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RESUMO 

A investigação na diversidade e fatores que influenciam a ocorrência das populações 

de fungos entomopatogénicos (FEP), inimigos naturais dos insetos, é escassa. Neste trabalho 

foram utilizados métodos baseados na cultura e técnicas de biologia molecular, através da 

amplificação de regiões genómicas de interesse, para investigar a diversidade das populações 

de FEP em vinhas da Região de vinhosdo Douro (RVD), em Portugal. Nesse sentido, foram 

utilizadas duas abordagens.  

A primeira abordagem consistiu na amostragem de insetos infetados, nomeadamente 

a cochonilha da vinha Planococcus ficus, uma das principais pragas da vinha a nível mundial 

e cuja incidência nas vinhas da RVD tem vindo a aumentar. A cochonilha da vinha foi 

registada em duas das quatro vinhas onde foi pesquisada a sua presença. Das 183 cochonilhas 

colhidas, 58 encontravam-se mortas, sendo que 25 apresentavam sintomas de micose e 13 

encontravam-se parasitadas. O isolamento dos fungos e posterior confirmação da 

patogenicidade revelou a presença de 22 fungos, incluindo leveduras. A levedura Meyerozyma 

guilliermondii e os FEP Sarocladium kiliense e Purpureocillium lilacinum foram os mais 

abundantes, i.e., 18.18%, 13.64% e 13.64%, respetivamente. Segundo o nosso conhecimento, 

este trabalho refere (a) os primeiros isolamentos de FEP de cochonilha da vinha a nível 

mundial, e (b) o primeiro isolamento de Pseudocosmospora rogersonii na Europa, e como 

FEP a nível mundial. A mortalidade da cochonilha por FEP foi maior que pelos seus 

parasitoides (P=0.026). 

A segunda abordagem consistiu na amostragem de 183 solos de seis vinhas e áreas 

da bordadura para o isolamento de FEP utilizando Tenebrio molitor (TM) como cultura-

armadilha. Para avaliar o efeito da escolha do inseto na cultura-armadilha na captura dos FEP, 

81 destes solos foram também submetidos a cultura-armadilha com Galleria mellonella 

(GM). Foram identificadas doze espécies em 44.26%±3.67%  dos solos. Clonostachys rosea 

f. rosea foi mais frequente (30.05%±3.38%), seguida de Beauveria bassiana 

(12.57%±2.37%), P. lilacinum (9.29%±2.14%) e Metarhizium robertsii (6.01%±1.75%). 

Beauveria pseudobassiana (P<0.001), C. rosea f. rosea (P=0.006) e Cordyceps cicadae 

(P=0.023) foram significativamente isoladas em maior número a partir das bordaduras. 

Beauveria bassiana (P=0.038) e M. robertsii (P=0.003) foram significativamente isoladas em 

maior número utilizando GM e TM, respetivamente. A ACP revelou que M. robertsii estava 
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associada ao uso de TM como inseto-armadilha e às áreas cultivadas, enquanto B. bassiana 

estava associada ao uso de GM. Segundo o nosso conhecimento este foi o primeiro 

isolamento de C. cicadae em solos da região Mditerrânica; a caracterização de 

Purpureocillium lavendulum como FEP a nível mundial; e aumento significativo na captura 

de M. robertsii utilizando TM em vez de GM. Com base nestes resultados é proposto o 

método ‗cultura-armadilha ―Galleria-Tenebrio” no isolamento de FEP. 

A investigação focou-se ainda em esclarecer como as propriedades físico-químicas 

do solo afetam as ocorrências de FEP. O trabalho foi dividido com base nos FEP de interesse. 

Foram estudados 42 solos onde se identificaram qualquer dos quatro FEP mais comuns, i.e., 

B. bassiana, P. lilacinum, M. robertsii e C. rosea f. rosea. Beauveria bassiana foi 

negativamente relacionada com teores mais elevados de P assimilável (p=0.02), ião de troca 

K
+
 (p=0.016), e relacionado positivamente com valores mais elevados de pH_H2O (p=0.021) 

do solo. Elevados valores do ião de troca K
+
 inibiram P. lilacinum (p=0.011) e promoveram 

C. rosea f. rosea (p=0.03). Teores elevados de K assimilável também suprimiram P. lilacinum 

(p=0.027). Metarhizium robertsii foi inibido pelo teor de matéria orgânica (p=0.009),  C:N 

(p=0.017), N total (p=0.007), e pelos iões de troca Mg
2+

 (p=0.026), e promovido pelos iões de 

troca Na
+
 (p=0.003). Como as propriedades químicas do solo influenciaram principalmente B. 

bassiana e M. robertsii, foi realizada uma análise de componentes principais aos 3 grupos de 

fungos: (a) B. bassiana, (b) M. robertsii e (c) outros. Os primeiros 3 factores, F1, F2 e F3, 

explicaram 73.81% da variância, ou seja, 38.10%, 20.62% e 15.09%, respetivamente. 

Verificou-se que propriedades do solo como pH mais elevado e iões de troca de Ca
2+

 têm 

efeitos contrastantes nas ocorrências de FEP, uma vez que promovem B. bassiana e inibem 

M. robertsii. Também neste trabalho, é demonstrada e argumentada a entomopatogenicidade 

de Fusarium oxysporum, e, recorrendo a um modelo linear generalizado misto e 80 solos, 

verificou-se que as propriedades físico-químicas do solo não afetam a sua abundância natural. 

Noutro trabalho paralelo, é recomendada a amplificação da região do fator de alongamento 

translacional 1-α para identificar qualquer fungo ascomiceta. Este trabalho revela aspetos 

importantes da ecologia e diversidade de FEP na região dos vinhos do Douro e pode facilitar a 

previsão da qualidade e subsequentes práticas culturais, especialmente do ponto de vista da 

conservação do controlo biológico. 

Palavras-chave: Ecologia aplicada dos solos; ecologia molecular: fungos 

entomopatogénicos; química dos solos  
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ABSTRACT 

Investigations studying diversity and factors affecting the abundance of 

entomopathogenic fungi (EPF) populations, the natural enemies of insects, are limited. In this 

work, culture based techniques and molecular biology tools were applied to investigate the 

natural diversity of EPF in the vineyards of the Douro wine region (DWR) of Portugal. Two 

different approaches were undertaken in this direction.  

First approach was the sampling of naturally mycosed insect-pest, i.e., vine 

mealybug Planococcus ficus, which is a major grapevine pest worldwide, and whose numbers 

are increasing in the DWR. Vine mealybugs were observed in two of the four farms searched 

for their presences. Out of 183 vine mealybugs collected, 58 were dead of which 25 presented 

symptoms of mycosis and 13 were parasitized. Subculturing and subsequent pathogenicity 

confirmation led to the isolation of 22 fungi including yeasts. Yeast Meyerozyma (=Pichia) 

guilliermondii, and EPF Sarocladium kiliense and Purpureocillium lilacinum were the most 

abundant, i.e., 18.18%, 13.64% and 13.64%, respectively. To our knowledge, this work 

reported (a) the first isolations of EPF from vine mealybug worldwide, and, (b) first isolation 

of Pseudocosmospora rogersonii in Europe, and as EPF worldwide. It was noticed that P. 

ficus mortalities originated by mycoses were significantly higher than by its parasitoids 

(P=0.026).  

Second approach was the sampling of 183 soils from the vineyards and adjacent 

hedgerows of the six wine farms, Arnozelo, Aciprestes, Carvalhas, Cidrô, Granja and S. Luiz, 

to isolate EPF using common bait-insect Tenebrio molitor (TM). Moreover, to study the 

effect of insect baiting on EPF recovery, 81 of these soils were also baited with Galleria 

mellonella (GM). Twelve species were found in 44.26%±3.67% soils. Clonostachys rosea f. 

rosea was found in maximum soils (30.05%±3.38%), followed by Beauveria bassiana 

(12.57%±2.37%), P. lilacinum (9.29%±2.14%) and Metarhizium robertsii (6.01%±1.75%). 

Beauveria pseudobassiana (P<0.001), C. rosea f. rosea (P=0.006) and Cordyceps cicadae 

(P=0.023) were isolated significantly more from hedgerows, highlighting their sensitivities 

toward agricultural disturbances. Beauveria bassiana (P=0.038) and M. robertsii (P=0.003) 

were isolated significantly more using GM and TM, respectively. Principal component 

analysis revealed that M. robertsii was associated both with TM baiting and cultivated 

habitats, however, B. bassiana was slightly linked with GM baiting only. To us, this was the 
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first report of: C. cicadae isolation from Mediterranean soils; Purpureocillium lavendulum as 

an EPF worldwide; and significant recoveries of M. robertsii using TM over GM. Based on 

these results, a ‗Galleria-Tenebrio-bait method‘ was also advocated for EPF isolations. 

Moreover, this research focussed on how soil physicochemical properties affect EPF 

occurrences, as previous studies in this direction are very few. The work was divided based 

on the EPF of interest. The soil properties studied were: organic matter content, total organic 

carbon, total nitrogen, available potassium, available phosphorus, exchangeable cations such 

as K
+
, Na

+
, Ca

2+
 and Mg

2+
, pH, total acidity, degree of base saturation, and effective cation 

exchange capacity. Soils which yielded any of the four common EPF, i.e., B. bassiana, P. 

lilacinum, M. robertsii and C. rosea f. rosea, were studied and, in total, 42 soils were 

assessed. Beauveria bassiana was negatively affected by higher available P (P=0.02), 

exchangeable K-ions (P=0.016), and positively affected by higher soil pH_H2O (P=0.021). 

High exchangeable K-ions inhibited P. lilacinum (P=0.011) and promoted C. rosea f. rosea 

(P=0.03). Moreover, high available K also suppressed P. lilacinum (P=0.027). Metarhizium 

robertsii was inhibited by organic matter content (P=0.009), C:N (P=0.017), total N 

(P=0.007), and exchangeable Mg-ions (P=0.026), and promoted by exchangeable Na-ions 

(P=0.003). As soil chemistry affected B. bassiana and M. robertsii the most, a principal 

component analysis was performed to cluster three groups of fungi, i.e., (a) B. bassiana, (b) 

M. robertsii and (c) others. First three factors, F1, F2 and F3, could explain 73.81% of the 

variance, i.e., 38.10%, 20.62% and 15.09%, respectively. Nonetheless, it was noticed that soil 

properties such as higher soil pH and exchangeable Ca-ions have contrasting effects on EPF 

occurrences, as they promoted B. bassiana and inhibited M. robertsii. Fusarium oxysporum is 

generalised as an opportunistic insect-pathogen colonising weak or dead insects. Here, in 

other works, authors convincingly reviewed and argued the entomopathogenicity of F. 

oxysporum, and, using a generalised linear mixed model approach and 80 soils, reported that 

soil physicochemical properties hardly affect its natural abundance.  

Besides, in another parallel work, authors recommended amplifying region of 

translational elongation factor 1-alpha subunit for identifying any random ascomycetous 

fungus. Nonetheless, this research provides important insights into the ecology and diversity 

of EPF in the DWR, and would facilitate soil quality predictions and subsequent soil 

amendment practices, especially for a conservation biological control viewpoint. 

Keywords: Applied soil ecology; molecular ecology; fungal entomopathogens; soil chemistry  
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1.1 ENTOMOPATHOGENIC FUNGI OR FUNGAL ENTOMOPATHOGENS 

Parts of this chapter has been accepted as a manuscript in a Springer book as follows: 

 

Lav Sharma, Nitin Bohra, Rupesh Kumar Singh, Guilhermina Marques. Potentials of  entomopathogenic 

bacteria and fungi. Microbes and Metabolites for Sustainable Insect Pest & Vector Management, in Springer 

International, Switzerland (accepted). 

