR protocol was used to amplify Mad1, Mad2 and Bad1 

sequences. These conditions consisted of 1 minute of 94 °C initial denaturation, followed by 

5 cycles of 1 minute at 94 °C denaturation, 1 minute at 62 °C annealing which was decreased 

by 1 °C at each cycle until it reached 57 °C, followed by 1 minute at 72 °C extension. 

Subsequent cycles were 1 minute at 94 °C denaturation, 1 minute at 57 °C annealing and 1 

minute at 72 °C extension for 25 cycles and a final extension of 1 minute at 72 °C. A similar 

touch-down PCR protocol was used to amplify Bad2 sequences however  during the initial 

touch-down cycles, the annealing temperature was set to 71 °C and to decrease by 1 °C over 

five cycles to 66 °C and this annealing temperature was used for the remaining 25 cycles. 

PCR products were visualised on a 1 % agarose gel and amplicons were purified using the 

ExoSAP-IT™ PCR Product Cleanup Reagent (Thermo Fisher Scientific, Fisher Scientific 

GmbH, Im Heiligen Feld 17, Schwerte, Germany 58239) following the manufacturer’s 

recommendations. Purified PCR amplicons were sequenced by LGC Genomics GmbH 

(Ostendstrasse 25, TGS Haus 8, 12459 Berlin, Germany) and are available in Appendix 1. 

Sequences were aligned and edited using version 7.0 of the Molecular Evolutionary 

Genetics Analysis (MEGA7) software (Kumar et al., 2016). Using BLAST (Basic Local 

Alignment Search Tool) in GenBank, the sequences were compared to other publicly 

available sequences. Beauveria spp. sequences were compared to previously sequenced B. 

bassiana, Cordyceps militaris and Isaria fumosorosea sequences, while Metarhizium spp. 

sequences were compared to previously sequenced M. robertsii (5 sequences), M. 

pingshaense, M. brunneum, M. brittlebankisoides, M. lepidiotae and M. acridum sequences 

(Table 5.1). 
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Table 5.1: Insect and plant adhesin gene partial sequences in Beauveria spp. (Bad1 and 

Bad2) and Metarhizium spp. (Mad1 and Mad2) available in GenBank. 

 

Species Isolate number Gene Accession number 

Beauveria bassiana ARSEF 2860 Bad1 XM008597516 

  Bad2 XM008597476 

Cordyceps militaris ATCC 34164 Bad1 CP023324 

  Bad2 CP023323 

Isaria fumosorosea ARSEF 2679 Bad1 XM018849620 

  Bad2 XM018851416 

Metarhizium robertsii G90-bi Mad1 KC484640 

  Mad2 KC484627 

 ARSEF 23 Mad1 XM007821773 

  Mad2 XM007821805 

 M31-ai Mad1 KC484639 

  Mad2 KC484626 

 HKB1-1b Mad1 KC484637 

  Mad2 KC484624 

 M18-ai Mad1 KC484638 

  Mad2 KC484625 

M. pingshaense ARSEF 439 Mad1 KC484641 

  Mad2 KC484628 

M. brunneum 43A-2i Mad1 KC484642 

  Mad2 KC484629 

M. brittlebankisoides ARSEF 1914 Mad1 KC484647 

  Mad2 KC484634 

M. lepidiotae ARSEF 7488 Mad1 KC484648 

  Mad2 KC484635 

M. acridum ARSEF 7486 Mad1 KC484649 

  Mad2 KC484636 

 

MEGA 7 software was also used to construct the Neighbour Joining Trees (Kumar et 

al., 2016). The phylogeny for all four genes (Bad1, Bad2, Mad1 and Mad2) was tested using 
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the Bootstrap method with 1000 bootstrap replications. Maximum Composite Likelihood 

method (Tamura et al., 2004) was used to compute evolutionary distances. The analysis 

involved 13 (Bad1), 12 (Bad2) and 19 (Mad1 and Mad2) nucleotide sequences. Gaps and 

missing data positions were removed. The final dataset consisted of 198 (Bad1), 40 (Bad2), 

212 (Mad1) and 134 (Mad2) positions. 

 

5.2.5. Scanning Electron Microscopy (SEM) 

B. bassiana isolate B187B and M. pingshaense isolate M39B were used for the SEM study 

as they were highly virulent to aphids as described in Chapter 4. These isolates resulted in 

100 % mortality in green peach aphids in 12 and 9 days post inoculation respectively (Figures 

4.3 and 4.1, Chapter 4), and both of these isolates showed minimal fungal growth from 

phylloxera following infection (Table 4.7, Chapter 4). 

Three replicates of two treatments (B. bassiana B187B, M. pingshaense M39B) and 

a no treatment control for three time points (24, 48 and 72 hours) were prepared for each 

insect. Phylloxera bioassays were established as described in Chapter 4 with 40 eggs added 

to each grapevine root piece. Black bean aphid bioassays were established following the 

green peach aphid bioassay procedure as described in Chapter 4, except using broad bean (V. 

faba), and retaining 20 first instar individuals on each plant. This resulted in 9 (3 × 3) 

replicates for each fungal treatment, with 360 (9 × 40) phylloxera individuals and 180 (9 × 

20) aphid individuals receiving B. bassiana B187B, M. pingshaense M39B or no treatment 

(control). Conidial suspensions (8.3 x 108 and 5.04 x 108 conidia per mL for B. bassiana 

B187B and M. pingshaense M39B respectively) were prepared as described in Chapter 4 and 

the same conidia suspension was applied to both insect bioassays at the same time. The 

bioassays were established at HGU in the state of Hesse and transported under quarantine 

conditions to the state of Lower Saxony where the SEM images were obtained. Phylloxera is 

a quarantine insect in Germany, therefore a European Commission Letter of Authority was 

obtained from the Chamber of Agriculture of Lower Saxony approving the importation of 

phylloxera to another state. SEM images were taken using a FEI Quanta 250 scanning 

electron microscope (Hillsboro, Oregon, USA) at the Institute for Epidemiology and 

Pathogen Diagnostics at the Julius Kühn Institut (JKI) (Braunschweig, Messeweg 11/12, 

Lower Saxony, 38104, Germany). Plant parts with insects attached were placed on a double-

sided adhesive tape on aluminium stubs without any fixation/gold coating. Prior to placement 
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under the microscope, they were kept in a closed container for 5 minutes with dry ice to 

incapacitate them. The CO2 and cold temperature acted as immobilisers and therefore the 

insects did not move while under the microscope. For examination and digital image 

acquisition, the samples were placed in a low vacuum chamber under a 12.5kV electron 

beam. After acquiring the images, the samples were autoclaved and disposed of. 

 

5.2.6.  Gene expression studies 

For the gene expression studies, the same two fungal isolates (B. bassiana B187B, M. 

pingshaense M39B) were used. The experiment was set-up as described above with three 

replicates of three treatments (B. bassiana B187B, M. pingshaense M39B and no treatment 

control) at three time points (24, 48 and 72 hpi). For the phylloxera bioassays, 100 eggs were 

added to each root piece and for the black bean aphid bioassays, 40 first instar individuals 

were retained on each plant. This resulted in nine (3 x 3) replicates for each fungal treatment, 

with 900 (9 x 100) phylloxera individuals and 360 (9 x 40) aphid individuals receiving B. 

bassiana B187B, M. pingshaense M39B or no treatment (control). As described above, the 

same conidial suspension was applied to both insect bioassays.  

At 24 hpi, 20-30 aphid and 50 phylloxera individuals, 48 hpi, 15-26 aphid and 40-50 

phylloxera individuals and 72 hpi 10-22 aphid and 50 phylloxera individuals were removed 

from each replicate (3) of the three treatments using a fine paintbrush. Insects originating 

from the same replicate of the same treatment were pooled in a 1.5 mL sample tube, snap 

frozen in liquid nitrogen and stored at -80 °C. As a result, three biological replicates of pooled 

insects were collected at three time points (24h, 48h and 72h) for each of the three treatments 

(B. bassiana B187B, M. pingshaense M39B and control).  

The pooled samples were homogenised using a micro pestle and the total RNA was 

extracted using the QIAGEN RNeasy mini kit (Hilden, Germany) with on-column DNase 

digestion following the manufacturer’s recommendation. The extracted RNA was quantified 

using a NanoDrop 1000 Spectrophotometer (Thermo Scientific, Wilmington, USA) and each 

sample was then diluted to 100 ng RNA in 11µL and reverse transcribed to cDNA using 

RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, Massachusetts, 

United States) following the manufacturer’s recommendations. 

Real Time (RT) qPCR was conducted using Maxima SYBR Green Real Time PCR 

master mix (Thermo Scientific, Waltham, Massachusetts, United States), following the 
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manufacturer’s recommendations on an iQ5 Multicolor iCycler (Bio-Rad, Hercules, 

California, United States). One target gene, the insect adhesin-like gene Beauveria Bad1 

designed for this study and Metarhizium Mad1 (Barelli et al., 2011) and two reference genes 

Beauveria BB-Tub and BB-GAPDH (Galidevara et al., 2016) Metarhizium M-gpd and M-

tef (Fang and Bidochka, 2006) were used in the qPCR studies. Their efficiency and R squared 

value are listed in Table 5.2. During qPCR for each gene, the biological samples were split 

into three technical replicates. To control for inter-run variations, an extra sample, the same 

for each run, was added to each qPCR run as an inter-run control.  
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Table 5.2: Primers used in RT-qPCR to amplify insect adhesin like genes in Beauveria spp. and Metarhizium spp. and two housekeeping 

genes for Beauveria spp. and Metarhizium spp.. 

 

Primer name Sequence (F) (5’-3’) Sequence (R) (5’-3’) Efficiency (%) R2 

BB-Tub TCGAGCGCATGAATGTCTAC GCGAGGGACATACTTGTTGC 99.2 0.998 

BB-GAPDH CATCCACGACAAGTTCGGTATTG CTGGAGGGAATGATGTTCTGAG 106.8 0.998 

M-gpd GACTGCCCGCATTGAGAAG AGATGGAGGAGTTGGTGTTG 121.8 0.892 

M-tef AGGACGACAAGACTCACATC GTTCAGCGGCTTCCTTCTC 97.7 0.968 

Bad1 TGTTCCCACGCAGTCTCTTC GTCTCGGCACCAGTAGCAATG 123.5 0.993 

Mad1 AGACTCCCCCTTGCCCTCCTGTT GTCTCGGCACCGGTGGCAATGA 120.0 0.979 

 

Primer pairs BB-Tub and BB-GAPDH are for Beauveria housekeeping genes BB-Tub and BB-GAPDH respectively. Primer pairs M-gdp and 

M-tef are for Metarhizium housekeeping genes M-gdp and M-tef respectively. Primer pairs Bad1 and Mad1 are for Beauveria and Metarhizium 

insect adhesin-like gene Bad1 and Mad1, respectively. 
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The relative quantity for each target gene was calculated using qbase+ Version 3.2 

software (Biogazelle, Gent, Belgium). Qbase+ software was also used to evaluate the 

expression stability (M values) and coefficients of variation (CV) of the reference genes. The 

Calibrated Normalised Relative Quantity (CNRQ) values of the target genes were used to 

perform one-way ANOVA statistical analysis, also using qbase+, to pairwise compare 

relative expression levels of the target genes over time.  

 

5.3.  Results 

5.3.1.  Phylogenetic analysis of adhesin-like genes Bad1, Bad2, Mad1 and Mad2 

All gene targets were successfully amplified, however the plant adhesin (Bad2) primers did 

not amplify any targets in B. pseudobassiana isolate B156B. Four phylogenetic trees (Figure 

5.1 – 5.4) were constructed for the insect adhesin-like partial gene sequences of Beauveria 

Bad1 (Figure 5.1) and Metarhizium Mad1 (Figure 5.3) and plant adhesin-like partial gene 

sequences of Beauveria Bad2 (Figure 5.2) and Metarhizium Mad2 (Figure 5.4). In the case 

the of Beauveria spp., a very limited number of sequences (three) were available and no type 

material was found using a BLAST search. Sequence types for two type materials were found 

for the Metarhizium spp. sequences. 

The phylogenetic tree of Bad1 partial sequences showed that all B. bassiana sequence 

types, acquired during this study and the single publicly available one, formed a separate 

clade together (Figure 5.1). The single B. pseudobassiana sequence type separated from the 

B. bassiana and B. australis sequence types (Figure 5.1). Two B. australis sequence types 

formed a clade (B44 and B84B) while the third sequence (B8B) was on the same clade as the 

B. bassiana sequence types (Figure 5.1). 

The Bad2 phylogenetic tree is very similar to that of Bad1 sequence types. Similarly 

to Bad1, all B. bassiana sequence types and the same two B. australis (B44B and B84B) 

sequence types formed their own clades while the same single B. australis (B8B) sequence 

type was found on the B. bassiana clade (Figure 5.2). 

The phylogenetic tree showing Mad1 partial sequences reveals that all M. robertsii, 

M. pingshaense and M. brunneum sequences, either acquired during this study or publicly 

available, formed their own clades, separating into species (Figure 5.3). This is however not 

the case with the phylogenetic tree showing Mad2 partial sequences (Figure 5.4). Here the 

M. pingshaense isolates formed their own clade from the M. robertsii clade (Figure 5.4). 
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However, four of the M. robertsii sequences acquired during this study (M7D, M94B, 

M164B and M202B) formed their own clade, while the fifth M. robertsii sequence from this 

study (M224B) and the publicly available M. robertsii sequences are randomly distributed 

together, on the same clade with the publicly available M. brunneum sequence (Figure 5.4). 

From this clade are the two M. brunneum sequences (M43B and M198B) from the current 

study that also formed their own clade. 
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Figure 5.1: Phylogenetic tree of insect adhesin- like gene (Bad1) in taxa Beauveria. 

Sequence types with full black circles () are sequences of isolates that were previously 

identified in Chapter 2. Sequence type code is identical to isolate code. Sequence types from 

GenBank are identified by their accession number. The evolutionary history was inferred 

using the Neighbour Joining (NJ) method. The optimal phylogenetic tree is shown with a 

sum of branch length = 2.35157670. Numbers next to the branches indicate the percentage 

of replicate trees in which the associated taxa clustered together in the bootstrap test using 

1000 replicates (Felsenstein, 1985). 
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Figure 5.2: Phylogenetic tree of insect adhesin-like gene (Bad2) in taxa Beauveria. 

Sequence types with full black circles () are sequences of isolates that were previously 

identified in Chapter 2. Sequence type code is identical to isolate code. Sequence types from 

GenBank are identified by their accession number. The evolutionary history was inferred 

using the Neighbour Joining (NJ) method. The optimal phylogenetic tree is shown with a 

sum of branch length = 1.33838399. Numbers next to the branches indicate the percentage 

of replicate trees in which the associated taxa clustered together in the bootstrap test using 

1000 replicates (Felsenstein, 1985).  
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Figure 5.3: Phylogenetic tree of insect adhesin-like gene (Mad1) in taxa Metarhizium. 

Sequence types with full black circles () are sequences of isolates that were previously 

identified in Chapter 2. Sequence type code is identical to isolate code. Sequence types from 

GenBank are identified by their accession number. Sequence types with full black diamonds 

() are type material. The evolutionary history was inferred using the Neighbour Joining 

(NJ) method. The optimal phylogenetic tree is shown with a sum of branch length = 

0.17936615. Numbers next to the branches indicate the percentage of replicate trees in which 

the associated taxa clustered together in the bootstrap test using 1000 replicates (Felsenstein, 

1985).  
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Figure 5.4: Phylogenetic tree of insect adhesin-like gene (Mad2) in taxa Metarhizium. 

Sequence types with full black circles () are sequences of isolates that were previously 

identified in Chapter 2. Sequence type code is identical to isolate code. Sequence types from 

GenBank are identified by their accession number. Sequence types with full black diamonds 

() are type material. The evolutionary history was inferred using the Neighbour Joining 

(NJ) method. The optimal phylogenetic tree is shown with a sum of branch length = 

0.17225888. Numbers next to the branches indicate the percentage of replicate trees in which 

the associated taxa clustered together in the bootstrap test using 1000 replicates (Felsenstein, 

1985). 

  



Chapter 5 127 

 

 

5.3.2. B. bassiana and M. pingshaense conidia on phylloxera and black bean aphid 

using SEM 

Conidia of both B. bassiana and M. pingshaense on the surface of the insects and plant 

material were successfully imaged using SEM (Figures 5.5-5.9). On the V. vinifera root 

surface, conidia of both Beauveria and Metarhizium were observed germinating 48 hpi 

(Figure 5.5 D and E). On the surface of phylloxera, germinating conidia of both 

entomopathogenic fungal species were observed 48 hpi (Figure 5.6C and 5.8C). Beauveria 

bassiana conidia were seen germinating on the surface of phylloxera as early as 24 hpi 

(Figure 5.8A). However, 72 hpi, no conidia of either entomopathogenic fungal species were 

detected on the surface of phylloxera (Figure 5.6D and 5.8D), while the conidia were still 

present on the root surface (Figure 5.8D). 

Germinated and un-germinated M. pingshaense conidia and fungal hyphae were 

visible on the surface of black bean aphid 24 hpi (Figure 5.7 B) and by 48-72 hpi the entire 

insect body appears to be colonised by fungal hyphae (Figure 5.7C-F). Germinated and un-

germinated B. bassiana conidia were also visible 48 hpi on the black bean aphid surface 

(Figure 5.9B) but only insect cadavers colonised by fungal hyphae were found 72 hpi (Figure 

5.9C and 5.9D).  

No fungal conidia were observed on the surface of control phylloxera 72 hpi (Figure 

5.10A). At the same time point, control black bean aphids also appear healthy, without any 

conidia or hyphae on their bodies (Figure 5.10B). On the phylloxera moulted cuticle 

however, unidentified fungal hyphae and conidiophores can be observed in the control 

treatment 72 hpi (Figure 5.10 C-D). 
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Figure 5.5 A-C: Metarhizium pingshaense (A and B) and Beauveria bassiana (C) conidia 

on the surface of the double sided tape on aluminium stubs (A and C) and on the root surface 

of Vitis vinifera 24 hours (B), 48 hours (D) post inoculation. 