 

Abstract: The soil is a reservoir of numerous microbes critical for the sustainable 

functioning of the natural and managed ecosystems. Entomopathogenic bacteria and fungi are 

the natural enemies of pest-insects, and their utility in agroecosystems has been studied since 

decades. These entomopathogens spend significant time period in soils, either as saprophytes, 

active conidia or resting spores, or dormant endospores. In this chapter, authors focus on (a) 

the different fungal species exhibiting entomopathogenicity; (b) discuss their insect-hosts and 

pathology; and (c) review their survivability in soils; as studying these aspects are of the 

utmost importance in utilising the potential of these microbes. Fungi from the orders 

Entomophthorales and Hypocreales are discussed in more details pertaining to the amount of 

literature and their dominance in the microbial biopesticide industry. 

Keywords: Beauveria • Metarhizium • Hypocreales • Entomophthorales 

1.2 INTRODUCTION 

The fungal kingdom is a group of heterotrophic eukaryotes with cell walls containing 

chitin and glucan. Typically they are filamentous and multicellular, however, some species 

exhibit unicellular vegetative form (Chandler 2017). Current estimates suggest that fungi 

might have evolved approximately, 0.5-1.5 billion years ago.  The total numbers of fungal 

species on earth are supposed to be between 1.5-5.1 million, however, approximately 100,000 

have only been described so far (Blackwell 2011, Hibbett et al. 2011). Fungi are commonly 

found in the terrestrial and aquatic environment. Those dwelling on land can have various 

ecological roles ranging from parasites, pathogens, endophytes or symbionts of plants or 

animals, while some can contribute to other ecosystem processes, for e.g., among those which 

constitute the microbiota of soils (Vega et al. 2012; Sharma et al. unpublished). 
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In a broader sense, those fungi which can cause infection in insects or other 

arthropods such as mites, ticks and spiders are known as entomopathogenic fungi (EPF). 

Unlike bacteria, which are required to be ingested, fungal entomopathogens usually infect by 

penetrating the insect cuticle (Hajek and Meyling 2018). Microsporidia, which are also 

considered as fungi, are an exception as they infect through the gut wall. The major phylum 

and classes representing EPF are presented in Fig. 1-1, and are discussed further. Moreover, 

two orders, i.e., the Hypocreales and the Entomophthorales, are given more attention due to 

their applications in various strategies for biological control of arthropod pests. 

 

 

Figure 1-1: Clasification of entomopathogenic fungi. Different groups are represented with glimpses into their 

taxonomy. The figure is modified after inputs from Kirk et al. (2008), Vega et al. (2009), Gryganskyi et 

al. (2012) and Boomsma et al. (2014). 

1.3 HISTORY 

The earliest evidence of a fungal entomopathogen to date is Paleoophiocordyceps 

coccophagus, an Ophiocordyceps-like anamorph, attacking an early Cretaceous Burmese 

male scale insect dating 100-110 million years ago (mya) (Sung et al. 2008). Nonetheless, 
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during human civilization, like bacteria, the earlier reports on EPF are also credited to the silk 

industry. In China, the fungi Cordyceps had been observed on caterpillars and was used in 

traditional Chinese medicine, however, the first published report on Cordyceps was provided 

by French scientist René Antoine Ferchault de Réaumur as ―vegetable growths‖ (Réaumur 

1734-1742, Davidson et al. 2012). In the early 19
th

 century, ―white muscardine‖ disease of 

silkworms became a big problem for the silk industry in France. The disease was called 

―calcinacio‖ because of the white powdery deposit on the body of caterpillars. Agostino 

Bassi, who was later renowned as the ―Father of Insect Pathology‖, investigated the causal 

agent and reported a fungus or a ―vegetable parasite‖ (Bassi 1835-1836). Later, Giuseppe 

Gabriel Balsamo-Crivelli named it as Botrytis bassiana in the honour of Bassi. The fungus is 

now renowned as Beauveria bassiana. This led to the idea of using EPF for other insects and 

a few reports emerged in this direction. In 1878, a similar outbreak of ―green muscardine‖ 

disease was analysed near Odessa (Ukraine) by Élie Metchnikoff on wheat cockchafers 

Anisoplia austriaca and the pathogen was described as Entomopthora anisopliae 

(Metchnikoff 1879). Sorokin (1883) later named it as ―Metarrhizium‖ anisopliae which is 

presently spelt as Metarhizium. Years later, the same fungal insect-pathogen was used against 

sugar-beet weevil Bothynoderes (Cleonus) punctiventris by Isaak Krassiltstchik in 1888 

(Krassiltstchik 1888). This was the first large-scale production for the field trial of any 

microbial biopesticide. 

With genus Beauveria started gaining importance, Steinhaus (1949) briefed the 

process of infection, disease development, and practical usage of B. bassiana against some 

pest-insects i.e., chinch bug Blissus leucopterus, codling moth Carpocapsa (Cydia) pomonella 

and European corn borer Pyrausta (Ostrinia) nubilalis (Zimmermann 2007). Similar attention 

was seen in the usage of Metarhizium anisopliae against numerous pest-insects, such as 

sugarcane froghopper Aeneolamia flavilatera, wireworms Agriotes obscurus and Agriotes 

sputator, turnip moth Agrotis segetum, sugarcane white grub Alissonotum impressicolle, 

sugar-beet weevil, moths from Euxoa spp., European corn borer, coconut rhinoceros beetle 

Oryctes rhinoceros, P. japonica and black rice bug Scotinophara lurida (Müller-Kögler 

1965). 

However, increased attention on chemical insecticides could not allow in-depth 

studies regarding the ecology of natural biocontrol agents. Moreover, without knowing the 

ecological requirements of microbial biopesticides, the efficacy of microbial insect-pathogens 
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were compared with chemical pesticides. This biased comparison resulted in a reduced 

interest towards fungal microbial pesticide agents (Vega et al. 2009). After a delay of a few 

decades, finally in 1981, the fungus Hirsutella thompsonii was registered for its use against 

citrus rust mite Phyllocoptruta oleivora in the USA (Tanada and Kaya 1993). 

1.4 DIVERSITY 

Entomopathogenicity in fungi is restricted to a few orders, however, occasional 

insecticidal activities can be noticed in the majority of the fungal phyla.  

1.4.1 PHYLUM OOMYCOTA (KINGDOM: CHROMISTA) 

Oomycetes are the eukaryotic microorganisms with filamentous features and were 

thought to be fungi while they are not. They are aquatic microbes with coenocytic hypha 

which is mainly aseptate, and cell walls are mainly composed of glucan-cellulose. Recent 

classifications have placed them closer to diatoms and brown algae in the kingdom 

Chromista. Asexual reproduction takes place by ―zoospores‖ exhibiting two flagella of 

varying lengths. Sexual spores are termed as ―oospores‖ (Wraight et al. 2007). They are able 

to infect algae, protists, plants, fungi, vertebrate animals and arthropods. Although plant 

pathogens such as potato late blight causing Phytophthora infestans are well known, the 

information on entomopathogenic oomycetes is quite limited. Most of the oomycete 

pathogenic for insects belong to three different orders, i.e., Myzocytiopsidales, Pythiales and 

Saprolegniales.  Previous reports show that a few species from these groups are facultative 

pathogens of mosquitoes. Among the best studied are Aphanomyces laevis and Lagenidium 

giganteum, however, those from the genus Leptolegnia, Pythium, Couchia and Crypticola 

have also been spotted occasionally (Scholte et al. 2004). Oomycete infections on mosquito 

larvae have been observed on waters from rivers, ponds, well-aerated streams, lakes, tree 

holes, and on the leaf axils (Araújo and Hughes 2016) 

1.4.2 PHYLUM MICROSPORIDIA 

The Microsporidia are among the first diverging lineages of fungi, however, in 

earlier times they were considered as protozoans (James et al. 2006; Hibbett et al. 2007). They 

are ubiquitous, obligate intracellular parasites of animals including invertebrates (Wittner and 

Weiss 1999). They inject spores into the cytoplasm of the host rapidly through a thin polar 
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tube (James et al. 2006). Sixty-nine genera have been reported for entomopathogenicity and 

42 of them infect dipteran insects only. Amblyospora is the most abundant and the largest 

genus which alone kills 79 dipteran species belonging to eight genera (Araújo and Hughes 

2016). Amblyospora exhibits a complex life cycle and requires an intermediate copepod host 

and two generations of insect (mosquito) host for the completion of its full lifespan. Another 

important and widely distributed microsporidian genus is Nosema. Nosema apis and Nosema 

ceranae target honey bees and hence considered quite devastating for apiculture. Infection 

occurs as N. apis invades the epithelial layer of ventriculus and midgut of Apis mellifera adult 

bees. This causes digestive disorders leading to a shortened bee lifespan resulting in a 

decrease in the bee population after winter conditions (Higes et al. 2006). Studies in the past 

have also reported microsporidian pathogenicity against caterpillars, such as the European 

corn borer, locusts, mosquitoes and grasshoppers, however, their utility as biological control 

agents have been difficult pertaining to the difficulties in mass productions (Corradi 2015). 

1.4.3 PHYLUM CHYTRIDIOMYCOTA 

Chytridiomycota are supposed to be the most primitive lineage of fungi dating as 

back as 400 million years (Taylor et al. 1992; James et al. 2006). They produce motile 

zoospores and gametes with smooth whiplash flagellum. Majority of them are wet soils and 

freshwater saprophytes (Wraight et al. 2007). Many chytrids species are parasites of protists, 

tardigrades, fungi, rotifers, plants and animals. Although fewer species belonging to 

Myiophagus have been reported for entomopathogenicity, such cases are rare (Araújo and 

Hughes 2016).  

1.4.4 PHYLUM BLASTOCLADIOMYCOTA 

Fungi belonging to the phylum Blastocladiomycota can be saprobes, plant and 

invertebrate pathogens (Longcore and Simmons 2012). They are distinct from other fungi as 

they include an alternation between haploid and diploid generations for the fact that meiosis 

occurs during the formation of spores within a thick-walled ―meiosporangia‖. 

Entomopathogenic blastocladiomycetous fungi belong to the genera Catenaria, 

Coelomycidium and Coelomomyces of the order Blastocladiales. Catenaria spp. are 

pathogenic to nematodes, however, some of them infect flies also. Coelomycidium species are 

pathogenic to beetles, scale insects and some Diptera (Tanada and Kaya 1993). For example, 
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Coelomycidium simulii is an occasional pathogen of attack the larvae of black fly Simulium 

japonicum larvae (Kim 2011).   

Genus Coelomomyces consists of over 70 species which are pathogenic to different 

families of Diptera including Chironomidae, Culicidae and Psychodidae (Scholte et al. 2004). 

Coelomomyces are obligate pathogens, and species like Coelomomyces psophorae requires an 

intermediate copepod host and mosquito larva at different stages of their life cycles (Vega et 

al. 2012). Some species such as Coelomomyces stegomyiae do not kill the larva, on the 

contrary, it stays inside the mosquito, passes through the larval and pupal stages and matures 

within the ovaries of the adult female. After the first blood meal, fungal hypha matures in 

zoospore producing ―sporangia‖. Therefore, as the mosquito reaches any breeding site, 

instead of eggs, it lays sporangia full of zoospores, leaving the fungi for new hosts (Lucarotti 

and Shoulkamy 2000). Despite such infection strategies, problems in mass production have 

rendered these species ineffective for their use on a larger scale (Chandler 2017).  

1.4.5 PHYLUM ZYGOMYCOTA 

Traditionally two classes, i.e., Zygomycetes and Trichomycetes constituted the 

phylum Zygomycota, and are usually characterised by coenocytic mycelia, asexual 

reproduction by ―sporangiospores‖, and absence of flagellate cells and centrioles 

(Alexopoulos et al. 1996; Araújo and Hughes 2016). Distinct characteristic is the production 

of ―zygospore‖, i.e., a thick-walled resting spore, within ―zygosporangium‖, which is formed 

when two specialized hyphae, i.e., ―gametangia‖ fuse (White et al. 2006). Phylum 

Zygomycota consisted of a wide group of species which are quite ecologically diverse. 

Zygomycetous species occur as saprophytes of soil and dung, while others colonize bread, 

vegetables and fruits (Alexopoulos et al. 1996). Pertaining to the polyphyly of Zygomycota, 

five monophyletic taxa were announced. Four subphyla, i.e., Zoopagomycotina, 

Mucoromycotina, Kickxellomycotina and Entomophthoromycotina, and the phylum 

Glomeromycota belonging to arbuscular mycorrhizal fungi (Hibbett et al. 2007). Later 

Humber (2012) described the phylum Entomophthoromycota for the subphylum 

Entomophthoromycotina. 

Subphyla Zoopagomycotina, Mucoromycotina and Kickxellomycotina are mainly 

constituted by saprophytes. Species belonging to the Zoopagomycotina are also 

mycoparasites and nematophagous (Zhang and Hyde 2014). The Mucoromycotina is the most 
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morphologically diverse and the largest subphylum within the zygomycetous fungi. 

Mucoromycotina orders such as Mortierellales and Mucorales are weak parasites of animals 

and plants. Just one species, i.e., Sporodiniella umbellate can be described as 

entomopathogenic to the lepidopteran genus Acraea in Taiwan, and hemipteran genus 

Umbonia in Ecuador (Araújo and Hughes 2016). Kickxellomycotina, species belonging to the 

orders Asellariales and Harpellales are considered as gut fungi of arthropods, however, some 

species such as Smittium morbosum are pathogenic to mosquitoes (Vega et al. 2012).  

1.4.6 PHYLUM ENTOMOPHTHOROMYCOTA 

The Entomophthoromycota is the most important group of entomopathogens among 

the basal lineages of fungi. These fungi produce coenocytic hyphae with some septation, 

especially in older hyphae. Asexual ―azygospores‖ or sexual zygospores formed by 

Entomophthorales are termed as ―resting spores‖ and are capable of surviving harsh 

environmental conditions. These fungi also produce uninucleate or multinucleate asexual 

conidia which upon germination may produce secondary or tertiary conidia (Wraight et al. 

2007). This phylum consists of approximately 280 species and the majority of them are the 

obligate insect or mite pathogens with a relatively narrower host range (De Fine Licht et al. 

2016). Other species are pathogens of fern gametophytes, desmid algae, vertebrates, reptiles 

and macromycetes (Gryganskyi et al. 2012). Moreover, some live as saprophytes as well, 

especially those belonging to the families Basidiobolaceae and Anyclistaceae (Humber 2008). 

Majority of the entomopathogens within the zygosporic fungi belong to the families 

Entomophthoraceae and Neozygitaceae. Entomophthora, Entomophaga, Pandora and 

Zoophthora are some of the widely known insect pathogenic genus from Entomophthoraceae. 

Neozygitaceae consists of the genera such as Neozygites. Generally, these fungi are specialist 

entomopathogens. Other families such as Ancylistaceae and Basidiobolaceae also represent 

fewer insect pathogens such as Conidiobolus spp. and Basidiobolus spp., respectively (Vega 

et al. 2012). 

Entomophthoroid fungi generally attack adult insects, however, three species, i.e., 

Entomophthora conglomerata, Entomophthora aquatica and Erynia aquatica infect mosquito 

larvae (Scholte et al. 2004). Entomophthoroid fungi target a large number of insects, however, 

in small patches of agroecosystems or forests. Fungal transmission occurs via forcible 

discharge of spores into the environments with an exception of the genus Massospora (Lovett 

and St. Leger 2016). Moreover, species from Massospora, Strongwellsea and a few from the 
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genera Entomophaga, Entomophthora and Erynia produce spores while the host is still alive. 

For example, in case of infection in dipteran insects Hylemya brassicae and Hylemya platura 

by Strongwellsea castrans, the flies are seen with a large circular hole on the lateral side of 

the abdomen filled with ―conidiophores‖ (spore-producing cells) and fungal tissues (Araújo 

and Hughes 2016). However, still the insect can be seen as behaving normally. Therefore, 

these fungi are considered as biotrophics which consume the host while it‘s still alive and 

exhibits no somatic growth after the host‘s death (Roy et al. 2006). 

1.4.7 PHYLUM BASIDIOMYCOTA 

Basidiomycetous fungi are quite diverse and exhibit various ecological traits. They 

can be saprophytes and plant pathogens such as smut and rust fungi. Animal pathogens 

represent those attacking nematodes. A few genera are also recorded as insect parasites. For 

example, those from the order Septobasidiales, i.e., Auriculoscypha, Coccidiodictyon, 

Ordonia, Septobasidium and Uredinella, infect scale insects; and from the order Atheliales, 

i.e., Fibularhizoctonia, attack termite eggs (Henk and Vilgalys 2007). Septobasidiales are 

specialist parasites of scale insects and use them for nutrition, however, they seldom kill their 

host-insect (Humber 2008).  

1.4.8 PHYLUM ASCOMYCOTA 

The Ascomycota is the largest fungal phylum with at least 64163 species (Kirk et al. 

2008). Majority of ascomycetous fungi are filamentous and produce septate hyphae. Sexual 

spores or ―ascospores‖ are packaged in a sac-like structure called ―ascus‖. These fungi exhibit 

very diverse ecology ranging from decomposers to pathogens of animals, humans and plants. 

Lichens are also a part of this phylum (Money 2016). 

Ascomycetous fungi are classified into three subphyla, i.e., Taphrinomycotina, 

Saccharomycotina and Pezizomycotina. Pezizomycotina is the most numerous and the most 

complex subphyla in terms of ecology and morphology, and members of only this subphylum 

are pathogenic to insects (Schoch et al. 2009). These fungi can be ―anamorphs‖, i.e., 

exhibiting an asexual state; ―teleomorphs‖, i.e., exhibiting sexual stage; or ―synanamorph‖, 

i.e., presences of more than one morphologically distinct asexual stage (Vega et al. 2012). 

Fewer classes from Pezizomycotina exhibit entomopathogenicity of varying degree.  
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Some species belonging to Aspergillus and Penicillium, and some other members of 

the order Eurotiales, within the class Eurotiomycetes, are pathogenic to insects (Sharma et al. 

2018a). Moreover, genus Ascosphaera in the order Ascosphaerales are obligate parasites of 

bee larvae, and species like Ascosphaera apis cause the honeybee ―chalkbrood disease‖ 

(Maxfield-Taylor et al. 2015). The spores of A. apis are needed to be ingested for infection.  

Among Dothideomycetes incertae sedis, species from the order Pleosporales like 

Podonectria are pathogenic to scale insects and cover the body of the insect with a crust 

resembling cotton (Roberts and Humber 1981, Kodsueb et al. 2006). Related anamorphs are 

from the genera Tetranacrium and Tetracrium. Around 2000 species of Laboulbeniomycetes 

of the order Laboulbeniales are obligate haustorial ectoparasites of insects, especially beetles 

and flies (Weir and Blackwell 2005). Species from the order Myriangiales within the class 

Dothideomycetes can also be found on scale insects (Alexopoulos et al. 1996). 

Entomopathogenic Myriangiales exhibit perennial growth and the reproduction is only sexual 

(Vega et al. 2012). 

Hypocrealean fungi from the class Sordariomycetes are probably the most well-

known and more studied fungal entomopathogens. Most of the entomopathogens were earlier 

classified within the family Clavicipitaceae, however, there are studies which suggest the 

entomopathogenicity of other families, especially, Bionectriaceae, Hypocreaceae and 

Nectriaceae (Vega et al. 2009; Sosa-Gómez et al. 2010; Oliveira et al. 2012; Gouli et al. 2013; 

Sharma et al. 2018a, b). The classical studies on the hypocrealean phylogeny by Sung et al. 

(2007a) and Sung et al. (2007b) suggested three families within the previously thought 

Clavicipitaceae, i.e., Cordycipitaceae, Clavicipitaceae sensu stricto (s.s.) and 

Ophiocordycipitaceae. The most specious genus among entomopathogenic hypocrealean 

fungi is Cordyceps sensu lato (s.l.) which comprise of at least 400 species (Chandler 2017). 

Spatafora et al. (2007) demonstrated evidences of host switching within hypocrealean 

families. Therefore, some of the most recently emerged grass endophytes such as Balansia, 

Claviceps and Epichloe group alongwith well-known entomopathogens in the family 

Clavicipitaceae such as Metarhizium, Hypocrella and Aschersonia (Schardl et al. 2014), and 

can be characterised by either lilac, pallid, or strongly pigmented green, yellow or 

occasionally red stromata (Sung et al. 2007a). Cordyceps from the family Cordycipitaceae are 

characterised by brightly coloured and fleshy stromata, and their anamorphs include species 

such as Beauveria, Isaria and Lecanicillium. Members of Ophiocordycipitaceae exhibit 
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darker stromata and mature ascospores. Some of the widely known entomopathogens from 

this family include Purpureocillium lilacinum and Ophiocordyceps unilateralis s.l. (Sung et 

al. 2007a). Recently, Purpureocillium lavendulum was also reported as an EPF from soils of 

agroecosystems (Sharma et al. 2018b). While the fungi from Cordycipitaceae are mostly 

entomopathogens, those belonging to Clavicipitaceae and Ophiocordycipitaceae obtain 

nutrition from animals, plants and fungi (Chandler 2017). Although not specified, however, 

there is a trend that spider pathogens belong to Cordycipitaceae; pathogens of dipteran 

insects, ants and termites are from Ophiocordycipitaceae; and scale insect pathogens are from 

Clavicipitaceae (Vega et al. 2012). After infection by fungi such as O. unilateralis, the hosts 

(ants) leave their nests to find a microclimate which is optimum for fungal growth and 

ascospore production (Araújo et al. 2018). This can be correlated with ―zombies walking 

under a spell‖ as the fungi manipulate the behaviour of ants to increase their own fitness.  

The most important EPF in terms of usage in agriculture are arguably from the 

genera Beauveria and Metarhizium. It is believed that Beauveria bassiana alone can kill at 

least 750 different pest-insects species (Ghikas et al. 2010). Moreover, there has been an 

increase in the literature suggesting the use of EPF such as B. bassiana, as endophytes and 

mycoparasites (Vega et al. 2009, Quesada-Moraga et al. 2014). Recent multi-gene 

phylogenies have resolved Beauveria and Metarhizium into many new species (Rehner and 

Buckley 2005; Bischoff et al. 2009; Rehner et al. 2011). Moreover, habitat-specific 

preferences have been noticed for these genera in different agroecosystems (Vänninen et al. 

2000; Meyling and Eilenberg 2006, 2007;  Quesada-Moraga et al. 2007; Sun et al. 2008; 

Meyling et al. 2009; Goble et al. 2010; Medo and Cagáň 2011; Sánchez-Peña et al. 2011; 

Schneider et al. 2012; Clifton et al. 2015; Sharma et al. 2018b). 