White arrows indicate germinated conidia, arrows in black outline indicate un-germinated 

conidia. 
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Figure 5.5 E and F: Beauveria bassiana (E) and Metarhizium pingshaense (F) conidia on 

the root surface of Vitis vinifera 48 hours (E) and 72 hours (F) post inoculation. 

White arrows indicate germinated conidia, arrows in black outline indicate un-germinated 

conidia. 

 

The information at the base of each image describes further details: 

 

mag □  – magnification used displayed as times (x) of magnification,  

HV  – accelerating voltage of the electrons measured in kilovolts (kV),  

spot – diameter of the electron beam size measured in nanometres (nm),  

WD  – working distance, the distance between the point of focus on the sample and the 

SEM column measured electronically in millimetres (mm),  

pressure – chamber pressure at the time of image acquisition measured in Pascal (Pa), 

det – type of detector, large filed detector (LFD) was used for all images,  

HFW  – horizontal field width measured in micrometres (µm), 

scale bar measuring in micrometres (µm). 
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Figure 5.6: Phylloxera treated with Metarhizium pingshaense 24 hours (A long shot and B 

close up of the same individual), 48 hours (C close up of cuticle with germinated conidia 

visible) and 72 hours (D close up of two individuals) post inoculation.  

 

Images showing phylloxera head (A), phylloxera cuticle detail with conidia (B) and with 

germinating conidia (C) cuticle detail of two insects located close to each other (D) with no 

visible conidia. White arrows indicate germinated conidia, arrows in black outline indicate 

un-germinated conidia. 
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Figure 5.7 A-D: Black bean aphid treated with Metarhizium pingshaense 24 hours (A long 

shot and B close up of the same individual) and 48 hours (C long shot and D close up of the 

same individual) post inoculation.  

 

Images showing two whole aphids, one alive and one dead (A), detail of dead aphid with 

conidia and hyphae around the siphon (B), deformed and collapsed aphid (C) and eye detail 

of deformed aphid with hyphae visible (D). White arrows indicate germinated conidia and 

hyphae while arrows in black outline indicate un-germinated conidia. 
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Figure 5.7 E and F: Black bean aphid treated with Metarhizium pingshaense 72 hours (E 

long shot and F close up of the same individual) post inoculation.  

 

Images showing the insect body colonised by fungal hyphae (E and F). White arrows indicate 

germinated conidia and hyphae. 
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Figure 5.8: Phylloxera treated with Beauveria bassiana 24 hours (A close up of cuticle), 48 

hours (B close up of leg and C close up of cuticle with germinated conidia) and 72 hours (D 

close up of head with no visible conidia while visible conidia on root surface) post 

inoculation.  

Images showing phylloxera cuticle detail with conidia (A and C), phylloxera leg detail with 

conidia, sensory pit at the end of the antennae is also visible (B), detail of phylloxera head 

and grapevine root surface (D) conidia visible on the root not on phylloxera. White arrows 

indicate germinated conidia, arrows in black outline indicate un-germinated conidia. 
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Figure 5.9: Black bean aphid treated with Beauveria bassiana 48 hours (A long shot of 

whole aphid and B close up of leg) and 72 hours (C long shot of aphid cadaver on bean leaf 

and D close up of aphid head) post inoculation.  

Images showing a whole aphid (A and C), detail of the leg with conidia (B), detail of head 

(D). Arrow in black outline indicates un-germinated conidia. 
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Figure 5.10: Control treatments of phylloxera and black bean aphid.  

Surface of phylloxera (A close up of cuticle) and black bean aphids (B long shot of two 

aphids on a bean leaf) at 48 hours. Phylloxera moulted cuticle on root 72h post (no) 

inoculation showing fungal (entomopathogenic or saprophytic) growth (C and D). White 

arrows point to fungal growth.  
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5.3.3. Expression of insect adhesin genes of B. bassiana (Bad1) and M. pingshaense 

(Mad1) during the first 72 hours of infestation on phylloxera and black bean aphid 

Insect adhesin genes Bad1 and Mad1 were expressed in black bean aphids inoculated with 

B. bassiana and M. pingshaense, respectively, during the first three days post inoculation 

(Figure 6.11 A and B). While the processed Mad1 expression data also shows this gene 

expressed in phylloxera inoculated with M. pingshaense (Figure 6.11 C), the raw data results 

indicate signal detection close to the threshold (quantification) cycle (Ct or Cq<35) (data not 

shown), making these results less reliable. There was no expression of Bad1 detected in 

phylloxera inoculated with B. bassiana over the first three days post inoculation (data not 

shown), however, the raw data indicates that one of the three biological replicates had a 

detectable level (Ct<35) of signal after 24 hpi (data not shown). No expression of the Bad1 

or Mad1 genes was observed in the control treatment phylloxera or aphid population (Figure 

6.11 A-C). 

One-way ANOVA revealed that there was no significant difference in the expression 

of Bad1 (p=0.183) or Mad1 (p=0.951) in aphids over time. In phylloxera, there was also no 

difference over time in the expression of the Mad1 gene (p=0.7576), while the Bad1 gene 

was not expressed in phylloxera therefore statistical analyses were not performed. 
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Figure 5.11: Expression of adhesin genes Bad1 and Mad1 in Beauveria bassiana (A) and 

Metarhizium pingshaense (B and C), inoculated black bean aphid (A and B), phylloxera (C) 

and their corresponding controls at 24, 48 and 72 hours post inoculation. 

 

5.4. Discussion 

The two primer pairs designed in this study successfully amplified the partial sequences of 

insect (Bad1) and plant (Bad2) adhesin genes within the Beauveria spp. with the exception 

that Bad2 was not amplified in B. pseudobassiana isolate B156B. It is not clear why the 

amplification was not successful, possibly because the sequence of this gene at the primer 

bounding site are too different to the B. bassiana sequences and so the primers cannot attach 

to the template or perhaps this gene in B. pseudobassiana may not exist. Further work is 

required using other B. pseudobassiana isolates to either optimise the amplification of the 

Bad2 gene or to provide evidence that this gene does not exist in this species. 
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When comparing the phylogeny inferred using the partial sequences of the genes 

Bad1, Bad2 and B locus nuclear intergenic region (Bloc) (used to identify Beauveria species) 

(Rehner et al., 2006) (Chapter 2), the resulting phylogenetic trees do not completely correlate. 

The trees inferred using Bad1 and Bad2 are similar with the same sequence types on the same 

clades. One obvious difference however, is that while two B. australis sequence types (B44B 

and B84B) are forming their own clade, the third one B8B is in another clade in both trees 

with other B. bassiana sequence types. This could be an indication that the partial sequence 

of these genes can signify possible virulence. Fungal isolate B8B is considered to be highly 

virulent against green peach aphid, while the other B. australis isolates tested were not 

(Chapter 4). By using Bad1 and Bad2 phylogeny, B8B sequence type is on the same clade as 

other sequence types from isolates also considered to be virulent against green peach aphid 

(B178B and B187B) (Chapter 4).  

Drawing definitive conclusions from phylogeny inferred using Bad1 and Bad2 

sequences is inadvisable at this stage as there is only very limited data available. Apart from 

the sequences obtained during this study, there were only three other publicly available 

sequences in GenBank to compare this information to. 

By comparison, there are more publicly available insect (Mad1) and plant (Mad2) 

adhesin partial gene sequences within the Metarhizium spp. populations. Phylogeny of the 

Mad1 partial sequences reveal a good comparison of clades to those obtained using the EFT1 

phylogeny, that is used to identify Metarhizium species (Bischoff et al., 2009) (Chapter 2). 

All sequence types from M. robertsii, M. brunneum, M. pingshaense, M. brittlebankisoides, 

M. lepidiotae and M. acridum formed their own clades. The phylogeny of Mad2 partial 

sequences however, is not comparable with the phylogeny obtained using EFT1. While M. 

pingshaense, M. brittlebankisoides, M. lepidiotae and M. acridum formed their own distinct 

clades, there was no clear distinction between M. robertsii and M. brunneum clades. This 

finding is in contrast to that of Wyrebek et al. (2013), where they found the phylogeny of 

Mad2 to be more congruent to that of EFT1. This difference could be due to the size of the 

sequence used to build the phylogeny, with Wyrebek et al. (2013) using the entire sequences 

of these two genes, while in this study only a partial gene sequence was used. While it is not 

recommended to use the partial sequences of Bad1, Bad2, Mad1 and Mad2 to identify species 

of either Beauveria or Metarhizium, in the case of Beauveria, they could be used as indicators 

of virulence against aphids.  
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The SEM images demonstrated that the conidia of both B. bassiana and M. 

pingshaense were delivered onto the surface of insects and plant material and established that 

the microclimate in the Petri dishes were adequate for the conidia to germinate and initiate 

the infection cycle. The SEM observations during the first 72 hpi with M. pingshaense 

applied to black bean aphids and B. bassiana applied to phylloxera concur with published 

data. When conidia were applied to insect surfaces, they were observed to germinate in the 

first 24 hpi (Butt et al., 1995; Vestergaard et al., 1995; Wu et al., 2014; Wu et al., 2016; 

Zhang et al., 2016). The conidia of M. pingshaense did not germinate 24 hpi on phylloxera 

and there were no images taken at the 24 hpi time point of B. bassiana applied to black bean 

aphid. However, the conidia of B. bassiana and M. pingshaense germinated 48 hpi on the 

surface of black bean aphids and phylloxera. Observations by other researchers showed that 

72 hpi, fungal mycelia emerges from the insect body of susceptible insects (Butt et al., 1995; 

Vestergaard et al., 1995; Wu et al., 2014; Wu et al., 2016; Zhang et al., 2016). The 

observations on black bean aphids confirm this, with abundant fungal mycelia present on and 

inside the insect bodies treated with either B. bassiana or M. pingshaense. In wheat aphid 

(Sitobion avenae F.) cadavers, extensive hyphal growth and conidiogenesis was also 

observed after four days post inoculation (Fahmy et al., 2015). 

Some arthropods are resistant to entomopathogenic fungi, including beneficial insects 

(Hamdi et al., 2011; Thungrabeab and Tongma, 2007) such as Phytoseiid predatory mites 

(Wu et al., 2014; Wu et al., 2016). Using SEM, B. bassiana conidia were observed on 

Phytoseiid mites and adhered to the cuticle, where they germinated within 24-36 hours (Wu 

et al., 2014; Wu et al., 2016). However, 48 hpi, the conidia were shed from the cuticle of the 

mites without penetrating them (Wu et al., 2014; Wu et al., 2016). Metarhizium anisopliae 

conidia were able to adhere to mosquito larvae (Aedes aegypty (L.) however, this adherence 

was weak and the conidia did not penetrate the cuticle of these insects (Butt et al., 2013; 

Greenfield et al., 2014). It was postulated that the composing elements of the mosquito 

cuticle was not suitable for conidial development (Greenfield et al., 2014). It is worth noting 

that mosquito larvae are killed by M. anisopliae conidia, however not by the conidia 

penetrating and then invading the insect but by apoptosis due to stress (Butt et al., 2013). 

Observations on phylloxera also found that conidia of both species B. bassiana and 

M. pingshaense adhered to the insect cuticle and germinated, however 72 hpi, these conidia 

were no longer present on the surface. These findings are in contrast to that of Kirchmair et 
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al. (2004a), where M. anisopliae infected phylloxera were found five days post inoculation 

with conidiophores observed on the abdomen of the insects. During the experiment described 

here, no phylloxera were infected by either B. bassiana or M. pingshaense. However, there 

were other fungal hyphae found on the moulted cuticle of phylloxera. These fungi were not 

identified, so it is not known if they were of saprophytic or entomopathogenic nature. They 

however, confirm that fungi are able to penetrate and grow on the phylloxera cuticle, 

although it is not known if this is on a live insect or on an already moulted skin only. 

The role of Mad1 gene is to mediate a binding between the fungal conidia and the 

insect cuticle and therefore is a signal of virulence to insects (Wang and St Leger, 2007). The 

orthologue of Mad1 in B. bassiana (Xiao et al., 2012) designated Bad1, has also been found 

to have a role in the early stages of insect infection and pathogenicity (Wang et al., 2017). 

The expression of Mad1 gene in mealworm (T. molitor L.) and mosquito (Ae. aegypti) 

at 48 hpi with M. anisopliae was used to indicate if the fungus had recognised the cuticle of 

those insects as hosts (Greenfield et al., 2014). The detection of Bad1 and Mad1 genes in 

black bean aphids during the first three days post inoculation with B. bassiana and M. 

pingshaense demonstrated that both of the fungal isolates recognised the black bean aphid as 

their host. Metarhizium pingshaense also recognises phylloxera as a host, as indicated by a 

signal close to threshold. On the other hand, B. bassiana does not recognise phylloxera as a 

host. 

The relative expression of Mad1 gene over time in the larvae of diamondback moth 

(P. xylostella) inoculated with M. robertsii shows that the initial expression levels of this 

gene are low and increases until 24 hpi, when it gradually declines for 192 hpi (8 days) 

(Barelli et al., 2011). This gradual increase or decline in expression levels of Bad1 and Mad1 

genes was not detected in the black bean aphid or phylloxera inoculated with either B. 

bassiana or M. pingshaense. More research is required to investigate the expression levels of 

these genes during the first days of inoculation to have a definitive answer how the expression 

levels change within each insect-fungal isolate combination. 

One limitation of this study was the relative size of the insects. A black bean aphid 

adult female is 1.8-2.4 mm in length (Capinera, 2001) while a phylloxera adult female is 

about half of that at 0.89 mm in length (Kingston et al., 2007b) and by comparison for 

example a diamondback moth larvae are a maximum length of 11.2 mm (Philips et al., 2014). 

While large numbers of both black bean aphids and phylloxera were collected and pooled 
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into each sample, it is possible that more biological material is required from both insects to 

conduct a more robust experiment. However, with the advancement of technology, it is 

possible that novel technology such as NanoString could be used in future studies, where low 

quantities of nucleic acids can be used to achieve high quality, robust and reproducible data 

(Tsang et al., 2017). 

In this study, both Bad1 and Mad1 genes were expressed in the early days post 

inoculation with B. bassiana and M. pingshaense, respectively, in aphids. This finding is in 

agreement with previous research (Barelli et al., 2011; Greenfield et al., 2014; Wang et al., 

2005; Wang and St Leger, 2007; Wang et al., 2017). Parallel comparison of the first three 

days of infection by B. bassiana and M. pingshaense on black bean aphid and phylloxera 

demonstrates the difference in the early stages of the infection cycle of both fungi on a host 

(aphid) and non-host (phylloxera) insect. Both entomopathogenic fungi were able to adhere 

to both insects and the conidia germinated; however, post germination, the infection cycle 

continues on and in the aphids, while for phylloxera it is either not initiated or maintained 

and the conidia are unable to survive on the insect surface.  

This study was limited to investigate the expression of only the adhesin-like protein 

1 gene. There are however many key virulence genes identified in the genera Beauveria and 

Metarhizium. These genes are affiliated with adhesion to the cuticle, cuticle degradation, 

stress management, adaptation to hemolymph/immunomodulation, nutrient assimilation or 

they can be engaged in multiple functions during the infection process (summarised by Butt 

et al., 2016). Future studies could investigate these other genes as well as the interactions 

between them to identify how virulence and specificity is achieved by these fungi when 

interacting with different insects. 

Further research is required to investigate if the germinated conidia of B. bassiana 

and M. pingshaense can penetrate the cuticle of phylloxera. Transmission electron 

microscopy (TEM) could be used to investigate conidia adherence and how germinating 

hyphae penetrate the cuticle of phylloxera. Concurrent studies are required to examine the 

structure and composition of the phylloxera cuticle, to investigate if it is suitable for conidia 

development. Side by side investigations of a susceptible host (aphid) and non-susceptible 

host (phylloxera) will further our knowledge of how resistance against entomopathogenic 

fungi can develop. 

 



   

 

Chapter 6 

General conclusions and future directions 

 

Grapevine phylloxera (D. vitifoliae) is an economically important pest of grapevines 

worldwide. The root galling (radicola) form of this insect attacks the root system of Vitis 

species and causes decline in V. vinifera (European grapevine) eventually resulting in plant 

death (Granett et al., 2001).  

 Globally, the most widely practiced management option for phylloxera is to graft V. 

vinifera cultivars on North American Vitis species that have natural resistance against 

phylloxera (Granett et al., 2001; Omer et al., 1999). In Australia, however the majority of 

vineyards are not planted on rootstocks (Logan, 2018). The main reason for not adopting this 

practice is due to costs, the price difference between grafted and ungrafted vines and the 

outlay required to replant (Logan, 2018).  

Using a biological control agent against phylloxera has previously been a subject of 

observations and experiments. Most published studies around the biological control of 

phylloxera investigate the suitability of entomopathogenic fungi as potential biocontrol 

agents. 

The aim of the work described in this thesis was to identify and evaluate 

entomopathogenic fungi from the genera Beauveria and Metarhizium that originated in 

Australian vineyard soils against the radicola form of grapevine phylloxera. The 

experimental work was carried out in Australia and Germany. In Australia, two laboratories 

were utilised, one at NWGIC at Charles Sturt University in Wagga Wagga, NSW. This is 

located within a PEZ, and therefore no phylloxera material was used in this laboratory. 

Samples originating from phylloxera infested vineyards and subsequent work with the live 

insect was carried out at the Agriculture Victoria’s Rutherglen Centre that is both within a 

PIZ and a designated quarantine laboratory. Green peach aphids (M. persicae) and 

mealworms (T. molitor) are not quarantine insects in Australia and experiments with both of 

these were performed at the NWGIC. An opportunity to continue the research in Germany 

presented itself. Successive experiments were conducted at the HGU in Geisenheim where 

field collected phylloxera cultures were reared in the laboratory and access to laboratory 

cultures of black bean aphids (A. fabae) and European grapevine moths (L. botrana) was 

provided.  
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Following is a summary of the research, highlighting the major outcomes and 

significance, followed by directions for possible future work. 

The first part of the study was to isolate entomopathogenic fungi belonging to the 

genera Beauveria and Metarhizium (Ascomycetes: Hypocreales) from Australian vineyard 

soils. This was the first time the occurrence and identity of entomopathogenic fungi in 

Australian vineyard soils had been investigated. A survey of eight, conventionally managed 

vineyards was carried out, four each from of the states of New South Wales (NSW) and 

Victoria. While it was not intended to be a comprehensive survey, the selected vineyards 

spanned a wide range of climatic conditions, representative of the range encountered across 

the broader south eastern regions of the Australian mainland. Site selection criteria included 

geospatial distance, elevation and phylloxera status. Four vineyards were known to be 

phylloxera infested (all Victorian sites) and four known to be phylloxera free (all NSW sites), 

five vineyards were not planted on rootstocks, two of which were phylloxera infested. 

Beauveria and Metarhizium spp. were isolated using two, insect bait and soil dilution 

methods. From the collected soil samples 144 (60 %) contained a fungal isolate either from 

the genera Beauveria or Metarhizium or both. By partial sequencing the informative regions 

Bloc for Beauveria spp. (Rehner et al., 2011) and the EFT1 gene for Metarhizium spp. 

(Bischoff et al., 2009)) isolates, three Beauveria spp. (B. bassiana, B. australis and B. 

pseudobassiana) and six Metarhizium spp. (M. guizhouense, M. robertsii, M. brunneum, M. 

flavoviride var. pemphigi, M. pingshaense and M. majus) were identified.  

This conducted survey should serve as a pilot baseline study for further soil-borne 

entomopathogenic fungal investigations in Australian vineyards. There are numerous other 

entomopathogenic fungi belonging to other genera that were not within the scope of this 

study, for example Clonostachys rosea that has been found in vineyard soils in Germany 

(Uzman et al., 2019). A more extensive vineyard soil survey could incorporate vineyards 

from other viticulturally important Australian states such as South Australia, Western 

Australia and Tasmania. Site selection could also be more generalistic and include vineyards 

that are managed in an organic and/or biodynamic manner. More detailed surveys should 

also take soil type into account, to investigate how soil type affects fungal communities in 

vineyard soils.  

Previous studies that specifically searched for entomopathogenic fungi against a 

particular target have investigated mycosed insects (Chandler, 1997; Reid et al., 2010). 
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Finding a mycosed radicola phylloxera in vineyards however, would be difficult due to its 

small size, and these insects mineralise fast or become overgrown by soil fungi or bacteria 

(Huber and Kirchmair, 2007). Surveys for mycosed phylloxera could incorporate other 

phylloxerids, such as Acanthochermes sp., Aphanostigma sp., Foaiella danesii, Moritziella 

sp., Olegia ulmifoliae, Phylloxera sp., and Phylloxerina sp. as their close relatedness 

(Podsiadlowski, 2016) might translate to similar responses to infection by entomopathogenic 

fungi. However, since phylloxera is distributed worldwide, finding a potential fungal 

antagonist would be enhanced by an international collaborative effort between research 

groups working on different continents. 

The next part of the study was to determine if B. bassiana can establish as an 

endophyte in the roots of V. vinifera. The leaf tissue of V. vinifera has previously been shown 

to be colonised endophytically by B. bassiana (Jaber, 2014; Rondot and Reineke, 2018) but 

the roots were not investigated during those studies. To demonstrate this two, eight week 

long glasshouse experiments were conducted. Drenching the roots with a conidial suspension 

and mixing conidia grown on solid rice culture into the potting media were the two treatments 

where endophytic B. bassiana establishment in V. vinifera roots was achieved. Dipping the 

roots into a conidial suspension or foliar spray applications did not result in successful 

endophytic establishment of the fungus in the roots. This endophytic establishment was 

detected at four weeks post application up until the experiments were terminated at eight 

weeks. 

The current study tested the ability of one B. bassiana isolate to endophytically 

colonise the roots of V. vinifera. Beauveria spp. isolate Bbas-16, that was found to have close 

correlation to the roots of grapevines (Fisher et al., 2011), would be of interest in further 

endophytic studies, as it may be able to colonise V. vinifera more rapidly or form a more 

permanent interaction with grapevine roots. 

The extent of the fungus’ presence as an endophyte was not tested, therefore currently 

it is unknown if it is permanent or transitory. Future investigations need to examine this and 

most importantly they need to determine if the presence of endophytic entomopathogens 

within the V. vinifera root could be effective against radicola phylloxera. This could be 

significant for two reasons. Firstly, the endophytic entomopathogen could have a direct effect 

on the root feeding insects. Secondly, the endophytic fungi could have an antagonistic effect 

against other soil borne fungi. Phylloxera feeding sites are associated with the presence of a 
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number of secondary fungi, including Fusarium sp. (Edwards et al., 2007; Omer et al., 1995) 

and these studies suggest that vine decline associated with phylloxera feeding is partly due 

to soil borne pathogens entering the roots (Edwards et al., 2007). Entomopathogenic fungi 

B. bassiana and M. robertsii have been found to have antagonistic effects against some soil 

borne fungi, including Fusarium sp. (Reisenzein and Tiefenbrunner, 1997; Sasan and 

Bidochka, 2013). Endophytic entomopathogenic fungi in V. vinifera roots needs to be 

evaluated to determine if the presence of these entomopathogens would add protection to the 

plants from soil borne secondary fungi associated with phylloxera feeding. 

Since  Metarhizium sp. have also been found to endophytically colonise the roots of 

plants (Sasan and Bidochka, 2012), it would be of interest to test if Metarhizium spp. isolates 

are able to endophytically colonise V. vinifera roots. 

Endophytic M. robertsii has previously been shown to translocate nitrogen directly 

from insects to plants (Behie et al., 2012). This could be of importance as one study 

demonstrated that nitrogen fertiliser application has negatively affected the development of 

phylloxera induced root galls (Kopf et al., 2000). Future studies could explore the possibility 

in detail that endophytic M. robertsii could reduce the number of root galls caused by radicola 

phylloxera on V. vinifera roots. 

During these experiments, a still water hydroponic system (Kratky, 2004) was used 

to successfully grow whole V. vinifera plants in a non-soil environment. The convenience of 

this system could be utilised in studies where whole grapevines are needed in a non-sterile 

environment, without the debris and restrictions of potted soil. 

To characterise the efficacy of entomopathogenic fungi Beauveria spp. and 

Metarhizium spp. originating from Australian vineyard soils against insects, a decision was 

made to reduce the isolate numbers screened to a total of 23. Eight of the Beauveria spp. and 

15 of the Metarhizium spp. isolates were selected for further testing on both a model insect 

the green peach aphid (M. persicae) and grapevine phylloxera. Isolates acquired using the 

insect bait method were prioritised over soil dilution derived isolates, because the insect bait 

derived isolates have already demonstrated that they are lethal to insects. The selection 

included at least one isolate from each identified species and in some cases more than one 

isolate per species to include geographic and genetic diversity. This resulted in four B. 

bassiana, three B. australis, a single B. pseudobassiana isolates and five M. robertsii, four 



Chapter 6 146 

 

M. brunneum, two M. guizhouense, two M. pingshaense and a single isolate of each M. majus 

and M. flavoviride var. pemphigi. 

In three groups of experiments, the efficacy on green peach aphid (M. persicae) 

(experiment 1), radicola phylloxera (experiment 2) and A. fabae, L. botrana and radicola 

phylloxera (experiment 3) was tested. On M. persicae, all eight Beauveria and 15 

Metarhizium isolates were tested. Isolates belonging to the species M. robertsii, M. 

brunneum, M. guizhouense, M. pingshaense, B. bassiana and B. australis resulted in 100 % 

mortality in 9-14 days post inoculation with a conidial suspension. Isolates belonging to the 

species M. majus, M. flavoviride var. pemphigi and B. pseudobassiana did not show 100 % 

mortality of M. persicae during the 19 days of the experiments. A total of five Beauveria spp. 

and six Metarhizium spp. isolates were then tested on radicola phylloxera. However, 100 % 

mortality was not achieved by any of these isolates on either Australian or European endemic 

phylloxera. To confirm that the fungal isolates did not lose pathogenicity, a rapid experiment 

was conducted with black bean aphids (A. fabae), European grapevine moths (L. botrana) 

and radicola phylloxera using nine Beauveria spp. and ten Metarhizium spp. isolates. The 

experiment confirmed that these fungal isolates remained lethal to the aphids and moths (A. 

fabae and L. botrana) as demonstrated by fungal growth on dead cadavers. However, radicola 

phylloxera appear to have died of starvation with only a negligible number of cadavers 

displaying fungal growth. 

Fungal isolates originating from Australian vineyard soil and used in these tests were 

from both phylloxera infested and phylloxera free vineyards. The origin of these fungal 

isolates made no difference to the outcome of the experiments, meaning that the phylloxera 

status of the vineyards did not translate into more effective or ineffective fungal isolates 

against radicola phylloxera in this study. 

The current study only evaluated one Australian endemic phylloxera (G1) in only one 

in vitro experiment. Thus far, 88 endemic phylloxera have been identified in Australia 

(Powell, 2017; Umina et al., 2007) and it has been previously established that phylloxera 

belonging to divergent genotypes can respond differently to outside stressors and different 

chemical disinfestation treatment such as hot water treatment (Clarke et al., 2017a), dry heat 

(Korosi et al., 2012) and sodium hypochlorite (Clarke et al., 2017b). Therefore it will be 

important to include a diverse range of endemic phylloxera strains in future experiments.  
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The study was also limited to the fungal genera Beauveria and Metarhizium. There 

are however numerous other entomopathogenic fungal genera that should be included in 

future in vitro experiments. Fungi belonging to the genera Isaria (formerly Paecilomyces) 

have previously been successful against phylloxera (Bittner, 2015; Goral et al., 1975). Other 

entomopathogenic fungi that should be considered are those reported to be more effective 

against aphids and adelgids such as L. lecanii, L. longisporium and Fusarium sp. (Hesketh et 

al., 2008; Reid et al., 2010; Vu et al., 2007; Yeo et al., 2003). Specific entomopathogenic 

fungal isolates that could be considered for future experiments are M. anisopliae, the only 

isolate found to be effective against P. bursarius (lettuce root aphid) (Chandler, 1997), and 

B. bassiana (isolate Bbas-16) that is considered to have a close association with the roots of 

grapevines (Fisher et al., 2011). 

In the current study the food source for phylloxera was excised V. vinifera roots only, 

in all experiments. Other researchers that reported successful control of radicola phylloxera 

using M. anisopliae used non excised rootstock (5BB Klon 13-11 Gm (V. riparia × V. 

berlandieri Kober)) roots (Kirchmair et al., 2004b). Insect rearing conditions, such as food 

type or quality may have an impact on phylloxera resistance against entomopathogens. Future 

investigations need to include a parallel comparison of the effects of entomopathogenic fungi 

on radicola phylloxera reared on either V. vinifera or rootstocks either excised or part of the 

whole plant. 

The interaction between entomopathogenic fungi and their insect hosts has previously 

been described as being adaptable, with both interactants having the ability to adopt and 

develop strategies to either attack or counter attack one another’s offence or advancement 

(Butt et al., 2016). In one of the experiments in this study a small number of 

entomopathogenic fungal isolates was able to grow and sporulate on a small number of 

phylloxera cadavers. It is unclear if these fungi were taking advantage of a dead body 

(growing as sparophytes) or were able to kill these insects. Sporulation on dead cadavers 

however, may mean that these fungi are able to overcome some of the phylloxera defences. 

Future studies could select a fungal isolate based on its ability to grow on phylloxera 

cadavers. If these isolates are repeatedly introduced to phylloxera only, they may develop a 

strain specificity that is a phylloxera specific offence mechanism. 

Finally, the virulence of entomopathogenic fungi can significantly be improved by 

genetic engineering (Zhao et al., 2016). Fungi can be engineered to over express their own 
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genes or by expressing proteins from insect predators or pathogens (Zhao et al., 2016). 

Peptide toxins originating from arachnids and scorpions can be expressed by 

entomopathogenic fungi once they have penetrated the insect, achieving high mortality rates 

with lower conidia concentrations (Fang et al., 2012). Previous studies with genetically 

modified fungal isolates compared them with their wild type and showed increase in their 

efficacy against target insects (Fang et al., 2012; St Leger and Wang, 2010). It would be of 

interest to test genetically modified entomopathogens, specifically ones expressing spider or 

scorpion toxins, against radicola phylloxera, initially as an in vitro experiment. 

During the study, no Beauveria spp. or Metarhizium spp. isolate was identified that 

was able to achieve 100 % radicola phylloxera mortality. To investigate why entire 

populations of some insects such as aphids succumb quickly to the attack by these fungi while 

others such as phylloxera do not, the first three days of the infection cycle was examined 

more closely. A single isolate of B. bassiana and M. pingshaense and two insects, A. fabae 

and radicola phylloxera were selected. Using a SEM, it was observed that the conidia of both 

fungal isolates adhered to the cuticle of both insects in 24 hpi. Two days post inoculation, 

conidia from both fungal isolates were seen germinating on the surfaces of both insect 

species. Three days post inoculation both fungal isolates were seen to have an abundance of 

fungal mycelia on the cadavers of A. fabae, while at the same time point no conidia or fungal 

hyphae of either fungal isolate were observed on radicola phylloxera. A more detailed 

investigation should be carried out using TEM, where not only the surface of the insects but 

the underlying tissue can be examined, enabling a greater visualisation and comparison of 

the path that these fungi take to invade A. fabae and phylloxera.  

The structure and composition of the cuticle of these insects would be another line of 

investigation to follow. The composition of the phylloxera cuticle may not be adequate for 

the development of some entomopathogenic fungi, for example by excreting fungistatic or 

antimicrobial compounds, or the physical composition of the cuticle may be as such that the 

fungal appressorium is unable to generate enough pressure to penetrate. Radicola and 

gallicola forms of phylloxera appear different, with gallicola forms being paler with thinner 

integument (Rispe et al., 2016). It has been shown that cuticular proteins are systematically 

more expressed in the radicola form compared to the gallicola form (Rispe et al., 2016). This 

finding could mean that the structure of the cuticle of the radicola phylloxera is more resilient 

to outside intrusions, such as intrusion by entomopathogenic fungi.  
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In parallel to the microscopy study, the expression of the adhesin-like protein 1 in B. 

bassiana (Bad1) and M. pingshaense (Mad1) inoculated A. fabae and radicola phylloxera 

was also investigated during the first 72 hpi. Both Bad1 and Mad1 were expressed during the 

first three days of the infection cycle by fungal isolates B. bassiana and M. pingshaense 

inoculated A. fabae. However, only Mad1 was expressed by M. pingshaense on phylloxera, 

while Bad1 by B. bassiana showed no expression. The relative expression level of Mad1 in 

M. robertsii increased in the first 24 hpi of the diamondback moth (P. xylostella) larvae, 

reaching peak expression levels at 24 hpi, followed by a gradual decline until 8 days post 

inoculation (Barelli et al., 2011). This change in expression level was not apparent in A. fabae 

or phylloxera inoculated with B. bassiana or M. pingshaense. 

Partial sequences of the adhesin-like proteins 1 and 2 of a collection of ten Beauveria 

spp. (Bad1 and Bad2) and nine Metarhizium spp. (Mad1 and Mad2) isolates originating from 

Australian vineyard soils was investigated to determine if these sequences were an indication 

of virulence. These partial sequences were not adequate to identify the species. However, the 

partial sequences of both of these genes in the genera Beauveria (Bad1 and Bad2) could be 

of use to predict their virulence against aphids. Beauveria bassiana isolates B178B and 

B187B and B. australis isolate B8B were considered highly virulent against green peach 

aphid and their partial Bad1 and Bad2 sequences were on the same clade. Partial Bad1 and 

Bad2 sequences of another two B. australis isolates (B44B and B84B) formed a clade of their 

own and these two isolates were considered to be non virulent to green peach aphid. 

The scope of this research extended to include one fungal gene, adhesin-like 

protein 1, during the early stages of infection. However, there have been many genes 

identified within the Beauveria and Metarhizium spp. as key virulence genes. Genes 

belonging to functional groups such as adhesion to cuticle (where adhesin-like proteins 

belong), cuticle degrading, stress management, adaptation to hemolymph/ 

immunomodulation, genes engaged in multiple functions during infection and nutrient 

assimilation have all been associated with virulence (summarised by Butt et al., 2016). 

Further studies could investigate a cohort of these genes during the initial stages of infection 

by fungal conidia on the same two insects (A. fabae and phylloxera). These investigations 

could validate the findings of the current study and may identify the stage of infection in the 

two insects where they differ and identify the reasons for virulence/avirulence.  
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Insects also employ a number of defence mechanisms to counteract the offences 

imposed against them by the entomopathogens (also summarised by Butt et al., 2016). 

Immune related and detoxification proteins that were previously identified to be expressed at 

high levels within the phylloxera genome are serine proteases, peptide with similarity to 

Megourin and cytochrome P450-like genes (Rispe et al., 2016). In the first instance the 

expression levels of these genes could be examined in the same two insects (A. fabae and 

phylloxera) during inoculation by entomopathogenic fungi, to discover whether the two 

insects respond in the same way to fungal infection. 

The main aim of this research to find a Beauveria or Metarhizium isolate originating 

from Australian vineyard soils that can achieve high mortality in radicola phylloxera in in 

vitro experiments was not achieved. However, each experimental chapter has addressed the 

research objective that was formulated around the main aim of this study. The first objective 

was to isolate and identify native entomopathogenic Beauveria spp. and Metarhizium spp. 

from vineyard soils in Australia. The second objective was to assess if B. bassiana is able to 

endophytically establish in V. vinifera roots. The third objective was to test the virulence and 

pathogenicity of a selection of the isolated and identified entomopathogenic fungi on a model 

insect (M. persicae) followed by the target radicola grapevine phylloxera. The fourth and 

final objective had two components, firstly to determine the genetic diversity of insect and 

plant specific adhesin-like genes within the Beauveria spp. and Metarhizium spp. collection. 

Secondly, to follow the infection by B. bassiana and M. pingshaense in A. fabae and 

phylloxera during the first three days of infection. This was achieved by using SEM images 

and by investigating the expression of the insect specific adhesin genes in both insects by 

both fungi.  

Future investigations could pursue the following lines of investigation: 

1. Collection of entomopathogenic fungi from a range of sources (insects or soil) 

and include genera other than Beauveria and Metarhizium.  