1.5  PATHOLOGY 

Entomopathogenic fungi exhibit diverse lifestyle and mode of action. In the presence 

of suitable conditions, EPF invade percutaneously into the host-insect body and cause 

mycosis. A brief pictorial description of the mechanism of infection of EPF is provided in 

Fig. 1-2. In the majority of the cases, the entire infection cycle requires these following steps: 

(1) spore attachment to the cuticle; (2) germination of the spore, which initiates cascades of 

many reactions pertaining to recognition and enzyme activation, both by EPF and the host-

insect; (3) penetration of host‘s integument through hyphal tubes; (4) suppression of host 
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immune defence mechanisms by the fungus; (5) alteration of fungal morphology within the 

host into a yeast-like phase leading to the formation of hyphal bodies or ―blastospores‖, which 

circulate within the insect‘s hemolymph leading to insect death; and (6) attainment of the 

previous saprophytic phase, i.e., typical hyphal form, which comes out of the dead body to 

produce new conidia (Vega et al. 2009; Vega et al. 2012; Chandler 2017). As the majority of 

the research has focussed on Entomophthoralean and Hypocrealean fungi, the authors will 

only discuss these two fungal groups in more detail. 

 

 

Figure 1-2: Life cycle and mode of action of entomopathogenic fungi. The figure is modified after inputs 

from Ortiz-Urquiza et al. (2015) and Lu and St. Leger (2016). The saprophytic cycle and the parasitic 

cycle of entomopathogenic fungi are presented. 
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1.5.1  PATHOLOGY OF ENTOMOPHTHORALES 

Entomophthoralean fungi are the obligate insect pathogens and do not grow outside 

their hosts. Therefore, they are quite host-specific and are restricted to only one family or 

genus, however, for the same reason, they are difficult to mass produce in an artificial culture 

medium. These fungi eject spores actively and rapidly upon the realisation of favourable 

conditions. This property makes them different from their hypocrealean counterparts 

(Steinkraus 2007). The life cycle of entomophthoralean fungus is quite complex and often 

involve at least two different types of spore-forms, i.e., resting and conidia.  

Condia spore-forms are the ones responsible for infecting insect-hosts, especially 

when the hosts are active. Although conidia are actively discharged from the dead host, there 

are few exceptions, for e.g., Entomophthora thripidum is discharged by living thrips (Pell et 

al. 2001). Conidia are usually coated with preformed mucous and they adhere to the 

integument upon landing on the insect cuticle. After conidial attachment, the formation of 

―appressorium‖, i.e., specialised attachment cells below which EPF penetrate the cuticle, 

facilitates fungal penetration. Although, some entomophthoralean fungi, such as, 

Conidiobolus obscurus, Entomophthora planchoniana, and Pandora neoaphidis do not form 

appressoria and penetrate the insect cuticle directly through the germ-tube (Vega et al. 2012). 

Conidia are fragile and short-lived but germinate quite rapidly. In cases when primary conidia 

do not land on the host-insect surface, they can give rise to secondary conidia, which can 

further produce tertiary conidia. These supernumerary conidia increase the chances of fungal 

infection, although, after every passing generation they become smaller in size. Interestingly, 

only secondary conidia are infective in Neozygites spp. (Pell et al. 2001).   

Mechanical pressure and cuticle-degrading enzymes are indispensable for cuticle 

penetration. Thereafter, some Entomophthorales grow as wall-less protoplasts initially, to 

avoid the insect immune response, and later turn into hyphal bodies. Others grow either as 

hyphal bodies or protoplasts within the host-insect. Host ceases eating as the infection 

progresses and several behavioural changes are noticed prior to death, for e.g., Entomophaga 

infecting acridid hosts, Pandora infecting the ant genus Formica, and those infecting flies M. 

domestica and Scatophaga stercoraria. The fungus multiplies within the host after infection 

and manipulates the behaviour by making the host reach to an elevated position (also referred 

as ―summit disease‖) and kills the host. In other cases, for e.g., among Erynia spp., fungi 

create structures (―rhizoids‖) to fasten their hosts more securely to the substrate (Malagocka et 
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al. 2015). Some physiological changes, such as behavioural fever, i.e., increase in the body 

temperature in infected hosts, generally by reaching to locations that are higher in 

temperatures, is noticed in house flies M. domestica infected with Entomophthora 

schizophorae or Entomophthora muscae. Furthermore, changes in the mate-seeking for 

healthy males, such as increased attraction of males towards infected females, can also be 

noticed. The fungi attack the tissues once the hemolymph has significant numbers of fungal 

cells, in order to fill the host body cavity with fungal cells by the time insect dies (Hajek and 

Meyling 2018). Entomophthorales kill the host-insect by depleting most of the resources 

inside the host hemolymph, probably trehalose sugar, and sporulates, hence, leaving no time 

for toxin production (De Fine Licht et al. 2016). As the host stay alive for some time before 

sporulation of entomophthoralean fungi, it may even complete a reproductive cycle before 

dying (Gryganskyi et al. 2017). 

Most entomophthoralean species also produce resting spores for survival when hosts 

are either not active or present, for example, during lower temperatures, at a late instar larval 

stage, or during decreased photoperiod. Resting spores are produced inside the cadaver after 

host death and they stay dormant after production. Resting spores can either be azygospores, 

i.e., formed when one hyphal cell rounds up at one end, or zygospore, i.e., when two hyphae 

unite (Pell et al. 2001). These spores possess a thick wall and are deposited in the soil as 

cadavers disintegrate. Soil can act as their reservoir where numerous spores can be present. 

Resting spores may germinate if they find the hosts, however, many of them do not germinate 

at least in the first year of their genesis (Butt et al. 2001). Moreover, in some cases, for e.g., 

Entomophaga maimaiga, only a part of the total resting spores germinate in a year, to ensure 

fungal infectivity in cases of prolonged seasons of host unavailability or inactivity. These 

resting spores are supposed to retain the capacity of germination for many years (Hajek and 

Meyling 2018).  

1.5.2  PATHOLOGY OF HYPOCREALES 

Hypocrealean fungi represent some of the well-known anamorphic EPF such as 

Metarhizium and Beauveria and are easy to culture in-vitro (Meyling and Eilenberg 2006, 

2007; Quesada-Moraga et al. 2007; Garrido-Jurado et al. 2011a; Carlos et al. 2013; Rudeen et 

al. 2013; Garrido-Jurado et al. 2015; Steinwender et al. 2015; Castro et al. 2016; Fernández-

Salas et al. 2017; Gan and Wickings 2017; Sharma et al. 2018b). Host range varies from 

being specialist pathogens such as Hemiptera specific Metarhizium album and white grubs 
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specialist Beauveria brongniartii, to generalists, such as Metarhizium robertsii and B. 

bassiana (Enkerli et al. 2004; Hu et al. 2014). However, hypocrealean teleomorphs have a 

narrower host range (Boomsma et al. 2014).  

Infection can occur either by (a) an actively discharged ascospore, or, (b) a passively 

transmitted conidia. Passive transmission can occur by rain splash or wind currents, contact 

with an infected individual, or dispersal on the bodies of arthropods (Boomsma et al. 2014). 

Conidia of some species are hydrophilic and have a proteinaceous rodlet layer, while some 

species have hydrophilic conidia with a smoother surface (Hajek and Meyling 2018). Conidia 

adhesion of M. anisopliae is mediated by adhesion-like proteins (MAD1), which are also 

responsible for conidial germination and blastospore formation. Carbon and nitrogen sources 

are required for spore germination and germ-tube formation in case of B. bassiana. Other EPF 

such as Isaria farinosa and M. anisopliae produce mucilage during germ-tube formation, 

which assists fungal adhesion. Cuticle penetration requires a set of enzymes such as proteases, 

chitinases and lipases (Vega et al. 2012). 

Hypocrealean anamorphs often grow inside the insect hemocoel as blastospores or 

hyphal bodies, by utilising available nutrients for growth and reproduction. Host death by 

EPF such as M. anisopliae is supposed to be facilitated by undergoing either a ―toxin 

strategy‖ or ―growth strategy‖. Toxin strategy suggests that the fungus employs the 

production of secondary metabolites such as destruxins to kill the host while maintaining very 

little vegetative growth. On the contrary, growth strategy suggests that fungus relies on 

profuse growth inside the hemolymph, leading to host starvation and death (Kershaw et al. 

1999). Nonetheless, fungal hypha emerges from the inside of the insect and sporulates to 

produce aerial conidia. 

1.6  SOIL AS AN ENVIRONMENT 

The soil is a reservoir of many microbes, and EPF such as Beauveria, Metarhizium 

and Isaria are considered as weak saprophytes in the competitive soil environment. Moreover, 

these fungi spend a considerable part of their life cycle within the soils and there is enough 

literature in support (Hughes et al. 2004; Sevim et al. 2009; Jaronski 2010; Fisher et al. 2011; 

Scheepmaker and Butt 2010; Meyling et al. 2011, 2012; Muñiz-Reyes et al. 2014; Pérez-

González et al. 2014; Kepler et al. 2015; Keyser et al. 2015; Aguilera Sammaritano et al. 

2016; Hernández-Domínguez and Guzmán-Franco 2017; Kirubakaran et al. 2018; Sharma et 
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al. 2018b). Optimum temperature requirement for Entomophthorales is 15–25 °C, while for 

Hypocreales is 20-30 °C. Soil protects EPF from solar radiation and acts as a buffer against 

variations in temperatures as well as water availability. It also provides a habitat of numerous 

soil-dwelling insects which serves as potential hosts (Quesada-Moraga et al. 2007). 

Metabolites secreted by microbes can hinder the pathogenicity of EPF as they can either 

affect fungal germination and growth adversely or can be toxic (Sinha et al. 2016). It is not 

surprising that EPF efficacy and survival in soils is superior in sterilised soils when compared 

with non-sterilised ones (Jaronski 2007). However, soil amendments with nutrients help in 

overcoming this apparent fungistasis. Nonetheless, EPF continue to germinate and infect the 

potential host-insects, and therefore, in addition to a reduction in fungistasis, EPF also rely on 

the host-or-nutrient derived cues for development (Lacey et al. 2015).  

Soil habitat-types can have some significant effects on the occurrences of EPF. 

Although there are exceptions, however, it has been noticed that M. anisopliae is associated 

with tilled agricultural soils, and B. bassiana is more frequent in uncultivated soils, such as 

hedgerows (Sharma et al. 2018b). This can be explained as B. bassiana is thought to rely 

more on host-insect while M. anisopliae can also sustain on the plant exudates in the 

rhizosphere. In return, fungi such as M. anisopliae translocate nitrogen from the insects 

directly into the plants (Behie et al. 2012).  

Other factors such as soil moisture, pH, organic matter and chemical properties are 

also important in determining the abundance and infectivity of EPF (Rath et al. 1992; Jabbour 

and Barbercheck 2009; Garrido-Jurado et al. 2011a; Garrido-Jurado et al. 2011b; Sharma et 

al. unpublished). Usage or herbicide can also have distinct effects of EPF persistence (Yousef 

et al. 2015). Nonetheless, numerous abiotic and biotic factors shape the EPF community 

dynamics in the soil, and it is difficult to access the exact effect of each of these. However, 

three principle biotic components which influence the EPF persistence and efficacy the most 

are plants, soil microorganisms, and invertebrates (Sinha et al. 2016).  

1.7  CONCLUSION AND FUTURE DIRECTIONS 

With growing concerns about the use of chemical pesticides, the use of microbial 

biopesticides does have a great potential. Majority of microbial pesticides either spend some 

part of their life cycle in soils or somehow survive the harsher conditions in the soil 

environment as spores. Hence, understanding of the diversity and ecology of the EB and EPF 
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is of utmost importance. More studies on the ecology of entomopathogens will provide a 

better understanding of insect population cycles and pest outbreak. Strategies considering 

bacterial and fungal ecologies within agroecosystems may provide a better application design 

for the use of microbial entomopathogens while controlling pest-insects.   