2. Testing a variety of entomopathogenic fungi against grapevine phylloxera that 

have shown success against other insects closely related to phylloxera. 

3. Genetic modification of fungal isolates to increase phylloxera mortality. 

4. Further investigate the complex interaction that exists between V. vinifera, 

phylloxera and endophytic entomopathogenic fungi and soil borne plant pathogenic fungi 

such as Fusarium sp. 
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5. Molecular investigations into the defence mechanisms employed by 

phylloxera during infection by entomopathogens. This would lead to the understanding of 

how phylloxera defends itself from fungal intruders and potentially show strategies that could 

be employed to overcome these defences.  

6. Molecular investigation into the offence mechanisms of entomopathogenic 

fungi during infection of phylloxera. This line of investigation would show at what stage of 

infection the fungus is unable to continue the infection cycle. This could identify where the 

fungus needs modification to overcome phylloxera defences. 

Future work would not only benefit phylloxera research and grape growers who own 

vineyards not planted to rootstocks. From the research described here it appears that 

phylloxera possesses natural resistance to fungal infections and therefore could be used as a 

model of resistance in future investigations. As a model insect, phylloxera could be further 

investigated to identify the exact defence mechanisms utilised by insects. Since insects can 

become resistant to entomopathogenic fungi, the knowledge of these resistance mechanisms 

are important. Once the exact mechanism is identified, research can then expand into how to 

overcome the resistance. This way, if or when resistance does happen, there is a suitable 

response already in place to manage it.  
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Appendix 1 

Phylloxera predators and parasites reported in the literature 

Phylloxera predators and parasites reported in the literature (Arachnida). 

Class Arthropod Author 

Arachnida Trombidium mite Behr (1880), Gorkavenko (1972) 

 Spiders and mites Behr (1880) 

 Tyroglyphus phylloxerae  Riley (1874), Graham (1965) 

 Tyrophagus putrescentiae Rack and Rilling (1978) 

 Tarsanemus sp. Forneck et al. (1998) 
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Phylloxera predators and parasites reported in the literature (Insecta). 

Order  Arthropod Author 

Heteroptera Anthocoris insidious (Orius 

insidiosus) 

Riley (1874), Jubb et al. (1979) 

 Hyaliodes vitripennis Jubb et al. (1979) 

 Ceratocaspus modestus Wheeler and Jubb (1979), 

Wheeler and Henry (1978) 

Thysanoptera Thrips phylloxerae Riley (1874) 

Coleoptera Scymnus sp. Riley (1874), Graham (1965) 

 Scymnus cervicalis Stevenson (1967), Wheeler and 

Jubb (1979) 

 Harmonia axyridis Kögel et al. (2013) 

 Coccinella septempunctata Kögel et al. (2013) 

 Carabides beetles Behr (1880) 

 Staphylinids Behr (1880) 

 Meloidae Behr (1880) 

Neuroptera Chrysopa ploraunda Riley (1874) 

 Hemerobius Behr (1880) 

Hymenoptera Wasps Behr (1880) 

 Hymenopterous parasites Riley (1874) 

Diptera Syrphus fly Riley (1874), Behr (1880) 

 Pipiza radicum Riley (1874), Graham (1965) 

 Leucopis fly Riley (1874) 

 Leucopis simplex Riley (1874), Stevenson (1967) 

 Lestodiplosis grassator Graham (1965), Stevenson (1967) 

 

  



 

Appendix 2 

Sequences obtained during the thesis  

B locus nuclear intergenic region (Bloc) partial sequences (Chapter 2): 

Organism/ 

strain 

Sequence GenBank 

Accession 

Number 

B. australis 

B8B 

GACCGAAGCGTGCGACTTGCGACAATTCAGTCATGCCCGATATGCTGCGCCTGCTGGCCTCCCGACAGGATCTGCTTGAAGATCTTCAGG 

CGAGGTTCATTGCGAGCGGCGCAAGAATCAAGCCTTGGAAGCAGCAACATGTCCCTGTTCGCAAGAGGGCGTCACTTTCGCCAAACTCAA 
AAGACGCCGATGCGGAATGCGTAAAGCGCGGCTCGACCTCTTCGGGGAGTGGAAGCGGTACAGCAGCCCTGCCCACAGAAACCAACGCGC 

CCAAGTCATCGGCACTCACATTGCACTGTCCGGCCACGTTCTCAATCGTCTCTGCACTGGCTCTCACACTAGTCTTGCACTAAGAGAGCA 

ACGGTCATAGGTCAGAGAGGTGACGGTTGGCGCAGAAAGAGAGCTTGTATAAGTAGGTATTATCAAATATATTTATGAAAAATTACCAAA 
GCCGGAAATCATATTTACAGAGAAGACAGCTGTGCACTTCCGGGAGCCGCCACCTCTTGGAGTAGGTCTGATTGAAGCCCGAGTAGCGAC 

CCAGGCTAGGAGGCAAATCGCCCACAGTGGTACCCCAGTTGCTCTCATTCTTTCCCAGATTAAGAACGAGTTCCTTGCCCTCGGTGAAGA 

ATGAGTGATCAATCCAGTTCTTT 

MH250074 

B. bassiana 

B16B 

GACCGAAGCGTGCGCGCTGCGACAATTCAGTCATGCCCGATATGCTGCGCCTGCTCGCCTCTCGACAGGATCTGCTGGAGGATCTTCAGG 

CGAGATTCATTGCGAGCGGCGCAAGAATCAAGCCTTGGAAGCAGGAAAGTCTCCCTATTCGCAAGAGGGCATCAGTTTCGCCCAACTCAA 

CAGACATTGGTGCAGAATGCGTGGAGCGCGGCTCGGCCACTTCGGGGAGTGGAAGCGGTACAGCGGCCTTGCCCACACAGACCAACGCGC 
CAAAGTCATCGGCATTTACATTGCAGTGTCCAGCCGCACTTTCCATCGTCTTTGTACTGGCTCTCACTCTAGTCCTCCACTGAGAGAGAA 

ATACTCACAGGTCAAATAGTTGACGGTAAACACAGAAAGAGAGCTTGTATAAGTAGATAGTATCAAATGTATTTATGAAATATTACCAAA 

GCCGGAAACCATATTTACAGAGACGATAGCTGTGCACTTCCTGGAGCCGCCACCTCTTGGAGTAGGTTTGATTAAAGCCCGAGTAGCGAC 
CCAGGCTTGGAGGCAAATCGCCCACCGCGGTTCCCCAACTGCTCTCATTCTTTCCCAGCGTCAAAACAAGTTCCTTGCCCTCGATAAAGA 

ATGAGTGGTCAATCCAGTTCTTT 

MH250075 

B. bassiana 

B22B 

GACCGAAGCGTGCGCGCTGCGACAATTCAGTCATGCCCGATATGCTGCGCCTGCTCGCCTCTCGACAGGATCTGCTGGAGGATCTTCAGG 
CGAGGTTCATTGCGAGCGGTGCAAGGATCAAGCCTTGGAAGCAGCAAGATGTCTCTGTTCATAGGAGGGCATCAGTTTCGCCCAACACAA 

CAGACACTGGTGCGGAATGCGTGGAGCGCGGCTCGGCCACTTCGGGGAGTGCAAGCGGTACAGCGGCCTTGCCCACAGGAACCAACGCAC 

CAAAGTCATTGGCATTCACATTGCAGTGTCCAGCCGTACTTTCCATCGTCTTTGTACTCGCTCTCACACTAGTCCTCCACTGAGAGGGTA 
ATACTCACAGGTCAAAGAGTTGACGGTAAACACAGAAAGAGAGCTTGTATAAGTAGATAGTATCAAATGTATTTATGAAATATTACCAAA 

GCCGGAAATCATATTTACAGAGACGATAGCTGTGCACTTCCTGGAGCCGCCACCTCTTGGAGTAGGTTTGATTAAAGCCCGAGTAGCGAC 

CCAGGCTTGGAGGCAAATCGCCCACCGCGGTTCCCCAACTGCTCTCATTCTTTCCCAGCGTCAAAACAAGTTCCTTGCCCTCGGTAAAGA 

ATGAGTGGTCAATCCAGTTCTTT 

MH250076 

B. australis 

B35D 

GACCGAAGCGTGCGACTTGCGACAATTCAGTCATGCCCGATATGCTGCGCCTGCTGGCCTCCCGACAGGATCTGCTTGAAGATCTTCAGG 

CGAGGTTCATTGCGAGCGGCGCAAGAATCAAGCCTTGGAAGCAGCAACATGTCCCTGTTCGCAAGAGGGCGTCACTTTCGCCAAACTCAA 

AAGACGCCGATGCGGAATGCGTAAAGCGCGGCTCGACCTCTTCGGGGAGTGGAAGCGGTACAGCAGCCCTGCCCACAGAAACCAACGCGC 
CCAAGTCATCGGCACTCACATTGCACTGTCCGGCCACGTTCTCAATCGTCTCTGCACTGGCTCTCACACTAGTCTTGCACTAAGAGAGCA 

ACGGTCATAGGTCAGAGAGGTGACGGTTGGCGCAGAAAGAGAGCTTGTATAAGTAGGTATTATCAAATATATTTATGAAAAATTACCAAA 

GCCGGAAATCATATTTACAGAGAAGACAGCTGTGCACTTCCGGGAGCCGCCACCTCTTGGAGTAGGTCTGATTGAAGCCCGAGTAGCGAC 
CCAGGCTAGGAGGCAAATCGCCCACAGTGGTACCCCAGTTGCTCTCATTCTTTCCCAGATTAAGAACGAGTTCCTTGCCCTCGGTGAAGA 

ATGAGTGATCAATCCAGTTCTTT 

MH250077 
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B. australis 

B44B 

GACCGAAGCGTGCGACTTGCGACAATTCAGTCATGCCCGATATGCTGCGCCTGCTGGCCTCCCGACAGGATCTGCTTGAAGATCTTCAGG 

CGAGGTTCATTGCGAGCGGCGCAAGAATCAAGCCTTGGAAGCAGCAACATGTCCCTGTTCGCAAGAGGGCGTCACTTTCGCCAAACTCAA 
AAGACGCCGATGCGGAATGCGTAAAGCGCGGCTCGACCTCTTCGGGGAGTGGAAGCGGTACAGCAGCCCTGCCCACAGAAACCAACGCGC 

CCAAGTCATCGGCACTCACATTGCACTGTCCGGCCACGTTCTCAATCGTCTCTGCACTGGCTCTCACACTGGTCTTGCACTGAGAGAGCA 

ACGGTCATAGGTCAGAGAGGTGACGGTTGGCGCAGAAAGAGAGCTTGTATAAGTAGGTATTATCAAATATATTTATGAAAAATTACCAAA 
GCCGGAAATCATATTTACAGAGAAGACAGCTGTGCACTTCCGGGAGCCGCCACCTCTTGGAGTAGGTCTGATTGAAGCCCGAGTAGCGAC 

CCAGGCTAGGAGGCAAATCGCCCACAGCGGTACCCCAGTTGCTCTCATTCTTTCCCAGAGTAAGAATGAGTTCCTTGCCCTCGGTGAAGA 

ATGAGTGATCAATCCAGTTCTTT 

MH250078 

B. bassiana 

B62D 

GACCGAAGCGTGCGCGTTGCGACAACTCAGTCATGCCCGATATGCTGCGCCTGCTCGCCTCCCGACAGGATCTGCTGGAGGATCTTCAGG 
CGAGATTCATTGCGAGCGGCGCAAGGATCAAGCCTTGGAAGCAGCAACATGTCTCTGTTCATAAGAGGGCATCAGTTTCGCCCAACTCAA 

CAGACACTGGTGCGGAATGCGTGGAGCGCGGCTCGGCCACTTCGGGGAGTGCAAGCGGTACCGCGGCCTTGCCCACAGAAACCAACGCGC 

CAAAGTCATTGGCATTTACATTGCAGTGTCCAACCGCACTTTCCATCGTCTTTGTACTGGCTCTCACTCTTGTCCTCCACTGATAGAGTA 
ATACTCACAGGTCAAATAGTTGACAGTAAACACAGAAAGAGAGCTTGTATAAGTAGATGGTATCAAATGTATTTATGAAATATTACCAAA 

GCCGGAAACCATATTTACAAAGCCGATAGCTGTGCACTTCCTGGAGCCGCCACCTCTTGGAGTAGGTCTGATTAAAGCCCGAGTAGCGAC 

CCAGGCTTGGAGGCAAATCGCCCACCGCGGTCCCCCAGTTACTCTCATTCTTCCCCAGCGTGAGAACGAGTTCCTTGCCCTCGGTAAAGA 
ATGAGTGGTCAATCCAGTTCTTT 

MH250079 

B. bassiana 

B70D 

GACCGAAGCGTGCGCGCTGCGACAATTCAGTCATGCCCGATATGCTGCGCCTGCTCGCCTCTCGACAGGATCTGCTGGAGGATCTTCAGG 

CGAGATTCATTGCGAGCGGCGCAAGAATCAAGCCTTGGAAGCAGGAAAGTCTCCCTATTCGCAAGAGGGCATCAGTTTCGCCCAACTCAA 
CAGACATTGGTGCAGAATGCGTGGAGCGCGGCTCGGCCACTTCGGGGAGTGGAAGCGGTACAGCGGCCTTGCCCACACAGACCAACGCGC 

CAAAGTCATCGGCATTTACATTGCAGTGTCCAGCCGCACTTTCCATCGTCTTTGTACTGGCTCTCACTCTAGTCCTCCACTGAGAGAGAA 

ATACTCACAGGTCAAATAGTTGACGGTAAACACAGAAAGAGAGCTTGTATAAGTAGATAGTATCAAATGTATTTATGAAATATTACCAAA 
GCCGGAAACCATATTTACAGAGACGATAGCTGTGCACTTCCTGGAGCCGCCACCTCTTGGAGTAGGTTTGATTAAAGCCCGAGTAGCGAC 

CCAGGCTTGGAGGCAAATCGCCCACCGCGGTTCCCCAACTGCTCTCATTCTTTCCCAGCGTCAAAACAAGTTCCTTGCCCTCGATAAAGA 

ATGAGTGGTCAATCCAGTTCTTT 

MH250080 

B. bassiana 

B78B 

GACCGAAGCGTGCGCGCTGCGACAATTCAGTCATGCCCGATATGCTGCGCCTGCTCGCCTCTCGACAGGATCTGCTGGAGGATCTTCAGG 
CGAGGTTCATTGCGAGCGGTGCAAGGATCAAGCCTTGGAAGCAGCAAGATGTCTCTGTTCATAGGAGGGCATCAGTTTCGCCCAACACAA 

CAGACACTGGTGCGGAATGCGTGGAGCGCGGCTCGGCCACTTCGGGGAGTGCAAGCGGTACAGCGGCCTTGCCCACAGGAACCAACGCAC 
CAAAGTCATTGGCATTCACATTGCAGTGTCCAGCCGTACTTTCCATCGTCTTTGTACTCGCTCTCACACTAGTCCTCCACTGAGAGGGTA 

ATACTCACAGGTCAAAGAGTTGACGGTAAACACAGAAAGAGAGCTTGTATAAGTAGATAGTATCAAATGTATTTATGAAATATTACCAAA 

GCCGGAAATCATATTTACAGAGACGATAGCTGTGCACTTCCTGGAGCCGCCACCTCTTGGAGTAGGTTTGATTAAAGCCCGAGTAGCGAC 
CCAGGCTTGGAGGCAAATCGCCCACCGCGGTTCCCCAACTGCTCTCATTCTTTCCCAGCGTCAAAACAAGTTCCTTGCCCTCGGTAAAGA 

ATGAGTGGTCAATCCAGTTCTTT 

MH250081 

B. australis 

B84B 

GACCGAAGCGTGCGACTTGCGACAATTCAGTCATGCCCGATATGCTGCGCCTGCTGGCCTCCCGACAGGATCTGCTTGAAGATCTTCAGG 

CGAGGTTCATTGCGAGCGGCGCAAGAATCAAGCCTTGGAAGCAGCAACATGTCCCTGTTCGCAAGAGGGCGTCACTTTCGCCAAACTCAA 
AAGACGCCGATGCGGAATGCGTAAAGCGCGGCTCGACCTCTTCGGGGAGTGGAAGCGGTACAGCAGCCCTGCCCACAGAAACCAACGCGC 

CCAAGTCATCGGCACTCACATTGCACTGTCCGGCCACGTTCTCAATCGTCTCTGCACTGGCTCTCACACTAGTCTTGCACTAAGAGAGCA 

ACGGTCATAGGTCAGAGAGGTGACGGTTGGCGCAGAAAGAGAGCTTGTATAAGTAGGTATTATCAAATATATTTATGAAAAATTACCAAA 
GCCGGAAATCATATTTACAGAGAAGACAGCTGTGCACTTCCGGGAGCCGCCACCTCTTGGAGTAGGTCTGATTGAAGCCCGAGTAGCGAC 

CCAGGCTAGGAGGCAAATCGCCCACAGTGGTACCCCAGTTGCTCTCATTCTTTCCCAGATTAAGAACGAGTTCCTTGCCCTCGGTGAAGA 

ATGAGTGATCAATCCAGTTCTTT 

MH250082 
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B. bassiana 

B92D 

GACCGAAGCGTGCGCGCTGCGACAATTCAGTCATGCCCGATATGCTGCGCCTGCTCGCCTCTCGACAGGATCTGCTGGAGGATCTTCAGG 

CGAGATTCATTGCGAGCGGCGCAAGAATCAAGCCTTGGAAGCAGGAAAGTCTCCCTATTCGCAAGAGGGCATCAGTTTCGCCCAACTCAA 
CAGACATTGGTGCAGAATGCGTGGAGCGCGGCTCGGCCACTTCGGGGAGTGGAAGCGGTACAGCGGCCTTGCCCACACAGACCAACGCGC 