Attributes such as higher efficacy, low production cost, desired specificity and 

enhanced persistence are always crucial in commercialising microbial agents for insect 

biological control. Moreover, the evolution of resistance in the target pest-insect and the death 

of non-target arthropods are some of the challenges needed to be addressed. Constant 

screening of toxins and virulence factors is always underway and discoveries of newer 

species, approaches for directed evolution and genetic engineering provide enormous 

opportunities to be looked upon.  
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2.1 ISOLATION METHODS FOR ENTOMOPATHOGENIG FUNGI 

Parts of this chapter has been submitted as a manuscript in a Springer book as follows: 

 

Lav Sharma, Nitin Bohra, Rupesh Kumar Singh, Guilhermina Marques. Isolation of entomopathogenic bacteria 

and fungi. (Invited chapter under review for a book titled: Microbes and Metabolites for Sustainable Insect Pest 

& Vector Management, in Springer International, Switzerland) 

 

Abstract: Entomopathogenic fungi are quite frequently found in soils and on insect 

cadavers. The first step in utilizing these microbes as biopesticides is their isolation, and 

several culture media and insect baiting procedures have been tested in this direction. In this 

chapter, the authors review the current techniques which have been developed so far, and 

display brief protocols which can be adopted, for the isolations of these entomopathogens. 

Among fungi, the emphasis is on those from the order Hypocreales, for example, genera 

Beauveria, Clonostachys, Lecanicillium, Metarhizium and Purpureocillium. The authors 

chose these groups of fungi based on their importance in the microbial biopesticide market. 

Keywords: Beauveria • Metarhizium • Hypocreales 

2.2 INTRODUCTION 

Entomopathogenic fungi (EPF) are the natural enemies of insect-pests and hence, 

their importance in agriculture is quite high. In this chapter, the authors described the recent 

laboratory techniques based on insect baiting and culture-based methodologies that can be 

used for their isolations from soils, or from insect cadavers collected from the fields. 

Although some culture-independent techniques have also been employed for the detection and 

quantification of EPF (Schneider et al. 2012; Canfora et al. 2016; Garrido-Jurado et al. 2016; 

McKinnon et al. 2018), such studies are out of the scope of this chapter. As EPF are quite 

diverse, as described in a previous chapter, the focus in this chapter will be on the most 

commonly occurring EPF. 
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2.3 ISOLATING ENTOMOPATHOGENIC FUNGI 

Fungal entomopathogens can directly be isolated from insect cadavers, in case of 

visible mycosis. Moreover, they can also be isolated from soils or phylloplane as they spend a 

considerable part of their life as saprophytes in soils, or as plant endophytes (Lacey et al. 

2015; Sharma et al. unpublished). In either of the cases, the material can be cultured directly 

onto a medium selective for an EPF, or the material can be baited with an infection-sensitive 

insect. In case of the isolation of EPF as endophyte, proper disinfection of the material is 

needed. Nonetheless, different antibacterial and fungal saprophyte-inhibiting chemicals are 

added in the selective medium, as per the research interest. Here, different culture media used 

to isolate fungal entomopathogens, especially those belonging to the order Hypocreales, are 

discussed. 

2.3.1 ISOLATIONS FROM NATURALLY MYCOSED INSECT CADAVERS 

This method is applied to study the natural EPF infections in the fields as it relies on 

the collection of the dead insects from the fields. The protocol described below is similar to 

that employed in Sharma et al. (2018a).  

 Insect cadavers are brought to the laboratory as separate entities in sterile 

tubes. 

 Insects are observed under a stereomicroscope (40X) for probable mycosis. 

In case of a visible mycosis, the insects are surface sterilised using 70% or 1% 

NaOCl, for three minutes, followed by three distinct washes with 100 mL of sterilised water. 

 Cadavers are then cultures on a selective medium at 22 ᵒC for upto three 

weeks, depending upon the time being taken by the fungi for germination and 

proliferation. In case of no germination, the cadavers can be homogenised 

and plated on the selective medium. Details of the different selective medium 

are provided later in the text. 

 Obtained fungi are subcultured on potato dextrose agar (PDA) (Appendix A, 

Medium 1) or Sabouraud dextrose agar (SDA) (Appendix A, Medium 2) until 

pure culture is obtained.  
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 Fungi are identified by comparing morphological characteristics using light 

microscopy (400X), described in several fungal identification keys, such as 

Domsch et al. (2007) and Humber (2012). 

 Molecular identifications can be done by extracting the DNA and performing 

PCR for the amplification and subsequent sequencing of the nuclear internal 

transcribed spacer (nrITS) region of the fungal nuclear ribosomal DNA, as 

described in Yurkov et al. (2015). The resolution of the molecular 

identification can be increased by amplifying other nuclear DNA regions of 

interest, for e.g., Bloc for Beauveria (Rehner et al. 2006; Meyling et al. 2009; 

Meyling et al. 2012a), and the 5′ intron-containing region of translation 

elongation factor 1-alpha  subunit (5‘-tef1α) for Metarhizium (Bischoff et al. 

2009; Rezende et al. 2015). Other nuclear DNA markers, such as regions of 

the gene encoding for the largest subunit of RNA polymerase II (rpb1) or the 

second largest subunit of RNA polymerase II (rpb2), can also be employed 

for any EPF, in general. 

-Note: if the objective of the work is to study the diversity of the fungal 

entomopathogens, irrespective of the genus of interest, a few media can be used, for e.g., (a) 

SDA with 0.2% yeast extract (w/v), i.e., SDAY further supplemented with 0.08% (w/v) 

streptomycin-sulphate and 0.03% (w/v) penicillin (Inglis et al. 2012); (b) SDA supplemented 

with 0.05% (w/v) streptomycin-sulphate and 0.025% (w/v) chloramphenicol (Ramos et al. 

2017) (c) PDA supplemented with either 0.01% (w/v) streptomycin-sulphate and 0.005% 

(w/v) tetracycline (Sun and Liu 2008); 0.01% (w/v) chloramphenicol (Oliveira et al. 2012, 

2013); or 0.01% (w/v) penicillin, 0.02% (w/v) streptomycin-sulphate and 0.005% (w/v) 

tetracycline (Greenfield et al. 2016); (d) oatmeal agar supplemented with 0.06% (w/v) cetyl 

trimethyl ammonium bromide and 0.05 % (w/v) chloramphenicol (OM-CTAB) (Appendix A, 

Medium 3) (Posadas et al. 2012); (e) Dichloran Rose Bengal chloramphenicol agar (DRBCA) 

(King et al. 1979; Sharma et al. 2018a) (Appendix A, Medium 4); or DRBCA supplemented 

with 0.05% (w/v) streptomycin-sulphate (Carlos et al. 2013). It is always advisable to use 

more than one selective medium pertaining to the susceptibility of a few EPF species to a 

particular concentration of the inhibitory chemical used. 
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2.3.2 ISOLATIONS FROM SOILS 

Isolations of fungal entomopathogens from soils can be done in two ways, i.e., either 

culturing the soil inoculums or by employing bait-insects. In any of the cases, after visible 

mycosis, the steps are similar as described in section 3.1. If the research objective is to isolate 

a particular EPF genus, then the relevant selective medium described below can be used. The 

details of the constituents of these selective media used for EPF isolation are given in 

Appendix A. 

2.3.2.1 SOIL SUSPENSION CULTURE 

This method is generally used to isolate a particular EPF genus of interest using 

different concentrations of the soil inoculums. To ensure correct isolation, the isolated EPF 

should also be characterised morphologically and molecularly, as described in section 3.1. 

Here the authors discuss various selective media used, especially those which are useful for 

the isolation of the hypocrealean fungi pertaining to their dominance in fungi-based microbial 

pesticide market.  

2.3.2.1.1 Metarhizium spp. 

Isolating EPF has always been challenged by the contamination from saprophytic 

fungi. In this direction, Veen and Ferron (1966) suggested the use of dodine (N-

dodecylguanidine monoacetate) to inhibit the growth of saprophytes and developed Veen‘s 

semi-selective medium for the same (Appendix A, Medium 5). Later, Chase et al. (1986) and 

Sneh (1991) also used dodine in their studies. However, Liu et al. (1993) reported that the 

higher quantities of dodine can be inhibitory to EPF and suggested the use of only 10 µg/ml 

dodine (Appendix A, Medium 5). Later, Rangel et al. (2010) cautioned against the use of 

dodine and showed the even 0.006% (w/v) dodine in PDAY can completely inhibit 

Metarhizium acridum. This led to the development of CTC medium which is made by the 

addition of 0.05% (w/v) chloramphenicol, 0.0001% (w/v) thiabendazole and 0.025% (w/v) 

cycloheximide in PDAY (Fernandes et al. 2010) (Appendix A, Medium 6). However, a recent 

study by Hernández-Domínguez et al. (2016) suggested the use of CTC medium, along-with 

other dodine containing medium, for better Metarhizium recoveries. Another study, i.e., 

Posadas et al. (2012) demonstrated that OM-CTAB is effective in isolating EPF while 

inhibiting saprophytes. Moreover, this negated the dependency on dodine, as it is not easily 

available in some countries. 
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2.3.2.1.2  Beauveria spp. 

Beauveria spp., for e.g., Beauveria bassiana sensu lato (s.l.) and Beauveria 

pseudobassiana can be easily isolated using oatmeal dodine agar (ODA) described by Chase 

et al. (1986) (Appendix A, Medium 7), and this medium is still being used in recent studies 

(Ormond et al. 2010; Garrido-Jurado et al. 2015; Clifton et al. 2015, 2018). Another medium, 

i.e., Sabouraud-2-glucose agar (S2GA) was made by Strasser et al. (1996) (Appendix A, 

Medium 8) for the isolation of Beauveria brongniartii and was successfully used in studies 

concerning B. brongniartii (Keller et al. 2003; Enkerli et al. 2004; Kessler et al. 2004). 

However, many recent studies used S2GA, with slight modifications, to isolate of B. bassiana 

s.l. (Meyling and Eilenberg 2006a; Świergiel et al. 2016). A dodine-free alternative in 

isolating B. bassiana s.l. is OM-CTAB (Posadas et al. 2012). Moreover, Ramírez-Rodríguez 

and Sánchez-Peña (2016) suggested the use of PDAY with CTAB (0.015% or 0.03% (w/v)), 

and any of the antibacterial compound, i.e., dihydrostreptomycin, oxytetracycline, or 

doxycycline, to isolate Beauveria while inhibiting fungal saprophytes. 

2.3.2.1.3 Purpureocillium spp. 

Purpureocillium spp., i.e., Purpureocillium lilacinum and Purpureocillium 

lavendulum can easily be isolated using an agar medium containing sodium chloride, 

benomyl, pentachloronitrobenzene and Tergitol (Mitchell et al. 1987; Goettel and Inglis 1997) 

(Appendix A, Medium 9).  

2.3.2.1.4 Lecanicillium spp. 

A Lecanicillium-selective medium (LSM) was developed by Kope et al. (2006). 

Although OM agar with 0.05% (w/v) chloramphenicol and 0.05% (w/v) CTAB can also be 

used, as described recently by Xie et al. (2015) (Appendix A, Medium 10). 

2.3.2.1.5 Clonostachys spp. 

Clonostachys spp., for e.g., Clonostachys rosea f. rosea is reported 

entomopathogenic and can be isolated frequently from soils. Culture medium such as 

DRBCA is found highly effective in isolating Clonostachys spp., at least in the case of the 

isolations from cadavers (Sharma et al. 2018a).  

2.3.2.2 INSECT BAITING  

This method is arguably the most used method for EPF isolation, as bait-insect 

specifically select entomopathogens from other saprobes in the soils, in general (Scheepmaker 



78 

and Butt 2010; Vega et al. 2012; Lacey et al. 2015), although surface sterilisation of the insect 

cadavers is needed to avoid occasional contaminations by saprophytic fungi. 

2.3.2.2.1 Galleria-bait method or Tenebrio-bait method 

The use of Galleria mellonella Linnaeus (Lepidoptera: Pyralidae) for isolating EPF 

from soil or the ―Galleria-bait method‖ was first described by Zimmermann (1986). Since 

then it has been used for EPF isolations in many studies (Chandler et al. 1997; Barker and 

Barker 1998; Bidochka et al. 1998; Hummel et al. 2002; Ali-Shtayeh et al. 2003; Asensio et 

al. 2003; Meyling and Eilenberg 2006b; Quesada-Moraga et al. 2007; Sun et al. 2008; 

Jabbour and Barbercheck 2009; Sevim et al. 2009; Fisher et al. 2011; Muñiz-Reyes et al. 

2014; Pérez-González et al. 2014; Medo et al. 2016; Fernández-Salas et al. 2017; Gan and 

Wickings 2017; Kirubakaran et al. 2018). Tenebrio molitor Linnaeus (Coleoptera: 

Tenebrionidae) has also been used as bait-insect in some studies (Sánchez-Peña et al. 2011; 

Steinwender et al. 2014; Aguilera Sammaritano et al. 2016). Some previous studies have 

noticed that insect baiting is more sensitive in isolating EPF than culturing soil suspensions on 

selective medium (Keller et al. 2003; Enkerli et al. 2004; Imoulan et al. 2011; Keyser et al. 

2015). Other studies have also used insect baiting along-with soil suspension cultures (Medo 

and Cagáň 2011; Tkaczuk et al. 2014; Clifton et al. 2015; Kepler et al. 2015; Hernández-

Domínguez and Guzmán-Franco 2017) 

2.3.2.2.2 Galleria-Tenebrio-bait method 

As bait-insects can be sensitive for the infection by one particular EPF genus, 

therefore, some studies in the past have used both G. mellonella and T. molitor to isolate EPF, 

either in parts or throughout their whole experiment (Vänninen 1996; Hughes et al. 2004; 

Oddsdottir et al. 2010; Meyling et al. 2012b; Sharma et al. 2018b). Very recently Sharma et 

al. (2018b) suggested the use of ―Galleria-Tenebrio-bait method‖ to avoid any 

underestimation of EPF abundance and diversity, as it was found that G. mellonella and T. 

molitor were significantly more sensitive towards the infections by B. bassiana s.l. and M. 

robertsii, respectively. This method is described in Fig. 2-1. 

2.3.2.2.3  Other bait-insects 

Several other bait-insects have also been used along-with either or both of these 

common bait-insects described above. For e.g., Vänninen (1996) used Tribolium castaneum 

Herbst (Coleoptera: Tenebrionidae) and Acanthocinus aedilis Linnaeus (Coleoptera: 

Cerambycidae). Klingen et al. (2002) employed Delia floralis Fallén (Diptera: 
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Anthomyiidae). Goble et al. (2010) used Ceratitis capitata Wiedemann (Diptera: Tephritidae) 

and Thaumatotibia leucotreta Meyrick (Lepidoptera: Tortricidae). Rudeen et al. (2013) used 

Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae). 

 

 

Figure 2-1: Isolation of entomopathogenic fungi from soils using ―Galleria-Tenebrio-bait method‖. The 

method is elaborated in Sharma et al. (2018b). 

2.3.3 ISOLATION FROM PHYLLOSPHERE 

Some studies have also isolated EPF from the phylloplane and other parts of the 

plant phyllosphere, as these fungi can also be present as plant epiphytes or endophytes (Inglis 

et al. 2012). Surface sterilization is quite important in isolating hypocrealean fungi as 

endophytes. This can be done by dipping the plant part in either 70% ethanol and/or 1-5% 

NaOCl for three minutes. In case of the leaves, the petiole can be first kept out of the sanitizer 

to avoid the chemical reaching inside the leaf, and then it can be cut to culture the sterilised 
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part of the leaf on either of the selective medium described above. It is always recommended 

to sanitize the intact plant part and then be cut into pieces for further culturing, as this would 

avoid the sterilisation of the endophytic fungi (Ownley et al. 2008). Different studies have 

isolated EPF from the phyllosphere, such as bark and branch samples (Ormond et al. 2010) or 

leaves (Meyling et al. 2006a; Garrido-Jurado et al. 2015). 

2.4 CONCLUSION AND FUTURE DIRECTIONS 

Culture-based techniques are the classical approach for the quantification of 

microbial abundance and diversity. With the discoveries of entomopathogens, such 

approaches have been extended for these beneficial microbes. Moreover, techniques such as 

insect baiting also enhance their detection, even when the quantities are low. In the last few 

decades, the growing literature ultimately highlights the reproducibility of these 

methodologies. With an increase in the studies concerning the diversities of 

entomopathogens, and with the advent of newer chemicals, more culture media will come into 

play. Simultaneously, to understand the abundance of entomopathogens in samples such as 

soils and plant tissues, culture-independent techniques such as metagenomics will also assist 

lab-based results.   
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3.1 PHYLOGENETIC DIVERSITY OF SPECIFIC ENTOMOPATHOGENIC 

FUNGAL GROUPS 

Parts of this chapter has been submitted as a manuscript in a Springer book as follows: 

 

Lav Sharma, Nitin Bohra, Rupesh Kumar Singh, Guilhermina Marques. Phylogenetic diversity of 

entomopathogens: A fungal case study. (Invited chapter under review for a book titled: Microbes and 

Metabolites for Sustainable Insect Pest & Vector Management, in Springer International, Switzerland) 

 

Abstract: Fungal and bacterial entomopathogens both are quiet diverse in terms of 

their respective pathologies and taxonomy. Speciation among insect pathogens occurs through 

a long evolutionary process. Although chances of horizontal gene transfer in fungi have been 

reported numerous times, within bacteria it looks like a very common phenomenon which 

cannot be done away with. Hence, in terms of phylogenetic diversity and pathogen evolution, 

fungi may present a more coherent picture. In this chapter, the authors review the diversity 

and the evolution of entomopathogens while presenting the case study of the fungal 

entomopathogens or entomopathogenic fungi (EPF). The authors review the phylogenetic 

diversity of generalist EPF such as Beauveria and Metarhizium of the order Hypocreales of 

the phylum Ascomycota. Moreover, specialists EPF, such as those belonging to the genus 

Ascosphaera (Ascosphaeraceae: Onygenales, Ascomycota), and the species complexes 

Ophiocordycipitaceae unilateralis sensu lato (s.l.) (Ophiocordycipitaceae: Hypocreales, 

Ascomycota) and Entomophthora muscae s.l. (Entomophthoraceae: Entomophthorales, 

Entomophthoromycota) are also reviewed. Molecular techniques used for species delimitation 

and the mode of nutrition of these fungal groups are also briefly discussed. 

Keywords: Beauveria • Metarhizium • Hypocreales • Entomophthorales • 

Onygenales • Ophiocordyceps  

3.2 INTRODUCTION 

The utility of entomopathogenic bacteria (EB) and entomopathogenic fungi (EPF) 

for the biological control of insect-pest within agroecosystems is widely known. Some of 

them even cause natural epizootics among insect populations. With recent advent of 

molecular techniques, numerous investigations have been conducted to understand the 



94 

diversity of entomopathogens. These molecular techniques complement morphological data. 

Moreover, in many cases, these techniques further resolve morphologically similar species. 

Multi-gene analyses have proved effective in deep level phylogenies, as well as, to understand 

which genetic loci provide better resolutions in discriminating cryptic species. The 

development of these tools and the subsequent recognition of novel species have enhanced 

our knowledge in terms of the ecologies of entomopathogens. Moreover, it provides glimpses 

into the evolution of entomopathogens with respect to the time and the mode of nutrition.  

Among EB and EPF, the former are more prone to horizontal gene transfer and 

therefore, understanding the phylogenetic diversity with respect to evolution is relatively 

more complex in case of EB than EPF. In this chapter, authors (a) explore the molecular 

techniques for EPF identification and resolution, (b) provide insights into their taxonomy, and 

(c) discuss the evolution of entomopathogenicity, while studying the phylogenetic diversity of 

EPF. Here three genera, i.e., Beauveria (Cordycipitaceae: Hypocreales, Ascomycota), 

Metarhizium (Clavicipitaceae: Hypocreales, Ascomycota), and Ascosphaera 

(Ascosphaeraceae: Onygenales, Ascomycota), and two species complexes, i.e., 

Ophiocordyceps unilateralis sensu lato (s.l.) (Ophiocordycipitaceae: Hypocreales, 

Ascomycota) and Entomophthora muscae sensu lato (Entomophthoraceae: Entomophthorales, 

Entomophthoromycota), are discussed. The phylogenetic placement of the respective orders, 

i.e., Hypocreales and Onygenales, and Entomophthorales, within the kingdom Fungi are 

presented in the Figs. 3-1 and 3-7.  
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Figure 3-1: Entomopathogenic ascomycetous fungi and insights into the inter-kingdom host jumping 

within the Hypocreales. The placements of the fungal orders Hypocreales and Onygenales are 

highlighted with green and blue coloured text, respectively. Mode of nutrition within the different 

families of Hypocreales, i.e., Stachybotryaceae, Nectriaceae, Bionectriaceae, Hypocreaceae, 

Cordycipitaceae, Clavicipitaceae and Ophiocordycipitaceae are shown. The placements of the genera 

Beauveria and Metarhizium, and of the species complex Ophiocordyceps unilateralis are marked in bold. 

The figure is adapted after inputs from Sung et al. (2008) and Boomsma et al. (2014). 

3.3 HYPOCREALES, ASCOMYCOTA 

Hypocreales are arguably the most widely studied EPF group, and the majority of the 

commercialised biopesticide belong to this group of fungi. The evolution of insect pathogens 

is supposed to have occured near the Jurassic – Cretaceous boundary, which is concurrent 

with the emergences of angiosperms and the recent orders of the phytophagous insects (Sung 

et al. 2008). The mode of nutrition of these fungal groups, or at least the Hypocreales, has 

seen a shift from an animal based nutrition to the fungal and plant based nutrition (Nikoh and 

Fukatsu 2000; Spatafora et al. 2007; Vega et al. 2009; Boomsma et al. 2014). The ―host 

habitat hypothesis‖, i.e., acquiring a new host based on its closeness or proximity within the 

environment, explains these inter-kingdom host jumpings better than the ―host relatedness 

hypothesis‖, i.e., acquiring a new host based on its relatedness with the previous host (Kepler 

et al. 2012a). Some of the widely known fungal species belonging to the Hypocreales, their 

phylogenetic proximities, and glimpses of their evolution with respect to the mode of 

nutrition, are provided in Fig. 3-1. Moreover, their evolutionary transitions and speciation 

with time is presented by providing the example of Metarhizium (Fig. 3-2). 
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Figure 3-2: Evolutionary transitions during speciation of insect-pathogenic fungus Metarhizium. Time is 

presented in million years ago (MYA). The figure is adapted from Barelli et al. (2016). 