CAAAGTCATCGGCATTTACATTGCAGTGTCCAGCCGCACTTTCCATCGTCTTTGTACTGGCTCTCACTCTAGTCCTCCACTGAGAGAGAA 

ATACTCACAGGTCAAATAGTTGACGGTAAACACAGAAAGAGAGCTTGTATAAGTAGATAGTATCAAATGTATTTATGAAATATTACCAAA 
GCCGGAAACCATATTTACAGAGACGATAGCTGTGCACTTCCTGGAGCCGCCACCTCTTGGAGTAGGTTTGATTAAAGCCCGAGTAGCGAC 

CCAGGCTTGGAGGCAAATCGCCCACCGCGGTTCCCCAACTGCTCTCATTCTTTCCCAGCGTCAAAACAAGTTCCTTGCCCTCGATAAAGA 

ATGAGTGGTCAATCCAGTTCTTT 

MH250083 

B. australis 

B96D 

GACCGAAGCGTGCGACTTGCGACAATTCAGTCATGCCCGATATGCTGCGCCTGCTGGCCTCCCGACAGGATCTGCTTGAAGATCTTCAGG 
CGAGGTTCATTGCGAGCGGCGCAAGAATCAAGCCTTGGAAGCAGCAACATGTCCCTGTTCGCAAGAGGGCGTCACTTTCGCCAAACTCAA 

AAGACGCCGATGCGGAATGCGTAAAGCGCGGCTCGACCTCTTCGGGGAGTGGAAGCGGTACAGCAGCCCTGCCCACAGAAACCAACGCGC 

CCAAGTCATCGGCACTCACATTGCACTGTCCGGCCACGTTCTCAATCGTCTCTGCACTGGCTCTCACACTGGTCTTGCACTGAGAGAGCA 
ACGGTCATAGGTCAGAGAGGTGACGGTTGGCGCAGAAAGAGAGCTTGTATAAGTAGGTATTATCAAATATATTTATGAAAAATTACCAAA 

GCCGGAAATCATATTTACAGAGAAGACAGCTGTGCACTTCCGGGAGCCGCCACCTCTTGGAGTAGGTCTGATTGAAGCCCGAGTAGCGAC 

CCAGGCTAGGAGGCAAATCGCCCACAGCGGTACCCCAGTTGCTCTCATTCTTTCCCAGAGTAAGAATGAGTTCCTTGCCCTCGGTGAAGA 
ATGAGTGATCAATCCAGTTCTTT 

MH250084 

B. australis 

B100D 

GACCGAAGCGTGCGACTTGCGACAATTCAGTCATGCCCGATATGCTGCGCCTGCTGGCCTCCCGACAGGATCTGCTTGAAGATCTTCAGG 

CGAGGTTCATTGCGAGCGGCGCAAGAATCAAGCCTTGGAAGCAGCAACATGTCCCTGTTCGCAAGAGGGCGTCACTTTCGCCAAACTCAA 
AAGACGCCGATGCGGAATGCGTAAAGCGCGGCTCGACCTCTTCGGGGAGTGGAAGCGGTACAGCAGCCCTGCCCACAGAAACCAACGCGC 

CCAAGTCATCGGCACTCACATTGCACTGTCCGGCCACGTTCTCAATCGTCTCTGCACTGGCTCTCACACTAGTCTTGCACTAAGAGAGCA 

ACGGTCATAGGTCAGAGAGGTGACGGTTGGCGCACAAAGAGAGCTTGTATAAGTAGGTATTATCAAATATATTTATGAAAAATTACCAAA 
GCCGGAAATCATATTTACAGAGAAGACAGCTGTGCACTTCCGGGAGCCGCCACCTCTTGGAGTAGGTCTGATTGAAGCCCGAGTAGCGAC 

CCAGGCTAGGAGGCAAATCGCCCACAGTGGTACCCCAGTTGCTCTCATTCTTTCCCAGATTAAGAACGAGTTCCTTGCCCTCGGTGAAGA 

ATGAGTGATCAATCCAGTTCTTT 

MH250085 

B. bassiana 

B104D 

GACCGAAGCGTGCGCGTTGCGACAACTCAGTCATGCCCGATATGCTGCGCCTGCTCGCCTCCCGACAGGATCTGCTGGAGGATCTTCAGG 
CGAGATTCATTGCGAGCGGCGCAATAATCAAGCCTTGGAAGCAGCAAGATGTCTCTGTTCATAAGAGGGCATCAGTTTCGCCCAACTCAA 

CAGACACTGGTGCGGAATGCGTGGAGCGCGGCTCGGCCACTTCGGGGAGTGGAAGCGGTACCGCGGCCTTGCCCACAGAAACCAACGCGC 
CAAAGTCATTGGCATTTACATTGCAGTGTCCAGCCGCACTTTCCATCGTCTTTGTACTGGCTCTCACTCTAGTCCTCCACTGAGAGAGAA 

ATACTCACAGGTCAAATAGTTGACGGTAAACACAGAAAGAGAGCTTTTATATGTAGATGGTATCAAATGTATTTATGAAATGTTGCCAAA 

GCCGGAAACCATATTTACAAAGCCGATAGCTGTGCACTTCCTGGAGCCGCCACCTCTTGGAGTAGGTCTGATTAAAGCCCGAGTAGCGAC 
CCAGGCTTGGAGGCAAATCGCCCACCGCGGTCCCCCAGTTACTCTCATTCTTCCCCAGCGTGAGAACGAGTTCCTTGCCCTCGGTAAAGA 

ATGAGTGGTCAATCCAGTTCTTT 

MH250086 

B. bassiana 

B120D 

GACCGAAGCGTGCGCGCTGCGACAATTCAGTCATGCCCGATATGCTGCGCCTGCTCGCCTCTCGACAGGATCTGCTGGAGGATCTTCAGG 

CGAGGTTCATTGCGAGCGGTGCAAGGATCAAGCCTTGGAAGCAGCAAGATGTCTCTGTTCATAGGAGGGCATCAGTTTCGCCCAACACAA 
CAGACACTGGTGCGGAATGCGTGGAGCGCGGCTCGGCCACTTCGGGGAGTGCAAGCGGTACAGCGGCCTTGCCCACAGGAACCAACGCAC 

CAAAGTCATTGGCATTCACATTGCAGTGTCCAGCCGTACTTTCCATCGTCTTTGTACTCGCTCTCACACTAGTCCTCCACTGAGAGGGTA 

ATACTCACAGGTCAAAGAGTTGACGGTAAACACAGAAAGAGAGCTTGTATAAGTAGATAGTATCAAATGTATTTATGAAATATTACCAAA 
GCCGGAAATCATATTTACAGAGACGATAGCTGTGCACTTCCTGGAGCCGCCACCTCTTGGAGTAGGTTTGATTAAAGCCCGAGTAGCGAC 

CCAGGCTTGGAGGCAAATCGCCCACCGCGGTTCCCCAACTGCTCTCATTCTTTCCCAGCGTCAAAACAAGTTCCTTGCCCTCGGTAAAGA 

ATGAGTGGTCAATCCAGTTCTTT 

MH250087 
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B. 

pseudobassiana 

B156B 

GACCGAAGCGTGCGCGTTGCGACAATCCAGTCATGCCCGATATGCTGCGCCTGCTCGCCTCCCGACAGGATCTGCTCGAAGATCTTCAGG 

CGAGGTTCATTGCGAGCGGCGCAAGGATCAAGCCTTGGAAGCAGGAAGGTCTTCCTGTTCGCAAGAGGGCATCACTTTCGCCCAACTCAA 
AAGACGCTGATGCGGAATGCGTGGAGCGCGGCTCGGCCACTTCGGGGAGTGGAAGCGGTACAGCGGCCTTGCCGATAGAAACCAATGCGC 

CAAAATCATCAGCATTTACATTGCAGTGTCCAGCCGCAATCTCCATTATCTCTGCACTGGCACTCACACTAGTCTTCCACTAAGAGAGCA 

ACGCTCACAGGTCAGAAAGGTGACGGTTGGCACAGAAAGAGAGCTTGTATAAGTAGATATTATTAAATGTATTCATGGAAATTTACTAAA 
GCCGGGAACCACATTTACAGGGAAGATAAATTTGCGCTTCCTGGAGCCACCACCTCTTGGAGTAGGTCTGATTGAAGCCCGAGTAGCGAC 

CCAGGCTAGGAGGCAAATCGCCCACAGCGGTACCCCAGTTGCTCTCGTTCTTTCCCAGAGTAAGGATGAGTTCTTTGCCCTCGGTGAAGA 

ATGAGTGGTCAATCCAGTTCTTG 

MH250088 

B. bassiana 

B164D 

GACCGAAGCGTGCGCGCTGCGACAATTCAGTCATGCCCGATATGCTGCGCCTGCTCGCCTCCCGACAGGATCTGCTGGAGGATCTTCAGG 
CGAGATTCATTGCTAGCGGCGCAAGGATCAAGCCTTGGAAGCAGCAAGATGTCTCTGTTCGTAAAAGGGCATCAGTTTCGCCCAACTCAA 

CAGACACTGGTGCGGAATGCGTGGAGCGCGGCTCGGCCACTTCGGGGAGTGCAAGCGGTACAGCGGCCTTGCCCACAGAAAGCAACGCGC 

CAAAGTCATCGGCATTTACATTGCAGTGTCCATCCGCACTTTCCATCGTCTTTATACTCGCTCTCACTCTAGTACTCCACTGAGAGAGAA 
ATACTCACAGGTCAAGTAGTTGACGGTATACGCAGAAAGAGAGCTTGTATAAGTAGATAGTATCAAATGTATTTATGAAATATTACCAAA 

GCCGGAAACCATATTTACAGAGACGATAGCTGTGCACTTCCTGGAGCCGCCACCTCTTGGAGTAGGTCTGATTAAAGCCCGAGTAGCGAC 

CCAGGCTTGGAGGCAAATCGCCCACCGCGGTCCCCCAGTTACTCTCATTCTTCCCCAGCGTCAAAACGAGTTCCTTGCCCTCGGTAAAGA 
ATGAGTGGTCAATCCAGTTCTTT 

MH250089 

B. bassiana 

B178B 

GACCGAAGCGTGCGCGCTGCGACAATTCAGTCATGCCCGATATGCTGCGCCTGCTCGCCTCCCGACAGGATCTGCTGGAGGATCTTCAGG 

CGAGATTCATTGCTAGCGGCGCAAGGATCAAGCCTTGGAAGCAGCAAGATGTCTCTGTTCGTAAAAGGGCATCAGTTTCGCCCAACTCAA 
CAGACACTGGTGCGGAATGCGTGGAGCGCGGCTCGGCCACTTCGGGGAGTGCAAGCGGTACAGCGGCCTTGCCCACAGAAAGCAACGCGC 

CAAAGTCATCGGCATTTACATTGCAGTGTCCATCCGCACTTTCCATCGTCTTTATACTCGCTCTCACTCTAGTACTCCACTGAGAGAGAA 

ATACTCACAGGTCAAGTAGTTGACGGTATACGCAGAAAGAGAGCTTGTATAAGTAGATAGTATCAAATGTATTTATGAAATATTACCAAA 
GCCGGAAACCATATTTACAGAGACGATAGCTGTGCACTTCCTGGAGCCGCCACCTCTTGGAGTAGGTCTGATTAAAGCCCGAGTAGCGAC 

CCAGGCTTGGAGGCAAATCGCCCACCGCGGTCCCCCAGTTACTCTCATTCTTCCCCAGCGTCAAAACGAGTTCCTTGCCCTCGGTAAAGA 

ATGAGTGGTCAATCCAGTTCTTT 

MH250090 

B. bassiana 

B180D 

GACCGAAGCGTGCGCGCTGCGACAATTCAGTCATGCCCGATATGCTGCGCCTGCTCGCCTCTCGACAGGATCTGCTGGAGGATCTTCAGG 
CGAGGTTCATTGCGAGCGGTGCAAGGATCAAGCCTTGGAAGCAGCAAGATGTCTCTGTTCATAGGAGGGCATCAGTTTCGCCCAACACAA 

CAGACACTGGTGCGGAATGCGTGGAGCGCGGCTCGGCCACTTCGGGGAGTGCAAGCGGTACAGCGGCCTTGCCCACAGGAACCAACGCAC 
CAAAGTCATTGGCATTCACATTGCAGTGTCCAGCCGTACTTTCCATCGTCTTTGTACTCGCTCTCACACTAGTCCTCCACTGAGAGGGTA 

ATACTCACAGGTCAAAGAGTTGACGGTAAACACAGAAAGAGAGCTTGTATAAGTAGATAGTATCAAATGTATTTATGAAATATTACCAAA 

GCCGGAAATCATATTTACAGAGACGATAGCTGTGCACTTCCTGGAGCCGCCACCTCTTGGAGTAGGTTTGATTAAAGCCCGAGTAGCGAC 
CCAGGCTTGGAGGCAAATCGCCCACCGCGGTTCCCCAACTGCTCTCATTCTTTCCCAGCGTCAAAACAAGTTCCTTGCCCTCGGTAAAGA 

ATGAGTGGTCAATCCAGTTCTTT 

MH250091 

B. bassiana 

B187B 

GACCGAAGCGTGCGCGCTGCGACAATTCAGTCATGCCCGATATGCTGCGCCTGCTCGCCTCTCGACAGGATCTGCTGGAGGATCTTCAGG 

CGAGGTTCATTGCGAGCGGTGCAAGGATCAAGCCTTGGAAGCAGCAAGATGTCTCTGTTCATAGGAGGGCATCAGTTTCGCCCAACACAA 
CAGACACTGGTGCGGAATGCGTGGAGCGCGGCTCGGCCACTTCGGGGAGTGCAAGCGGTACAGCGGCCTTGCCCACAGGAACCAACGCAC 

CAAAGTCATTGGCATTCACATTGCAGTGTCCAGCCGTACTTTCCATCGTCTTTGTACTCGCTCTCACACTAGTCCTCCACTGAGAGGGTA 

ATACTCACAGGTCAAAGAGTTGACGGTAAACACAGAAAGAGAGCTTGTATAAGTAGATAGTATCAAATGTATTTATGAAATATTACCAAA 
GCCGGAAATCATATTTACAGAGACGATAGCTGTGCACTTCCTGGAGCCGCCACCTCTTGGAGTAGGTTTGATTAAAGCCCGAGTAGCGAC 

CCAGGCTTGGAGGCAAATCGCCCACCGCGGTTCCCCAACTGCTCTCATTCTTTCCCAGCGTCAAAACAAGTTCCTTGCCCTCGGTAAAGA 

ATGAGTGGTCAATCCAGTTCTTT 

MH250092 
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B. bassiana 

B193B 

GACCGAAGCGTGCGCGCTGCGACAATTCAGTCATGCCCGATATGCTGCGCCTGCTCGCCTCTCGACAGGATCTGCTGGAGGATCTTCAGG 

CGAGATTCATTGCGAGCGGCGCAAGAATCAAGCCTTGGAAGCAGGAAAGTCTCCCTATTCGCAAGAGGGCATCAGTTTCGCCCAACTCAA 
CAGACATTGGTGCAGAATGCGTGGAGCGCGGCTCGGCCACTTCGGGGAGTGGAAGCGGTACAGCGGCCTTGCCCACACAGACCAACGCGC 

CAAAGTCATCGGCATTTACATTGCAGTGTCCAGCCGCACTTTCCATCGTCTTTGTACTGGCTCTCACTCTAGTCCTCCACTGAGAGAGAA 

ATACTCACAGGTCAAATAGTTGACGGTAAACACAGAAAGAGAGCTTGTATAAGTAGATAGTATCAAATGTATTTATGAAATATTACCAAA 
GCCGGAAACCATATTTACAGAGACGATAGCTGTGCACTTCCTGGAGCCGCCACCTCTTGGAGTAGGTTTGATTAAAGCCCGAGTAGCGAC 

CCAGGCTTGGAGGCAAATCGCCCACCGCGGTTCCCCAACTGCTCTCATTCTTTCCCAGCGTCAAAACAAGTTCCTTGCCCTCGATAAAGA 

ATGAGTGGTCAATCCAGTTCTTT 

MH250093 

B. bassiana 

B197D 

GACCGAAGCGTGCGCGTTGCGACAACTCAGTCATGCCCGATATGCTGCGCCTGCTCGTCTCTCGACAGGATCTGCTGGAGGATCTTCAGG 
CGAGATTCATTGCTAGCGGCGCAAGGATCAAGCCTTGGAAGCAGCAAGATCTCTCTGTTCGTAAAAGGGCATCAGTTTCGCCCAACTCAA 

CAGACACTGGTGCGGAATGCGTGGAGCGCGGCTCGGCCACTTCGGGGAGTGCAAGCGGTACAGCGGCCTTGCCCACAGAAACCAACGCAC 

CAAAGTCATTGGCATTCACTTTGCAGTGTCCATCCGCACTTTCCATCGTCTTTGTACTCGCTCTCACTCTTGTCCTCCACTGAGAGAGAA 
ATACTCACAGGTCAAATAGATGACAGTGAAGACAGAAAGAGAGCTCATATAAGTAGATAGTATCAAATGTATTTATGAAATATTACCAAA 

GCCGGAAACCATATTTACAGAGACGATAGCTGTGCACTTCCTGGAGCCGCCACCTCTTGGAGTAGGTCTGATTAAAGCCCGAGTAGCGAC 

CCAGGCTAGGAGGCAAATCGCCCACCGCGGTTCCCCAACTGCTCTCATTCTTTCCCAGCGTCAAAACGAGTTCCTTGCCCTCGGTAAAGA 
ATGAGTGGTCAATCCAGTTCTTT 

MH250094 

B. bassiana 

B228B 

GACCGAAGCGTGCGCGTTGCGACAACTCAGTCATGCCCGATATGCTGCGCCTGCTCGTCTCTCGACAGGATCTGCTGGAGGATCTTCAGG 

CGAGATTCATTGCTAGCGGCGCAAGGATCAAGCCTTGGAAGCAGCAAGATCTCTCTGTTCGTAAAAGGGCATCAGTTTCGCCCAACTCAA 
CAGACACTGGTGCGGAATGCGTGGAGCGCGGCTCGGCCACTTCGGGGAGTGCAAGCGGTACAGCGGCCTTGCCCACAGAAACCAACGCAC 

CAAAGTCATTGGCATTCACTTTGCAGTGTCCATCCGCACTTTCCATCGTCTTTGTACTCGCTCTCACTCTTGTCCTCCACTGAGAGAGAA 

ATACTCACAGGTCAAATAGATGACAGTGAAGACAGAAAGAGAGCTCATATAAGTAGATAGTATCAAATGTATTTATGAAATATTACCAAA 
GCCGGAAACCATATTTACAGAGACGATAGCTGTGCACTTCCTGGAGCCGCCACCTCTTGGAGTAGGTCTGATTAAAGCCCGAGTAGCGAC 

CCAGGCTAGGAGGCAAATCGCCCACCGCGGTTCCCCAACTGCTCTCATTCTTTCCCAGCGTCAAAACGAGTTCCTTGCCCTCGGTAAAGA 

ATGAGTGGTCAATCCAGTTCTTT 

MH250095 

B. bassiana 

B231D 

GACCGAAGCGTGCGCGCTGCGACAATTCAGTCATGCCCGATATGCTGCGCCTGCTCGCCTCTCGACAGGATCTGCTGGAGGATCTTCAGG 
CGAGGTTCATTGCGAGCGGTGCAAGGATCAAGCCTTGGAAGCAGCAAGATGTCTCTGTTCATAGGAGGGCATCAGTTTCGCCCAACACAA 

CAGACACTGGTGCGGAATGCGTGGAGCGCGGCTCGGCCACTTCGGGGAGTGCAAGCGGTACAGCGGCCTTGCCCACAGGAACCAACGCAC 
CAAAGTCATTGGCATTCACATTGCAGTGTCCAGCCGTACTTTCCATCGTCTTTGTACTCGCTCTCACACTAGTCCTCCACTGAGAGGGTA 

ATACTCACAGGTCAAAGAGTTGACGGTAAACACAGAAAGAGAGCTTGTATAAGTAGATAGTATCAAATGTATTTATGAAATATTACCAAA 

GCCGGAAATCATATTTACAGAGACGATAGCTGTGCACTTCCTGGAGCCGCCACCTCTTGGAGTAGGTTTGATTAAAGCCCGAGTAGCGAC 
CCAGGCTTGGAGGCAAATCGCCCACCGCGGTTCCCCAACTGCTCTCATTCTTTCCCAGCGTCAAAACAAGTTCCTTGCCCTCGGTAAAGA 

ATGAGTGGTCAATCCAGTTCTTT 

MH250096 

B. bassiana 

B240B 

GACCGAAGCGTGCGCGTTGCGACAACTCAGTCATGCCCGATATGCTGCGCCTGCTCGCCTCCCGACAGGATCTGCTGGAGGATCTTCAGG 

CGAGATTCATTGCGAGCGGCGCAAGGATCAAGCCTTGGAAGCAGCAACATGTCTCTGTTCATAAGAGGGCATCAGTTTCGCCCAACTCAA 
CAGACACTGGTGCGGAATGCGTGGAGCGCGGCTCGGCCACTTCGGGGAGTGCAAGCGGTACAGCGGCCTTGCCCACAGAAACCAACGCGC 

CAAAGTCATTGGCATTTACATTGCAGTGTCCAACCGCACTTTCCATCGTCTTTGTACTCGCTCTCACACTAGTCCTCCACTGAGAGGGTA 

ATACTCACAGGTCAAATAGTTGACAGTAAACACAGAAAGAGAGCTTGTATAAGTAGATGGTATCAAATGTATTTATGAAATATTACCAAA 
GCCGGAAACCATATTTACAAAGCCGATAGCTGTGCACTTCCTGGAGCCGCCACCTCTTGGAGTAGGTCTGATTAAAGCCCGAGTAGCGAC 

CCAGGCTTGGAGGCAAATCGCCCACCGCGGTCCCCCAGTTACTCTCATTCTTCCCCAGCGTGAGAACGAGTTCCTTGCCCTCGGTAAAGA 

ATGAGTGGTCAATCCAGTTCTTT 

MH250097 
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Translation elongation factor-1 alpha (EF1) gene, partial sequences (Chapter 2): 

Organism/ 

strain 

Sequence GenBank 

Accession 

Number 

M. robertsii 

M7D 

GAGCCTACACTTTCGCCGTCCCGAGTTTGTGATAACTGACTGGTCCTCACAGCCACGTCGACTCCGGCAAGTCTACCACCACTGGTCACT 

TGATCTACCAGTGCGGTGGTATCGACAAGCGTACCATTGAGAAGTTCGAGAAGGTAAGCCAAACACTCCGATTAATGATCTTATTGTTTG 
GCGATGAACATTATTGAGTTTCCCGCTGCGGCCATTACCCCTCACTGTGACACGAAATTTTCGCGGCCTTATCTTGGACTTTGGTGGGGC 

ACCATACCCCGCCAGCTGTCGAGGTGTCTCGGCTGTTGAAACCACAATATTGTCGTTGCTTTCAGAGGAAAACGTGAAACTAATTTGGAT 

CGCTGTATAGGAAGCCGCTGAACTCGGCAAGGGTTCCTTCAAGTACGCATGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTAT 
CACCATCGACATTGCCCTCTGGAAGTTCGAGACTCCCAAGTACTATGTCACCGTCATTGGTATGTTGACTTGCGCAAACTGACCGATACT 

TTTCTCCTAAATTGAATGCTAA 

MH250098 

M. 

pingshaense 

M39B 

GAGCCTACACTTTCGCCGTCCCGAGTTTGTGATAACTGACTGGTCCTCACAGCCACGTCGACTCCGGCAAGTCTACCACCACTGGTCACT 
TGATCTACCAGTGCGGTGGTATCGACAAGCGTACCATTGAGAAGTTCGAGAAGGTAAGCCAAACACTCCGATGAATGATCTCATTGTTTG 

GCGATGAACATTATTGGGTTTCCCGCTGCGGCCATTACCCCTCACTGTGACACGAAATTTTCGCGGCCTTATCTTGGACTTTGGTGGGGC 

ACCATACCCCGCCAGCTGTCGAGGTGTCTCGGCTGTTGAAACCACAATATTGTCGTTGCTTTCAGAGGAAAACATGAAACTAATTTGGAT 
CGCTGTATAGGAAGCCGCTGAACTCGGCAAGGGTTCCTTCAAGTACGCATGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTAT 

CACCATCGACATTGCCCTCTGGAAGTTCGAGACTCCCAAGTACTATGTCACCGTCATTGGTATGTCGACTTGCGCAAACTGACCGAGACT 

TTTCTCCTAAATTGAATGCTAA 

MH250099 

M. brunneum 

M43B 

GAGCCTACACTTTCGCCGTCTCGAGTTTGTGATAACTGACTGGTCCTCACAGCCACGTCGACTCCGGCAAGTCTACCACCACTGGTCACT 

TGATCTACCAGTGCGGTGGTATCGACAAGCGTACCATTGAGAAGTTCGAGAAGGTAAGCCAAACACTCCGATTAATGATCTCATTGTTTG 

GCGATGAACCCTATGGGGTTTCCCGCTGCGGCCATTACCCCTCACTGTGACACGAAATTTTCGCGGCCTTATCTTAGACTTTGGTGGGGC 

ACCATACCCCGCCAGCTGTCGAGGTGTCTCGGCTGTTGAAACCACAACATTGTCGTTGCTTTCAGAGGAAAACATGAAACTAATTTGGAT 
CGCTGTATAGGAAGCCGCTGAACTCGGCAAGGGTTCCTTCAAGTACGCATGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTAT 

CACCATCGACATTGCCCTCTGGAAGTTCGAGACTCCCAAGTACTATGTCACCGTCTTTGGTATGTCGACTTGCGCCAACTGACCGATACT 
GTTCTCCCAAATTGAATGCTAA 

MH250100 

M. brunneum 

M87B 

GAGCCTACACTTTCGCCGTCTCGAGTTTGTGATAACTGACTGGTCCTCACAGCCACGTCGACTCCGGCAAGTCTACCACCACTGGTCACT 

TGATCTACCAGTGCGGTGGTATCGACAAGCGTACCATTGAGAAGTTCGAGAAGGTAAGCCAAACACTCCGATTAATGATCTCATTGTTTG 

GCGATGAACCCTATGGGGTTTCCCGCTGCGGCCATTACCCCTCACTGTGACACGAAATTTTCGCGGCCTTATCTTAGACTTTGGTGGGGC 
ACCATACCCCGCCAGCTGTCGAGGTGTCTCGGCTGTTGAAACCACAACATTGTCGTTGCTTTCAGAGGAAAACATGAAACTAATTTGGAT 

CGCTGTATAGGAAGCCGCTGAACTCGGCAAGGGTTCCTTCAAGTACGCATGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTAT 

CACCATCGACATTGCCCTCTGGAAGTTCGAGACTCCCAAGTACTATGTCACCGTCATTGGTATGTCGACTTGCGCCAACTGACCGATACT 
GTTCTCCCAAATTGAATGCTAA 

MH250101 

M. robertsii 

M94B 

GAGCCTACACTTTCGCCGTCCCGAGTTTGTGATAACTGACTGGTCCTCACAGCCACGTCGACTCCGGCAAGTCTACCACCACTGGTCACT 

TGATCTACCAGTGCGGTGGTATCGACAAGCGTACCATTGAGAAGTTCGAGAAGGTAAGCCAAACACTCCGATTAATGATCTTATTGTTTG 
GCGATGAACATTATTGAGTTTCCCGCTGCGGCCATTACCCCTCACTGTGACACGAAATTTTCGCGGCCTTATCTTGGACTTTGGTGGGGC 

ACCATACCCCGCCAGCTGTCGAGGTGTCTCGGCTGTTGAAACCACAATATTGTCGTTGCTTTCAGAGGAAAACGTGAAACTAATTTGGAT 

CGCTGTATAGGAAGCCGCTGAACTCGGCAAGGGTTCCTTCAAGTACGCATGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTAT 
CACCATCGACATTGCCCTCTGGAAGTTCGAGACTCCCAAGTACTATGTCACCGTCATTGGTATGTTGACTTGCGCAAACTGACCGATACT 

TTTCTCCTAAATTGAATGCTAA 

MH250102 
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M. robertsii 

M107D 

GAGCCTACACTTTCGCCGTCCCGAGTTTGTGATAACTGACTGGTCCTCACAGCCACGTCGACTCCGGCAAGTCTACCACCACTGGTCACT 

TGATCTACCAGTGCGGTGGTATCGACAAGCGTACCATTGAGAAGTTCGAGAAGGTAAGCCAAACACTCCGATTAATGATCTTATTGTTTG 
GCGATGAACATTATTGAGTTTCCCGCTGCGGCCATTACCCCTCACTGTGACACGAAATTTTCGCGGCCTTATCTTGGACTTTGGTGGGGC 

ACCATACCCCGCCAGCTGTCGAGGTGTCTCGGCTGTTGAAACCACAATATTGTCGTTGCTTTCAGAGGAAAACGTGAAACTAATTTGGAT 

CGCTGTATAGGAAGCCGCTGAACTCGGCAAGGGTTCCTTCAAGTACGCATGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTAT 
CACCATCGACATTGCCCTCTGGAAGTTCGAGACTCCCAAGTACTATGTCACCGTCATTGGTATGTCGACTTGCGCAAACTGACCGATACT 

TTTCTCCTAAATTGAATGCTAA 

MH250103 

M. robertsii 

M109B 

GAGCCTACACTTTCGCCGTCCCGAGTTTGTGATAACTGACTGGTCCTCACAGCCACGTCGACTCCGGCAAGTCTACCACCACTGGTCACT 

TGATCTACCAGTGCGGTGGTATCGACAAGCGTACCATTGAGAAGTTCGAGAAGGTAAGCCAAACACTCCGATTAATGATCTTATTGTTTG 
GCGATGAACATTATTGAGTTTCCCGCTGCGGCCATTACCCCTCACTGTGACACGAAATTTTCGCGGCCTTATCTTGGACTTTGGTGGGGC 

ACCATACCCCGCCAGCTGTCGAGGTGTGTCGGCTGTTGAAACCACAATATTGTCGTTGCTTTCAGAGGAAAACGTGAAACTAATTTGGAT 

CGCTGTATAGGAAGCCGCTGAACTCGGCAAGGGTTCCTTCAAGTACGCATGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTAT 
CACCATCGACATTGCCCTCTGGAAGTTCGAGACTCCCAAGTACTATGTCACCGTCATTGGTATGTCGACTTGCGCAAACTGACCGATACT 

TTTCTCCTAAATTGAATGCTAA 

MH250104 

M. majus 

M123D 

GAGCCTACACTTTCGCCGTCTCGAGTTTGTGATAACTGACTGGTTCTCACAGCCACGTCGACTCCGGCAAGTCTACCACCACTGGTCACT 
TGATCTACCAGTGCGGTGGTATCGACAAGCGTACCATTGAGAAGTTCGAGAAGGTAAGCCAAATCCTCCGATTAATGATCTCATGGTTTG 

GCGATGAATATTACTGGGTTTCCCGCTGCGGCCATTACCCCTCACTATGACACGAAATTTTCGCGGCCTTATCTTGGACTTTGGTGGGGC 

ACTATACCCCGCCAGCTGTCGAGGTGTCTCGGCTGTTAAAACCACAATATTGTCGTTGCTTTCAGAGGAAAACATGAAACTAATTTGAAT 
CGCTGTATAGGAAGCCGCTGAACTCGGCAAGGGTTCCTTCAAGTACGCATGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTAT 

CACCATCGACATTGCCCTCTGGAAGTTCGAGACTCCCAAGTACTATGTCACCGTCATTGGTATGTCGACTTGCGCAAACTGACCGATGCT 

GTTCTCCCGAATTCAATGCTAA 

MH250105 

M. 

guizhouense 

M154B 

GAGCCTACACTTTCGCCGTCTCGAGTTTGTGATAACTGACTGGTCCTCACAGCCACGTCGACTCCGGCAAGTCTACCACCACTGGTCACT 

TGATCTACCAGTGCGGTGGTATCGACAAGCGTACCATTGAGAAGTTCGAGAAGGTAAGCCAAACCCTCCGATGAATGATCTCATTGTTTG 

GCGATGAACATTATTGGGTTTCCCGCTGCGGCCATTACCCCTCACTGTGGCACGAAATTTTCGCGGCCTTATCTTGGACTTTGGTGGGGC 

ACCATACCCCGCCAGCTGTCGAGATGTCTCGGCTGTTGAAACCACAATATTGTCGTTGCTTTCAGAGGAAAACATGAAACTAATTTGGAT 
CGCTGTATAGGAAGCCGCTGAACTCGGCAAGGGTTCCTTCAAGTACGCATGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTAT 

CACCATCGACATTGCCCTCTGGAAGTTCGAGACTCCCAAGTACTATGTCACCGTCATTGGTATGTCGACTTGCGCAAACTGACCGATGCT 
GTTCTCCCGAATTGAATGCTGA 

MH250106 

M. robertsii 

M163B 

GAGCCTACACTTTCGCCGTCCCGAGTTTGTGATAACTGACTGGTCCTCACAGCCACGTCGACTCCGGCAAGTCTACCACCACTGGTCACT 

TGATCTACCAGTGCGGTGGTATCGACAAGCGTACCATTGAGAAGTTCGAGAAGGTAAGCCAAACACTCCGATTAATGATCTTATTGTTTG 

GCGATGAACATTATTGAGTTTCCCGCTGCGGCCATTACCCCTCACTGTGACACGAAATTTTCGCGGCCTTATCTTGGACTTTGGTGGGGC 
ACCATACCCCGCCAGCTGTCGAGGTGTGTCGGCTGTTGAAACCACAATATTGTCGTTGCTTTCAGAGGAAAACGTGAAACTAATTTGGAT 

CGCTGTATAGGAAGCCGCTGAACTCGGCAAGGGTTCCTTCAAGTACGCATGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTAT 

CACCATCGACATTGCCCTCTGGAAGTTCGAGACTCCCAAGTACTATGTCACCGTCATTGGTATGTCGACTTGCGCAAACTGACCGATACT 
TTTCTCCTAAATTGAATGCTAA 

MH250107 

M. robertsii 

M164B 

GAGCCTACACTTTCGCCGTCCCGAGTTTGTGATAACTGACTGGTCCTCACAGCCACGTCGACTCCGGCAAGTCTACCACCACTGGTCACT 

TGATCTACCAGTGCGGTGGTATCGACAAGCGTACCATTGAGAAGTTCGAGAAGGTAAGCCAAACACTCCGATTAATGATCTTATTGTTTG 
GCGATGAACATTATTGAGTTTCCCGCTGCGGCCATTACCCCTCACTGTGACACGAAATTTTCGCGGCCTTATCTTGGACTTTGGTGGGGC 

ACCATACCCCGCCAGCTGTCGAGGTGTCTCGGCTGTTGAAACCACAATATTGTCGTTGCTTTCAGAGGAAAACGTGAAACTAATTTGGAT 

CGCTGTATAGGAAGCCGCTGAACTCGGCAAGGGTTCCTTCAAGTACGCATGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTAT 
CACCATCGACATTGCCCTCTGGAAGTTCGAGACTCCCAAGTACTATGTCACCGTCATTGGTATGTTGACTTGCGCAAACTGACCGATACT 

TTTCTCCTAAATTGAATGCTAA 

MH250108 
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M. 

pingshaense 

M176B 

GAGCCTACACTTTCGCCGTCCCGAGTTTGTGATAACTGACTGGTCCTCACAGCCACGTCGACTCCGGCAAGTCTACCACCACTGGTCACT 

TGATCTACCAGTGCGGTGGTATCGACAAGCGTACCATTGAGAAGTTCGAGAAGGTAAGCCAAACACTCCGATGAATGATCTCATTGTTTG 
GCGATGAACATTATTGGGTTTCCCGCTGCGGCCATTACCCCTCACTGTGACACGAAATTTTCGCGGCCTTATCTTGGACTTTGGTGGGGC 