3.3.1 BEAUVERIA (CORDYCIPITACEAE) 

Beauveria is a very renowned genus in insect pathology and biological control. The 

history and discovery of Beauveria has already been reviewed in a previous chapter. Rehner 

(2005) pointed a few attributes which make it one of the most widely renowned 

entomopathogen. It has a cosmopolitan distribution and is quite easily encountered. Its host 

range encompasses over 700 insect species (Goettel et al. 1990), which makes it an obvious 

choice as a biological control agent (Carlos et al. 2013). Isolation of Beauveria is quite easily 

achieved by the use of antibiotics, and bait-insect methods such as Galleria-bait 

(Zimmermann 1986) or Galleria-Tenebrio-bait (Sharma et al. 2018a). Besides, characteristics 

such as successful long term storage at low temperatures, industrial scale production for the 

use as a biopesticide, horizontal transmission among insects (Klinger et al. 2006; Cárcamo et 

al. 2015), vertical transmission between plant generations through seedlings (Quesada-

Moraga et al. 2014a), plant rhizosphere colonising (Bruck 2010; Klingen et al. 2015; 

McKinnon et al. 2018), and additional benefits to plants as an endophyte (Vega 2008; Vega et 

al. 2009; Lacey et al. 2015; Greenfield et al. 2016), emphasize its biotechnological potential. 

Very recently Beauveria has been shown to translocate insect-derived nitrogen to plants, via 

roots (Behie and Bidochka 2014).  

3.3.1.1 MOLECULAR METHODS AND DIVERSITY: BEAUVERIA 

Although Beauveria species has been characterised based on their morphology, 

however, it is subdued due to the reports of cryptic speciation (Rehner and Buckley 2005; 

Rehner et al. 2011). There are several molecular methods which have been applied to identify 

Beauveria species in the past, such as isozyme banding patterns (St. Leger et al. 1992); 

restriction fragment length polymorphisms of (RFLPs) of the mitochondrial DNA (mtDNA) 

(Hegedus and Khachatourians 1993); sequencing of the large subunit of the nuclear ribosomal 

DNA (nrLSU or 28S rDNA) of the fungus (Rakotonirainy et al. 1991); random amplification 

of polymorphic DNA (RAPD) and RFLPs of the genomic DNA and the regions of 28S rDNA 

(Maurer et al. 1997); DNA sequencing of the internal transcribed spacer region of the nuclear 

ribosomal DNA (nrITS) of the fungus, and its RFLP (Neuvéglise et al. 1994); RFLP of the 

introns within the nrLSU (Neuvéglise et al. 1997), or the RFLP of the introns in the small 

subunit of the nuclear ribosomal DNA (nrSSU or 18S rDNA) (Coates et al. 2002a). 
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Microsatellite markers have also been developed for the use in Beauveria population genetics 

(Enkerli et al. 2001; Rehner and Buckley 2003). Aquino de Muro et al. (2003) and Aquino de 

Muro et al. (2005) used inter simple sequence repeats (ISSR)-PCR, amplified fragment length 

polymorphism (AFLP) analyses and nrITS sequencing, whereas, Castrillo et al. (2003) 

amplified sequence-characterised amplified regions (SCAR) markers. Developments of such 

methods are still on-going (Toledo et al. 2018). Moreover, cultivation-independent methods 

based on PCR have also been applied (Schwarzenbach et al. 2007; Castrillo et al. 2008; Bell 

et al. 2009; Enkerli and Widmer 2010; Canfora et al. 2016; Garrido-Jurado et al. 2016; 

McKinnon et al. 2018). 

Phylogenies presented by Nikoh and Fukatsu (2000) and Sung et al. (2001) were 

among the first suggesting that Cordyceps militaris is relatively closer to Beauveria clade, and 

Cordyceps scarabaeicola is adjacent to Beauveria caledonica. Sung et al. (2001) based their 

phylogeny on the nrSSU, whereas, Nikoh and Fukatsu (2000) used nrSSU, nrLSU and small 

subunit of the mitochondrial ribosomal DNA (mtSSU). Nikoh and Fukatsu (2001) used group-

1 intron spread across nrSSU and nrLSU, while, Coates et al. (2002b) used group-1 introns of 

the nrSSU. The phylogenetic studies on Hypocreales using multi-gene approach by Spatafora 

et al. (2007), Sung et al. (2007a) and Sung et al. (2007b) confirmed that Beauveria belongs to 

the family Cordycipitaceae. 

A few species of Beauveria had been identified in the past by morphology. De Hoog 

(1972) recognised Beauveria bassiana and Beauveria brongniartii. Later, Beauveria 

vermiconia (De Hoog and Rao 1975), Beauveria amorpha (Samson and Evans 1982), B. 

caledonica (Bissett and Widden 1988), and Beauveria malawiensis (Rehner et al. 2006a) were 

reported. Rehner and Buckley (2005) used a two gene approach, i.e., nrITS and a region of 

the gene coding for the translation elongation factor-1 alpha subunit (tef1-α), and suggested 

cryptic speciation within B. bassiana and B. brongniartii. They also hypothesised the 

presence of a novel species which was termed as ―clade C‖. Later, Rehner et al. (2011) 

employed a multi-gene approach and recognised that clade as Beauveria pseudobassiana. 

Rehner et al. (2011) also reported five more species, i.e., Beauveria varroae, Beauveria 

kipukae, Beauveria australis, Beauveria asiatica and Beauveria sungii, totalling the number 

of Beauveria species to twelve. Later, four new species were described, i.e., Beauveria lii 

(Zhang et al. 2012), Beauveria sinensis (M.-J. Chen et al. 2013), Beauveria rudraprayagi 

(Agrawal et al. 2014) and Beauveria hoplocheli (Robène-Soustrade et al. 2015). Recently, 
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Imoulan et al. (2016) reported a new species Beauveria medogensis in the soils from Tibetan 

Plateau in China. Topological relationships of these Beauveria spp. are provided in Fig. 3-3. 

In terms of biogeography, to our knowledge, specialists such as B. brongniartii are more 

restricted to places where white grubs are reported. On the contrary, due to a much wider host 

spectrum, B. bassiana is cosmopolitan in distribution. 

For the multi-gene approach, Rehner et al. (2011) sequenced conventional nuclear 

loci used in fungal phylogenetics, such as the regions of the genes encoding for the largest 

subunit of RNA polymerase II (rpb1), and the second largest subunit of RNA polymerase II 

(rpb2), alongwith nrITS and tef1-α. Moreover, a nuclear intergenic spacer region, i.e., BLOC, 

which was reported by Rehner et al. (2006b), was also sequenced. In other parallel 

phylogenetic studies on Beauveria isolates, C. Wang et al. (2003) and Garrido-Jurado et al. 

(2011) demonstrated the utility of nrLSU group-1 introns, and Ghikas et al. (2010) employed 

intergenic regions atp 6-rns and nad 3-atp 9 of the mtDNA alongwith the conventional nrITS. 

Meyling et al. (2009) also employed the amplification of MAT locus within B. bassiana, to 

detect the presence of either of the mating-types, i.e., MAT1 or MAT2, in the population, as it 

is believed that Beauveria strains exhibit a heterothallic mating system.  

Nonetheless, in a nutshell, majority of the Beauveria population genetic studies 

across the globe, for e.g., in Brazil (Fernandes et al. 2009), Canada (Johny et al. 2012), China 

(Imoulan et al. 2016), Cuba (Ramos et al. 2017), Denmark (Meyling et al. 2009), France 

(Reunion Island) (Robène-Soustrade et al. 2015), Greenland (Meyling et al. 2012a), India 

(Devi et al. 2006; Agrawal et al. 2014), Korea (Shin et al. 2013), Mexico (Muñiz-Reyes et al. 

2014; Pérez-González et al. 2014), New Zealand (Reay et al. 2008, 2010), New Zealand and 

Scotland (Glare et al. 2008), Slovakia (Medo et al. 2016), South Africa (Goble et al. 2012), 

Spain (Garrido-Jurado et al. 2011), Switzerland (Meyling et al. 2012b), Turkey (Sevim et al. 

2010) and United States (Fisher et al. 2011; Goble et al. 2014) have used different 

combinations of genetic loci like nrITS, BLOC, group1 nrLSU introns, rpb1, rpb2, tef1-α and 

β-tubulin (β-tub), to identify and understand the phylogenetic placements of their strains of 

interest.  
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Figure 3-3: Phylogenetic relationships among the different species of Beauveria. The topology is adapted 

from Imoulan et al. (2016). 

3.3.1.2 PHYLOGENETIC IMPLICATIONS ON ENTOMOPATHOGENICITY: BEAUVERIA 

Entomopathogenicity in Beauveria is quite debatable. It is thought that some species 

such as B. brongniartii, B. caledonica and B. vermiconia are specialists against Coleoptera 

(Rehner 2005), whereas, others like B. pseudobassiana and B. bassiana have a more 

expanded host range (Imoulan et al. 2017; Rohrlich et al. 2018). Although Rohrlich et al. 

(2018) reported the on-field pathogenicity of B. brongniartii against insects from seven 

orders. Moreover, physiological host range, i.e., infection bioassays in laboratory conditions 

showed varying results, as distinct B. bassiana strains differed in their infectivity against eight 

lepidopteran species (Wraight et al. 2010) or nine insect species from five orders (Devi et al. 

2008). Bidochka et al. (2002) suggested that B. bassiana strains are more adapted towards 

habitat-type than towards a particular host, however, Sharma et al. (2018a) found that it is the 

bait-insect type that drives the recoveries of B. bassiana from soils, and not the habitat type. 
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Moreover, although studies have revealed the presence of more than one mating-types in 

populations of Beauveria in Cuba (Ramos et al. 2017) and Denmark (Meyling et al. 2009), 

they are generally highly skewed, showing that meiotic recombination, if happening, might be 

a rare event. Multiple Beauveria spp. were present in the hedgerow soils of Denmark, 

demonstrating that these species may co-exist and hence, exhibit sympatry (Meyling et al. 

2009). 

3.3.2 METARHIZIUM (CLAVICIPITACEAE) 

Alike Beauveria, another fungal genus, i.e., Metarhizium has been a centre of 

attraction for entomologist studying insect pathologies. Following the estimation by 

Zimmermann (2007), i.e., a decade ago, Metarhizium has been used for the insect biological 

control for the last 140 years, and is also considered as a generalist insect-pathogen. Apart 

from biological control, Metarhizium is an excellent rhizosphere competent fungus (G. Hu 

and St. Leger 2002; Klingen et al. 2002; Bruck 2005, 2010; S. Wang et al. 2011; Keyser et al. 

2014; Klingen et al. 2015), and many studies report its isolation as a plant endophyte 

(Quesada-Moraga et al. 2014b; Steinwender et al. 2015; Moonjely et al. 2016). Interestingly, 

Metarhizium has also been shown to translocate insect-derived nitrogen and carbon to plants 

through roots (Behie et al. 2012; Behie and Bidochka 2014; Behie et al. 2017). 

3.3.2.1  MOLECULAR METHODS AND DIVERSITY: METARHIZIUM 

Morphological identification of Metarhizium is also difficult pertaining to cryptic 

speciation (Bischoff et al. 2009; Kepler et al. 2014). Different molecular techniques have been 

used to study the species within Metarhizium, such as RAPD markers (Fegan et al. 1993; 

Bidochka et al. 1994), or the arbitrarily primed PCR markers (Tigano-Milani et al. 1995). 

Moreover, RFLP of the genetic loci, such as the rDNA region (Pipe et al. 1995), the gene 

coding for the cuticle-degrading protease (pr1) of Metarhizium anisopliae (Leal et al. 1997), 

or the nrITS and the mitochondrial DNA region corresponding to the SrRNA and the LrRNA 

(Mavridou and Typas 1998), has also been employed. Enkerli et al. (2005) and Oulevey et al. 