ACCATACCCCGCCAGCTGTCGAGGTGTCTCGGCTGTTGAAACCACAATATTGTCGTTGCTTTCAGAGGAAAACATGAAACTAATTTGGAT 

CGCTGTATAGGAAGCCGCTGAACTCGGCAAGGGTTCCTTCAAGTACGCATGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTAT 
CACCATCGACATTGCCCTCTGGAAGTTCGAGACTCCCAAGTACTATGTCACCGTCATTGGTATGTCGACTTGCGCAAACTGACCGAGACT 

TTTCTCCTAAATTGAATGCTAA 

MH250109 

M. brunneum 

M180B 

GAGCCTACACTTTCGCCGTCTCGAGTTTGTGATAACTGACTGGTCCTCACAGCCACGTCGACTCCGGCAAGTCTACCACCACTGGTCACT 

TGATCTACCAGTGCGGTGGTATCGACAAGCGTACCATTGAGAAGTTCGAGAAGGTAAGCCAAACACTCCGATTAATGACCTCATTGTTTG 
GCGATGAGTACTATTGGGTTTCCCGCTGCGGCCATTACCCCTCACTGTGACACGAAATTTTCGCGGCCTTATCTTGGACTTTGGTGGGGC 

ACCATACCCCGCCATCTGTCGAGGTGTCTCGGCTGTTGAAACCACAATATTGTCGTTGCTTTCAGAGGAAAACATGAAACTAATTTGGAT 

CGCTGTATAGGAAGCCGCTGAACTCGGCAAGGGTTCCTTCAAGTACGCATGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTAT 
CACCATCGACATTGCCCTCTGGAAGTTCGAGACTCCCAAGTACTATGTCACCGTCATTGGTATGTCGACTTGCGCCAACTGACCGATACT 

GTTCTCCCAAATTGAATGCTAA 

MH250110 

M. brunneum 

M198B 

GAGCCTACACTTTCGCCGTCTCGAGTTTGTGATAACTGACTGGTCCTCACAGCCACGTCGACTCCGGCAAGTCTACCACCACTGGTCACT 
TGATCTACCAGTGCGGTGGTATCGACAAGCGTACCATTGAGAAGTTCGAGAAGGTAAGCCAAACACTCCGATTAATGATCTCATTGTTTG 

GCGATGAACCCTATGGGGTTTCCCGCTGCGGCCATTACCCCTCACTGTGACACGAAATTTTCGCGGCCTTATCTTAGACTTTGGTGGGGC 

ACCATACCCCGCCAGCTGTCGAGGTGTCTCGGCTGTTGAAACCACAACATTGTCGTTGCTTTCAGAGGAAAACATGAAACTAATTTGGAT 
CGCTGTATAGGAAGCCGCTGAACTCGGCAAGGGTTCCTTCAAGTACGCATGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTAT 

CACCATCGACATTGCCCTCTGGAAGTTCGAGACTCCCAAGTACTATGTCACCGTCATTGGTATGTCGACTTGCGCCAACTGACCGATACT 

GTTCTCCCAAATTGAATGCTAA 

MH250111 

M. robertsii 

M202B 

GAGCCTACACTTTCGCCGTCCCGAGTTTGTGATAACTGACTGGTCCTCACAGCCACGTCGACTCCGGCAAGTCTACCACCACTGGTCACT 

TGATCTACCAGTGCGGTGGTATCGACAAGCGTACCATTGAGAAGTTCGAGAAGGTAAGCCAAACACTCCGATTAATGATCTTATTGTTTG 

GCGATGAACATTATTGAGTTTCCCGCTGCGGCCATTACCCCTCACTGTGACACGAAATTTTCGCGGCCTTATCTTGGACTTTGGTGGGGC 

ACCATACCCCGCCAGCTGTCGAGGTGTCTCGGCTGTTGAAACCACAATATTGTCGTTGCTTTCAGAGGAAAACGTGAAACTAATTTGGAT 
CGCTGTATAGGAAGCCGCTGAACTCGGCAAGGGTTCCTTCAAGTACGCATGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTAT 

CACCATCGACATTGCCCTCTGGAAGTTCGAGACTCCCAAGTACTATGTCACCGTCATTGGTATGTTGACTTGCGCAAACTGACCGATACT 
TTTCTCCTAAATTGAATGCTAA 

MH250112 

M. brunneum 

M208D 

GAGCCTACACTTTCGCCGTCTCGAGTTTGTGATAACTGACTGGTCCTCACAGCCACGTCGACTCCGGCAAGTCTACCACCACTGGTCACT 

TGATCTACCAGTGCGGTGGTATCGACAAGCGTACCATTGAGAAGTTCGAGAAGGTAAGCCAAACACTCCGATTAATGATCTCATTGTTTG 

GCGATGAACCCTATGGGGTTTCCCGCTGCGGCCATTACCCCTCACTGTGACACGAAATTTTCGCGGCCTTATCTTGGACTTTGGTGGGGC 
ACCATACCCCGCCAGCTGTCGAGGTGTCTCGGCTGTTGAAACCATAACGTTGTCGTTGCTTTCAGAGGAAAACATGAAACTAATTTGGAT 

CGCTGTATAGGAAGCCGCTGAACTCGGCAAGGGTTCCTTCAAGTACGCATGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTAT 

CACCATCGACATTGCCCTCTGGAAGTTCGAGACTCCCAAGTACTATGTCACCGTCATTGGTATGTCGACTTGCGCCAACTGACCGATACT 
GTTCTCCCAAATTGAATGCTAA 

MH250113 

Metarhizium 

flavoviride 

var. pemphigi 

M209D 

GAACCTACGCTTTCGAAGTCTCGAAGTTTTGATAACTGACCGATCCTCACAGCCACGTCGACTCCGGCAAGTCTACCACCACTGGTCACT 

TGATCTACCAGTGCGGTGGTATCGACAAGCGAACCATTGAGAAGTTCGAGAAGGTAAGCCAAATTCCTGTTTTAATGATTCTCTTATTTG 
GCGATGGGAACACTTTGTTTTATCACTGCGACCATTACCCCTCACTGTCACACAAATTTTTCGCGGCCTTATCTTGGGCTTTGGTGGGGC 

ATCATACCCCGCCAGCTGTTGACGTGTCTTTGCTGTTAAAACCACAACGTTACCATAGCCTTCAAAAAAAAATTGGAAACTAATTTGCAT 

CTCTGTATAGGAAGCCGCTGAACTCGGCAAGGGTTCCTTCAAGTACGCATGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTAT 
CACCATCGACATTGCCCTCTGGAAGTTCGAGACTCCCAAGTACTATGTCACTGTCATCGGTATGTCGACTTGCGCAAACTAACCAACG 

GTTTCGTTTGGATTTAAATGCTAA 

MH250114 

  



Appendix 2 188 

 

M. 

guizhouense 

M219B 

GAGCCTACACTTTCGCCGTCTCGAGTTTGTGATAACTGACTGGTCCTCACAGCCACGTCGACTCCGGCAAGTCTACCACCACTGGTCACT 

TGATCTACCAGTGCGGTGGTATCGACAAGCGTACCATTGAGAAGTTCGAGAAGGTAAGCCAAACCCTCCGATGAATGATCTCATTGTTTG 
GCGATGAACATTATTGGGTTTCCCGCTGCGGCCATTACCCCTCACTGTGGCACGAAATTTTCGCGGCCTTATCTTGGACTTTGGTGGGGC 

ACCATACCCCGCCAGCTGTCGAGATGTCTCGGCTGTTGAAACCACAATATTGTCGTTGCTTTCAGAGGAAAACATGAAACTAATTTGGAT 

CGCTGTATAGGAAGCCGCTGAACTCGGCAAGGGTTCCTTCAAGTACGCATGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTAT 
CACCATCGACATTGCCCTCTGGAAGTTCGAGACTCCCAAGTACTATGTCACCGTCATTGGTATGTCGACTTGCGCAAACTGACCGATGCT 

GTTCTCCCGAATTGAATGCTGA 

MH250115 

M. robertsii 

M224B 

GAGCCTACACTTTCGCCGTCCCGAGTTTGTGATAACTGACTGGTCCTCACAGCCACGTCGACTCCGGCAAGTCTACCACCACTGGTCACT 

TGATCTACCAGTGCGGTGGTATCGACAAGCGTACCATTGAGAAGTTCGAGAAGGTAAGCCAAACACTCCGATTAATGATCTTATTGTTTG 
GCGATGAACATTATTGAGTTTCCCGCTGCGGCCATTACCCCTCACTGTGACACGAAATTTTCGCGGCCTTATCTTGGACTTTGGTGGGGC 

ACCATACCCCGCCAGCTGTCGAGGTGTCTCGGCTGTTGAAACCACAATATTGTCGTTGCTTTCAGAGGAAAACGTGAAACTAATTTGGAT 

CGCTGTATAGGAAGCCGCTGAACTCGGCAAGGGTTCCTTCAAGTACGCATGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTAT 
CACCATCGACATTGCCCTCTGGAAGTTCGAGACTCCCAAGTACTATGTCACCGTCATTGGTATGTCGACTTGCGCAAACTGACCGATACT 

TTTCTCCTAAATTGAATGCTAA 

MH250116 

M. robertsii 

M232B 

GAGCCTACACTTTCGCCGTCCCGAGTTTGTGATAACTGACTGGTCCTCACAGCCACGTCGACTCCGGCAAGTCTACCACCACTGGTCACT 
TGATCTACCAGTGCGGTGGTATCGACAAGCGTACCATTGAGAAGTTCGAGAAGGTAAGCCAAACACTCCGATTAATGATCTTATTGTTTG 

GCGATGAACATTATTGAGTTTCCCGCTGCGGCCATTACCCCTCACTGTGACACGAAATTTTCGCGGCCTTATCTTGGACTTTGGTGGGGC 

ACCATACCCCGCCAGCTGTCGAGGTGTCTCGGCTGTTGAAACCACAATATTGTCGTTGCTTTCAGAGGAAAACGTGAAACTAATTTGGAT 
CGCTGTATAGGAAGCCGCTGAACTCGGCAAGGGTTCCTTCAAGTACGCATGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTAT 

CACCATCGACATTGCCCTCTGGAAGTTCGAGACTCCCAAGTACTATGTCACCGTCATTGGTATGTTGACTTGCGCAAACTGACCGATACT 

TTTCTCCTAAATTGAATGCTAA 

MH250117 
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Beauveria adhesin-like protein 1 (Bad1) partial sequences (Chapter 5): 

Organism/ strain Sequence 

B. australis  

B8B 

TGTTCCCACGCAGTCTCTTCCCTGCCCCGAATCTGTTCCAAAATGCTTGAAGATGTGGTTGGATGAGGCCAAGGAATGCAAGAAGGACAACACCGATGCC 

GCTTGCTACTGCAAGAACAGCAACTTCACCGACAAAGTCTTTGGTTGCCTGGGCGCGTACAGCGGTAACGACCAGAACGTCGCCGATGCCATCAACTTCT 
TCCAGGGCATTTGCGCTGAGCACGTTGGCGAGAACCCTAACATTGCTACTGGTGCCGAGAC 

B. bassiana  

B16B 

TGTTCCCACCGCATCTCTTCCTTGCCCCGAATCTGTTCCAAAATGCTTGAAGATGTGGTTGGATGAGGCCAAGGAATGCAAAAAGGACAACACCGATGCC 

GCTTGCTACTGCAAGAACAGCAACTTCACGGACAAAGTCTTTGGTTGCCTGGGCGCGTACAGCGGTAGCGACCAGAACGTCGCCGATGCCATCAACTTCT 
TCCAGGGCATTTGCGCTGAGCACGTTGGCGAGAACCCTAACATTGCTACTGTGCCGA 

B. australis  

B44B 

TCTCTTCCCTGCCCTGAATCTGTTCCTCGCTGCTTGAAGATGTGGTTGCATGTGGCCGAGGGATGTGATGAGGACAACACCAATGCC 

GCTTGCTACTGCAAGAAAGGCAAGTTCACCGGTGAAGTCTTCAAGTGCCTGTCCTCTCACAGCGGTGACGACCAGAAGGTCGCCAACGCCATCAACTTCT 

TCCAGGGCATTTGCGCTGAGCACGTTGGCGAGAACCCTAACATTGCTACTGGTGGCCGAGAC 

B. bassiana  

B66B 

TGTTCCCACGCAGTCTCTTCCCTGCCCCGAATCTGTTCCAAAATGCTTGAAGATGTGGTTGGATGAGGCCAAGGAATGCAAGAAGGAGGACAACACCGAT 

GCCGCTTGCTACTGCAAGAACAGCAACTTCACCGACAAAGTCTTTGGTTGCCTGGGCGCGTACAGCGGTAGCGACCAGAACGTCGCCAATGCCATCAACT 

TCTTCCAGGGCATTTGCGCTGAGCACGTTGGCGAGAACCCTAACATTGCTACTG 

B. bassiana  

B78B 

TGTTCCCACCGCATCTCTTCCCTGCCCCGAATCTGTTCCAAAATGCTTGAAGATGTGGTTGGATGAGGCCAAGGAATGCAAGAAGGACAACACCGATGCC 
GCTTGCTACTGCAAGAACAGCAACTTCACCGACAAAGTCTTTGGTTGCCTGGGCGCGTACAGCGGTAACGACCAGAACGTCGCCGATGCCATCAACTTCT 

TCCAGGGCATTTGCGCTGAGCACGTTGGCGAGAACCCTAACATTGCTACTGGTGCC 

B. australis  

B84B 

TGTTCCCACGCAGTCTCTTCCCTGCCCTGAATCTGTTCCTCGCTGCTTGAAGATGTGGTTGCATGTGGCCGAGGGATGTGATGAGGACAACACCAATGCC 
GCTTGCTACTGCAAGAAAGGCAAGTTCACCGGTGAAGTCTTCAAGTGCCTGTCCTCTCACAGCGGTGACGACCAGAAGGTCGCCAACGCCATCAACTTCT 

TCCAGGGCATTTGCGCTGAGCACGTTGGCGAGAACCCTAACATTGCTAC 

B. pseudobassiana 

B156B 

TGTTCCCACGCAGTCTCTTCCCTGCCCCGACTCTGTTCCTCGCTGCCTGAAGTCGTGGTTGGATGTCGCAAAGGAATGCAAGAAGGACAACACCGATGCC 

GCCTGCTACTGCAAGAACGGCGACTTCACCAAGAAGGTCTTTGACTGCCTGGGCGCCCACAGCGGCAGCGACCAGAACATCGCCGACGCCATCAACTTCT 
TCCAGGGCATTTGCGCTGAGCACATTGGCGACAACCCTAACATTGCTACTGGTGCCGAGA 

B. bassiana  

B178B 

TGTTGTTCCCCACCGCATCTCTTCCCTGCCCCGAATCTGTTCCAAAATGCTTGAAGATGTGGTTGGATGAGGCCAAGGAATGCAAGAAGGACAACACCGA 

TGCCGCTTGCTACTGCAAGAACAGCAACTTCACCGACAAAGTCTTTGGTTGCCTGGGCGCGTACAGCGGTAACGACCAGAACGTCGCCGATGCCATCAAC 
TTCTTCCAGGGCATTTGCGCTGAGCACGTTGGCGAGAACCCTAACATTGCTACTGGTGGCCGAGA 

B. bassiana  

B187B 

TGTTCCCACGCAGTCTCTTCCCTGCCCCGAATCTGTTCCAAAATGCTTGAAGATGTGGTTGGATGAGGCCAAGGAATGCAAGAAGGACAACACCGA 

TGCCGCTTGCTACTGCAAGAACAGCAACTTCACCGACAAAGTCTTTGGTTGCCTGGGCGCGTACAGCGGTAACGACCAGAACGTCGCCGATGCCATCAAC 
TTCTCCAGGGCATTGCGCTGAGCA 

B. bassiana  

B228B 

TGTTCCCACCCAGTCTCTTCCCTGCCCCGAATCTGTTCCAAAATGCTTGAAGATGTGGTTGGATGAGGCCAAGGAATGCAAGAAGGAGGACAACACCGAT 

GCCGCTTGCTACTGCAAGAACAGCAACTTCACCGACAAAGTCTTTGGTTGCCTGGGCGCGTACAGCGGTAGCGACCAGAACGTCGCCAATGCCATCAACT 

TCTTCCAGGGCATTTGCGCTGAGCACGTTGGCGAGAACCCTAACATTGCT 

B. bassiana 

BGPA12B 

TGTTCCCACGCAGTCTCTTCCCTGCCCCGAATCTGTTCCAAAATGCTTGAAGATGTGGTTGGATGAGGCCAAGGAATGCAAGAAGGACAACACCGAT 

GCCGCTTGCTACTGCAAGAACAGCAACTTCACCGACAAAGTCTTTGGTTGCCTGGGCGCGTACAGCGGTAACGACCAGAACGTCGCCGATGCCATCAACT 

TCTTCCAGGGCATCTGCGCTGAGCACGTTGGCGAGAACCCTAACATTGCTACTGGTGGCCGAGAC 

B. bassiana 

ATCC74040 

TGTTCCCACGCAGTCTCTTCCCTGCCCCGAATCTGTTCCAAAATGCTTGAAGATGTGGTTGGATGAGGCCAAGGAATGCAAGAAGGACAACACCGAT 
GCCGCTTGCTACTGCAAGAACAGCAACTTCACCGACAAAGTCTTTGGTTGCCTGGGCGCGTACAGCGGTAACGACCAGAACGTCGCCGATGCCATCAACT 

TCTTCCAGGGCATCTGCGCTGAGCACGTTGGCGAGAACCCTAACATTGCTACTGG 
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Beauveria adhesin-like protein 2 (Bad2) partial sequences (Chapter 5): 

Organism/ 

strain 

Sequence 

B. australis 

B8B 

GTCTCCATCGTCGCCGCTCACCCCGACGCCGTGGAGGACGCCCTCCGCAGCGCGGGCCTCACGGGCCTCACTGACGGCGAGATCGCCCAGGCCGTACTGC 

CCGCGGGCATCACGCTCACGGCAGCGACTGGCCCCCAAGCCCCGCCGCCTTCCGGCCGCACCAACACGTGGCACCCTGCGCACCCGGGCGTCACCATTGA 

TGGCTGCGACGCCCAGGACGAGGAGTGGCACTAC 

B. bassiana 

B16B 

GTCTCCATCGTCGCCGCTCACCCCGACGCCGTGGAGGACGCCCTCCGCAGCGCGGGCCTCACGGGCCTCACTGACGGCGAGATTGCCCAGGCCGTACTGC 

CCGCGGGCATCACGCTCACGGCAGCGACTGGCCCCCGAGCCCCGCCTCCTTCCGGCCGCACCAACACGTGGCACCCTGCGCACCCGGGCGTCACCATTGA 
TGGCTGCGACGCCCAGGACGAGGAGTGGCACTAC 

B. australis 

B44B 

GTCTCCATCGTGCCGCTCACCCCGACGTCGTGGAGGATGCCCTCGGCAGCGCGGGCCTCACGGGCCTCACGGGCGGCGAGAGCGCCAAGGCCATACTGC 

CCGCCGGCATCACGCTCGAGGCATTGACTGGCCCCCAAGCCCCGCCGCCTTCGGGCCGCACCAACACGTGGCACCCGGCGCACCCGGGCGTCACCATTGA 

CGGCTGCGACGCCAGGACGAGGAGTGGCACTAC 

B. bassiana 

B66B 

GTCTCCATCGTCGCCGCTCACCCCGACGCCGTGGAGGACGCCCTCCGCAGCGCGGGCCTCACGGGCCTCACTGACGGCGAGATTGCCCAGGCCGTACTGC 

CCGCGGGCATCACGCTCACGGCAGCGACTGGCCCCCAAGCCCCGCCTCCTTCCGGCCGCACCAACACGTGGCACCCTGCGCACCCGGGCGTCACCATTGA 

TGGCTGCGACGCCCAGGACGAGGAGTGGCACTAC 

B. bassiana 

B78B 

GTCTCCATCGTCGCCGCTCACCCCGACGCCGTGGAGGACGCCCTCCGCAGCGCGGGCCTCACGGGCCTCACTGACGGCGAGATCGCCCAGGCCGTACTGC 
CCGCGGGCATCACGCTCACGGCAGCGACTGGCCCCCAAGCCCCGCCGCCTTCCGGCCGCACCAACACGTGGCACCCTGCGCACCCGGGCGTCACCATTGA 

TGGCTGCGACGCCCAGGACGAGGAGTGGCACTAC 

B. australis 

B84B 

CGTCTCCATCGTCGCCGCTCACCCCGACGTCGTGGAGGATGCCCTCGGCAGCGCGGGCCTCACGGGCCTCACGGGCGGCGAGAGCGCCAAGGCCATACTGC 

CCGCCGGCATCACGCTCGAGGCATTGACTGGCCCCCAAGCCCCGCCGCCTTCGGGCCGCACCAACACGTGGCACCCGGCGCACCCGGGCGTCACCATTGA 

CGGCTGCGACGCCAAGGACGAGGAGTGGCACTAC 

B. bassiana 

B178B 

GTCTCCATCGTGCCGCTCACCCCGACGCCGTGGAGGACGCCCTCCGCAGCGCGGGCCTCACGGGCCTCACTGACGGCGAGATCGCCCAGGCCGTACTGC 

CCGCGGGCATCACGCTCACGGCAGCGACTGGCCCCCAAGCCCCGCCGCCTTCCGGCCGCACCAACACGTGGCACCCTGCGCACCCGGGCGTCACCATTGA 
TGGCTGCGACGCCCAGGACGAGGAGTGGCACTAC 

B. bassiana 

B187B 

GTCTCCATCGTCGCCGCTCACCCCGACGCCGTGGAGGACGCCCTCCGCAGCGCGGGCCTCACGGGCCTCACTGACGGCGAGATCGCCCAGGCCGTACTGC 

CCGCGGGCATCACGCTCACGGCAGCGACTGGCCCCCAAGCCCCGCCGCCTTCCGGCCGCACCAACACGTGGCACCCTGCGCACCCGGGCGTCACCATTGA 
TGGCTGCGACGCCCAGGACGAGGAGTGGCACTAC 

B. bassiana 

B228B 

GTCTCCATCGTCGCCGCTCACCCCGACGCCGTGGAGGACGCCCTCCGCAGCGCGGGCCTCACGGGCCTCACTGACGGCGAGATTGCCCAGGCCGTACTGC 

CCGCGGGCATCACGCTCACGGCAGCGAACTGGCCCCCAAGCCCCGCCTCCTTCCGGCCGGCACCAACACGGTGGCACCCTGCG 

B. bassiana 

BGPA12B 

GTCTCCATCGTCGCCGCTCACCCCGACGCCGTGGAGGACGCCCTCCGCAGCGCGGGCCTCACGGGCCTCACTGGCGGCGAGATCGCCCAGGCCGTACTGC 

CCGCGGGCATCACGCTCACGGCAGCGACTAGCCCCCAAGTCCCGCCGCCTTCCGGCCGCACCAACACGTGGCACCCTGCGCACCCGGGCGTCACCATTGA 

TGGCTGCGACGCCCAGGACGAGGAGTGGCACTAC 

B. bassiana 

ATCC74040 

GCCGCTCACCCCGACGCCGTGGAGGACGCCCTCCGCAGCGCGGGCCTCACGGGCCTCACTGGCGGCGAGATCGCCCAGGCCGTACTGC 

CCGCGGGCATCACGCTCACGGCAGCGACTAGCCCCCAAGTCCCGCCGCCTTCCGGCCGCACCAACACGTGGCACCCTGCGCACCCGGGCGTCACCATTGA 

TGGCTGCGACGCCCAGGACGAGGAGTGGCACTAC 
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Metarhizium adhesin-like protein 1 (Mad1) partial sequences (Chapter 5): 

Organism/  

strain 

Sequence 

M. robertsii 

M7D 

AGACTCCCCCTTGCCCTCCTGTTGTTCCCAGATGTCTCAACACCTTCGTGGACCTCAAGGCCAAGTGCGCGGACAACAAGGACGCCTCTTGCTTCTGCCC 

AGACAAGGACTTCGTCAAGAACATCTTCGACTGCATTTACGCCCACGGTGAGAGCGACAACATTATCTCCGAGGCTATCTCCTTCTTCCAGGGTATCTGC 

GGACGCTACATCCCTGAGAACCCCGTCATTGCCACCGGTGCCGAGAC 

M. pingshaense 

M39B 

TAGACTCCCCCTTGCCCTCCTGTTGTTCCCAGATGTCTCAACACCTTCGTGGACCTCAAGGCCAAGTGCGCGGACAACAAGGATGCCTCTTGCTTCTGCCC 

AGACAAGGACTTCGTCAAGAACATCTTCGACTGCATTTACGCCCACGGTGAGAGCGACAACATCATCTCCGAGGCCATCTCCTTCTTCCAGGGTATCTGC 
GGACGCTACATCCCCGAGAACCCTGTCATTGCCACCGGTGCCGAGACC 

M. brunneum 

M43B 

AGACTCCCCCTTGCCCTCCTGTTGTTCCCAGATGTCTCAACACCTTCGTGGACCTCAAGGCCAAGTGCGCGGACAACAAGGATGCCTCTTGCTTCTGCCC 

AGACAAGGACTTCGTCAAGAACATCTTCGACTGCATTTACGCCCACGGTGAGAGCGACAACGTCATCTCCGAGGCTATCTCCTTCTTCCAGGGTATCTGC 

GGACGCTACATCCCTGAGAACCCCGTCATTGCCACCGGTGCCGAGA 

M. robertsii 

M94B 

TGCCCTCCTGTTGTTCCCAGATGTCTCAACACCTTCGTGGACCTCAAGGCCAAGTGCGCGGACAACAAGGACGCCTCTTGCTTCTGCCC 

AGACAAGGACTTCGTCAAGAACATCTTCGACTGCATTTACGCCCACGGTGAGAGCGACAACATTATCTCCGAGGCTATCTCCTTCTTCCAGGGTATCTGC 

GGACGCTACATCCCTGAGAACCCCGTCATTGCCACCGGTGCCGAGACC 

M. robertsii 

M164B 

GCCCTCCTGTTGTTCCCAGATGTCTCAACACCTTCGTGGACCTCAAGGCCAAGTGCGCGGACAACAAGGACGCCTCTTGCTTCTGCCC 
AGACAAGGACTTCGTCAAGAACATCTTCGACTGCATTTACGCCCACGGTGAGAGCGACAACATTATCTCCGAGGCTATCTCCTTCTTCCAGGGTATCTGC 

GGACGCTACATCCCTGAGAACCCCGTCATTGCCACCG 

M. pingshaense 

M176B 

TCCCCCCTGCCCTCCTGTTGTTCCCAGATGTCTCAACACCTTCGTGGACCTCAAGGCCAAGTGCGCGGACAACAAGGATGCCTCTTGCTTCTGCCC 

AGACAAGGACTTCGTCAAGAACATCTTCGACTGCATTTACGCCCACGGTGAGAGCGACAACATCATCTCCGAGGCCATCTCCTTCTTCCAGGGTATCTGC 

GGACGCTACATCCCCGAGAACCCTGTCATTGCCACC 

M. brunneum 

M198B 

CCTCCTGTTGTTCCCAGATGTCTCAACACCTTCGTGGACCTCAAGGCCAAGTGCGCGGACAACAAGGATGCCTCTTGCTTCTGCCC 

AGACAAGGACTTCGTCAAGAACATCTTCGACTGCATTTACGCCCACGGTGAGAGCGACAACGTCATCTCCGAGGCTATCTCCTTCTTCCAGGGTATCTGC 
GGACGCTACATCCCTGAGAACCCCGTCATTGCCACC 

M. robertsii 

M202B 

TGCCCTCCTGTTGTTCCCAGATGTCTCAACACCTTCGTGGACCTCAAGGCCAAGTGCGCGGACAACAAGGACGCCTCTTGCTTCTGCCC 

AGACAAGGACTTCGTCAAGAACATCTTCGACTGCATTTACGCCCACGGTGAGAGCGACAACATTATCTCCGAGGCTATCTCCTTCTTCCAGGGTATCTGC 
GGACGCTACATCCCTGAGAACCCCGTCATTGCCAC 

M. robertsii 

M224B 

CCCCCTTGCCCTCCTGTTGTTCCCAGATGTCTCAACACCTTCGTGGACCTCAAGGCCAAGTGCGCGGACAACAAGGACGCCTCTTGCTTCTGCCC 

AGACAAGGACTTCGTCAAGAACATCTTCGACTGCATTTACGCCCACGGTGAGAGCGACAACATTATCTCCGAGGCTATCTCCTTCTTCCAGGGTATCTGC 
GGACGCTACATCCCTGAGAACCCCGTCATTGCCACCGGTGCCGAGA 
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Metarhizium adhesin-like protein 2 (Mad2) partial sequences (Chapter 5): 

Organism/  

strain 

Sequence 

M. robertsii 

M7D 

CGCAGTTGTCGTTCTCCCTCCCGTTGGCACCGGCGCACCCCCTACTGGCAACTGGACGACCCCTCCTGTCATGGCTGGTGCCGCCCAGAACAGCCAGAAG 

GTCGGTGCCGTTGTCGCCATGGGCCTCATCGCCGCTCTCTTGATCTAGGCCGGGAGGGCGTGTTGACCGCACAGCATATATCCTGGGTGCTGTAGTACAT 

TTGAGTACATCGTGACGATATTATGGGATCGGCGTGGCGAGATACCAAAAAAGTTTCCCACTGATTTTTTCGTTGAAGCTTTCAAGGTAGCTTTTGTGTT 

TGGAGAGTGTCAATAGACGCCGGTGGCTGGCGTGTAAAACTGGAGAG 

M. pingshaense 

M39B 

CGCAGTTGTCGTTCTCCCTCCCGTTGGCACCGGCGCACCCCCTACTGGCAACTGGACGACACCTCCTGTCATGGCTGGTGCCGCCCAGAACAGCCAGAAG 
GTCGGTGCCGTTGTCGCCATGGGCCTCATCGCCGCTCTCTTGATCTAGGCCGGGAGGGTGTGTTGACCGCACAGCATATATCCTGGGTGCTGCAGTACAT 

TTGAGTACATCGTGACGACATTATGGGATCGGCGTGGCGAGATATCAAAAAGTGTCCCACTGATTTTTTCGTTGAAGCTTTCAAGGTAGCCTTTGTGTTT 

GGAGAGTGTCAATAGACGCCGGTGGCTGGCGTGTAAAACTGGAGAG 

M. brunneum 

M43B 

GCAGTTGTCGTTCTCCCTCCCGTTGGCACCGGCGCACCCCCTACCGGCAACTGGACGACCCCTCCTGTCATGGCTGGTGCCGCCCAGAACAGCCAGAAG 
GTCGGTGCCGTTGTCGCCATGGGCCTTATCGCCGCTCTCCTGATCTAGGCCGGGAGGGCGTGTTGACCGCACAGCATATATCCTGGGTGCTGTAGTACAT 

TTGAGTACATCGTGACGACATTATGGGATCGGCGTGGCGAGATACCAAAAAAGTTTCCCACTGATTTTTTCGTTGAAGCTTTGAAGGTAGCTTTTGTGTTT 

GGAGAGTGTCAATAGACGCCGGTGGCTGGCGTGTAAAACTGGAGAGGA 

M. robertsii 

M94B 

CGCAGTTGTCGTTCTCCCTCCCGTTGGCACCGGCGCACCCCCTACTGGCAACTGGACGACCCCTCCTGTCATGGCTGGTGCCGCCCAGAACAGCCAGAAG 

GTCGGTGCCGTTGTCGCCATGGGCCTCATCGCCGCTCTCTTGATCTAGGCCGGGAGGGCGTGTTGACCGCACAGCATATATCCTGGGTGCTGTAGTACAT 

TTGAGTACATCGTGACGATATTATGGGATCGGCGTGGCGAGATACCAAAAAAGTTTCCCACTGATTTTTTCGTTGAAGCTTTCAAGGTAGCTTTTGTGTTT 
GGAGAGTGTCAATAGACGCCGGTGGCTGGCGTGTAAAACTGGAGAGGAGGGGG 

M. robertsii 

M164B 

CCGCAGTTGTCGTTCTCCCTCCCGTTGGCACCGGCGCACCCCCTACTGGCAACTGGACGACCCCTCCTGTCATGGCTGGTGCCGCCCAGAACAGCCAGAAG 

GTCGGTGCCGTTGTCGCCATGGGCCTCATCGCCGCTCTCTTGATCTAGGCCGGGAGGGCGTGTTGACCGCACAGCATATATCCTGGGTGCTGTAGTACAT 

TTGAGTACATCGTGACGATATTATGGGATCGGCGTGGCGAGATACCAAAAAAGTTTCCCACTGATTTTTTCGTTGAAGCTTTCAAGGTAGCTTTTGTGTTT 
GGAGAGTGTCAATAGACGCCGGTGGCTGGCGTGTAAAACTGGAGAGGAGG 

M. pingshaense 

M176B 

CGCAGTTGTCGTTCTCCCTCCCGTTGGCACCGGCGCACCCCCTACTGGCAACTGGACGACACCTCCTGTCATGGCTGGTGCCGCCCAGAACAGCCAGAAG 

GTCGGTGCCGTTGTCGCCATGGGCCTCATCGCCGCTCTCTTGATCTAGGCCGGGAGGGTGTGTTGACCGCACAGCATATATCCTGGGTGCTGCAGTACAT 
TTGAGTACATCGTGACGACATTATGGGATCGGCGTGGCGAGATATCAAAAAGTGTCCCACTGATTTTTTCGTTGAAGCTTTCAAGGTAGCCTTTGTGTTT 

GGAGAGTGTCAATAGACGCCGGTGGCTGGCGTGTAAAACTGGAGAGGAGGGGGAGGGGGA 

M. brunneum 

M198B 

CGCAGTTGTCGTTCTCCCTCCCGTTGGCACCGGCGCACCCCCTACCGGCAACTGGACGACCCCTCCTGTCATGGCTGGTGCCGCCCAGAACAGCCAGAAG 
GTCGGTGCCGTTGTCGCCATGGGCCTTATCGCCGCTCTCCTGATCTAGGCCGGGAGGGCGTGTTGACCGCACAGCATATATCCTGGGTGCTGTAGTACAT 

TTGAGTACATCGTGACGACATTATGGGATCGGCGTGGCGAGATACCAAAAAAGTTTCCCACTGATTTTTTCGTTGAAGCTTTGAAGGTAGCTTTTGTGTTT 

GGAGAGTGTCAATAGACGCCGGTGGCTGGCGTGTAAAACTGGAGAG 

M. robertsii 

M202B 

CGCAGTTGTCGTTCTCCCTCCCGTTGGCACCGGCGCACCCCCTACTGGCAACTGGACGACCCCTCCTGTCATGGCTGGTGCCGCCCAGAACAGCCAGAAG 
GTCGGTGCCGTTGTCGCCATGGGCCTCATCGCCGCTCTCTTGATCTAGGCCGGGAGGGCGTGTTGACCGCACAGCATATATCCTGGGTGCTGTAGTACAT 

TTGAGTACATCGTGACGATATTATGGGATCGGCGTGGCGAGATACCAAAAAAGTTTCCCACTGATTTTTTCGTTGAAGCTTTCAAGGTAGCTTTTGTGTTT 

GGAGAGTGTCAATAGACGCCGGTGGCTGGCGTGTAAAACTGGAGAGGAG 

M. robertsii 

M224B 

CCGCAGTTGTCGTTCTCCCTCCCGTTGGCACCGGCGCACCCCCTACTGGCAACTGGACGATCCCTCCTGTCATGGCTGGTGCCGCCCAGAACAGCCAGAAG 

GTCGGTGCCGTTGTCGCCATGGGCCTCATCGCCGCTCTCCTGATCTAGGCCGGGAGGGCGTGTTGACCGCACAGCATATATCCTGGGTGCTGTAGTACAT 

TTGAGTACATCGTGACGACATTATGGGATCGGCGTGGCGAGATACCAAAAAAGTTTCCCACTGATTTTTTCGTTGAAGCTTTAAGGCAGCTTTTGTGTTT 
GGAGAGTGTCAATAGACGCCGGTGGCTGGCGTGTAAAACTGGAGAGGAG 
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