(2009) developed polymorphic microsatellite markers to study the diversity of M. anisopliae 

from Switzerland. Inglis et al. (2008) employed AFLP on M. anisopliae var. anisopliae from 

British Columbia. Recently, Mayerhofer et al. (2015) developed multiplexed microsatellite 

markers to discriminate Metarhizium spp., highlighting that these above mentioned methods 

are still underway. In addition, culture-independent methods based on PCR have also been 
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employed (Destéfano et al. 2004; Entz et al. 2005; Bell et al. 2009; Schneider et al. 2011; 

Schneider et al. 2012). 

Based on the ITS phylogeny, Liang et al. (1991) reported that Metarhizium and 

Cordyceps are quite closely related. Metarhizium spp. were thought to be anamorphs of 

Cordyceps, until Sung et al. (2007a) transferred their teleomorphs from Cordyceps to 

Metacordyceps. Recognition of Metarhizium spp. had always been in correction. Amongst the 

most significant works, Tulloch (1976) reduced the genus to just two species, i.e., M. 

anisopliae and Metarhizium flavoviride, and two varieties i.e., M. anisopliae var. majus and 

M. anisopliae var. anisopliae. Rombach et al. (1986) recognised Metarhizium brunneum and 

Metarhizium flavoviride var. minus, and (Guo et al. 1986) added Metarhizium pingshaense, 

Metarhizium cylindrosporae, Metarhizium guizhousense. Other species, i.e., Metarhizium 

album (Rombach et al. 1987), Metarhizium pinsahensis and Metarhizium biformisporae (Liu 

et al. 1989), and Metarhizium taii (Liang et al. 1991), were also added with time.  

Driver et al. (2000) performed a comprehensive morphological and molecular data 

analysis of Metarhizium. They retained M. album and recognised four varieties within M. 

anisopliae clade, i.e., M. anisopliae var. anisopliae, M. anisopliae var. acridum, M. 

anisopliae var. lepidiotum and M. anisopliae var. majus.  Moreover, they recognised M. 

flavoviride var. minus, M. flavoviride var. flavoviride, M. flavoviride var. novazealandicum 

and M. flavoviride var. pemphigum (Driver et al. 2000). They also suggested that M. 

anisopliae var. frigidum is a synonym of M. flavoviride, however, Bischoff et al. (2006) 

proposed Metarhizium frigidum as a new species, and renamed M. flavoviride var. 

pemphigum as M. flavoviride var. pemphigi. Driver et al. (2000) did not include strains of M. 

pingshaense, M. cylindrosporae (=Nomuraea cylindrosporae), M. guizhouense and M. taii. 

Bischoff et al. (2009) further characterised the genus Metarhizium and reported different 

species, i.e., Metarhizium acridum, M. anisopliae, M. brunneum, Metarhizium globosum, M. 

guizhouense, Metarhizium lepidiotae (earlier M. anisopliae var. lepidiotum), Metarhizium 

majus, M. pingshaense and Metarhizium robertsii. They recognised M. taii as a synonym of 

M. guizhouense.  

Kepler et al. (2012b) described new teleomoprhic combinations for the genus 

Metacordyceps and later, Kepler et al. (2014) described many new species within the genus 

Metarhizium to have a unified link between sexual and asexual forms of the fungi. Moreover, 

some green-spored Nomuraea species, and those from the genus Chamaeleomyces, were also 
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transferred to Metarhizium. Novel species of Metarhizium recognised by Kepler et al. (2014) 

were: Metarhizium atrovirens, Metarhizium brittlebankisoides, Metarhizium brasiliense, 

Metarhizium campsosterni, Metarhizium carneum, Metarhizium cylindrosporum, 

Metarhizium granulomatis, Metarhizium guniujiangense, Metarhizium indigoticum, 

Metarhizium khaoyaiense, Metarhizium koreanum, Metarhizium kusanagiense, Metarhizium 

marquandii, Metarhizium martiale, Metarhizium minus, Metarhizium novozealandicum, 

Metarhizium owariense, M. owariense var. viridescens, Metarhizium pemphigi, Metarhizium 

pseudoatrovirens, Metarhizium rileyi, Metarhizium yongmunense, Metarhizium viridulum and 

Metarhizium viride. To have a simplified representation, the topological relationships of the 

fungi belonging to core Metarhizium, with respect to those belonging to the genera Pochonia 

and Metapochonia, are presented in Fig. 3-4.  

In terms of biogeography, Rehner and Kepler (2017) reviewed the presence of 

Metarhizium ―PARB‖ clade, i.e., M. pingshaense, M. anisopliae, M. robertsii and M. 

brunneum across the globe. They reported that M. brunneum is distributed in regions of 

Australia, Asia, Europe and North America; M. anisopliae in Australia, Asia, Africa, North 

and South America; M. pingshaense in Australia, Asia, North and South America; and M. 

robertsii in Australia, Europe, North and South America (Rehner and Kepler 2017).  

Initial studies on DNA sequencing of Metarhizium were performed by Riba et al. 

(1990); Curran et al. (1994) and Rakotonirainy et al. (1994). Curran et al. (1994) sequenced 

the nrITS, while Rakotonirainy et al. (1994) utilised the discriminatory power of the D1 and 

D2 domains of the nrLSU. Driver et al. (2000) employed sequencing of the nrITS, and the D3 

domain of the nrLSU to differentiate Metarhizium strains previous classified as M. anisopliae, 

M. flavoviride or M. album. Bischoff et al. (2006) utilised the phylogenetic resolution of the 

different regions of the tef-1α, rpb1 and rpb2, and Bischoff et al. (2009) further added β-tub in 

their multi-gene analysis of Metarhizium. Same strategy was employed by Kepler et al. 

(2014).  

A region of the tef1α, i.e., intron-rich 5′ end of the tef1α (5‘-tef1α), has shown 

reasonable resolution in discriminating populations of Metarhizium (Bischoff et al. 2006; 

Bischoff et al. 2009; Kepler et al. 2015). Bischoff et al. (2009) also tried to use intergenic 

spacer (nrIGS) region of the nuclear ribosomal DNA. Bidochka et al. (2005) used nrITS, and 

the regions of the genes coding for the proteins such as actin (ACT), calmodulin (CAL), 

subtilisin‐like protease (PR1), chitin synthase (CHS) and neutral trehalase (NTL). 
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Nonetheless, using different Metarhizium genomes data, Kepler and Rehner (2013) developed 

primers to amplify seven different intergenic spacer regions, i.e., MzIGS2, MzIGS3, MzIGS5, 

MzIGS7, MzBTigs, MzFG543igs and MzFG546igs. Moreover, mating-type genes for either 

of the MAT1 or MAT2 idiomorphs have also been used for Metarhizium phylogenetics 

(Rehner and Kepler 2017). Interestingly, species such as M. majus can be homothallic, i.e., 

the presences of both of the mating-types (X. Hu et al. 2014; Kepler et al. 2016). 

In a nutshell, the majority of the studies, across the globe, studying the diversity of 

the Metarhizium strains of their interest, for e.g., in Brazil (Rocha et al. 2013; Rezende et al. 

2015), Canada (Wyrebek et al. 2011), Denmark (Steinwender et al. 2014; Keyser et al. 2015; 

Steinwender et al. 2015), Japan (Nishi et al. 2011; Nishi et al. 2015), Mexico (Carrillo-

Benítez et al. 2013; Hernández-Domínguez and Guzmán-Franco 2017), Russia (Kryukov et 

al. 2017) and United States (Kepler et. al. 2015; Randhawa et al. 2018), have used different 

combination of the genetic loci mentioned earlier in the section. 
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Figure 3-4: Phylogenetic relationships among different species of Metarhizium with respect to the genera 

Pochonia and Metapochonia. The topology is adapted from Kepler et al. (2014). 

3.3.2.2 PHYLOGENETIC IMPLICATIONS ON ENTOMOPATHOGENICITY: METARHIZIUM 

Metarhizium genomes based phylogeny by X. Hu et al. (2014) suggested that 

entomopathogenicity in case of Metarhizium has evolved from specialists to generalists via 

intermediate host-pathogens. Similar observations were made by Rehner and Kepler (2017) 

for the Metarhizium ―PARB‖ clade. The host range of M. brunneum encompasses the insects 

from the orders Coleoptera, Diptera and Lepidoptera. It varies between Hemiptera, Orthoptera 

and Lepidoptera for M. anisopliae; Coleoptera, Hemiptera, Isoptera and Orthoptera for M. 

pingshaense; and Coleoptera, Hemiptera, Isoptera, Lepidoptera, Hymenoptera and Orthoptera 

for M. robertsii. Natural genetic exchange between Metarhizium strains seems limited, 

however a few studies have reported glimpses of recombination among different Metarhizium 

populations (Bidochka et al. 2005; Kepler et al. 2015). 
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3.3.3 OPHIOCORDYCEPS UNILATERALIS SENSU LATO 

(OPHIOCORDYCIPITACEAE) 

Within the Hypocreales, family Ophiocordycipitaceae was recently described by 

Sung et al. (2007a), and Ophiocordyceps was assigned as its type genus pertaining to the 

placement of O. unilateralis s.l. (Fig. 3-1), in the phylogenetic tree constructed by Sung et al. 

(2007a). This family consists of some well-known insect-pathogens from the genera 

Purpureocillium (Sharma et al. 2018a; Sharma et al. 2018b) and Ophiocordyceps. Currently 

approximately 160 different species belong to the genus Ophiocordyceps. Ophiocordyceps 

infect insects ranging from wandering beetles to highly-organised societies of ants (Araújo et 

al. 2015). Ants are susceptible to a variety of parasites, and the genus Ophiocordyceps 

represent some of its fungal parasites which are quite abundant in tropical forests. 

Ophiocordyceps unilateralis s.l., the ―zombie-ant‖ fungus, is an ant-specific entomopathogen. 

The association between these ants and their fungal pathogen, i.e., Ophiocordyceps, is an 

excellent example of host behaviour manipulation by the parasite to increase its fitness. 

Infected ants turn away from their nests and foraging trails. They climb up the trees and bite 

different tree parts, such as the leaves, twigs and occasionally barks, with their mandibles 

until death (Loreto et al. 2018). Thereafter, the fungus grows from the back of their heads. 

Climbing to an elevated position, i.e., host behaviour manipulation, eventually facilitates the 

dispersal of spores to a greater area and hence, increasing the fitness of the fungal parasite. 

3.3.3.1 MOLECULAR METHODS AND DIVERSITY: O. UNILATERALIS S.L. 

Ophiocordyceps unilateralis s.l. was originally described as Torrubia unilateralis (as 

reviewed by Evans and Samson (1984)). The anamorph of this fungus is Hirsutella 

formicarum. Evans et al. (2011) proposed a ―one ant-one Ophiocordyceps species‖ hypothesis 

pertaining to the host-specificity of this fungal group. It is hypothesised that O. unilateralis 

species complex may comprise as many as 580 different species (Araújo et al. 2018). 

Nonetheless, majority of the studies in the past were focussed on the morphological 

characterisation of this species. Evans et al. (2011) suggested four new species within the 

species complex, i.e., Ophiocordyceps camponoti-balzani, Ophiocordyceps camponoti-

rufipedis, Ophiocordyceps camponoti-melanotici and Ophiocordyceps camponoti-

novogranadensis. Thereafter, morphological identifications were assisted by molecular 

methods and newer species within the species complex were reported, for e.g., 
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Ophiocordyceps halabalaensis (Luangsa-Ard et al. 2011); Ophiocordyceps pulvinata (Kepler 

et al. 2011); Ophiocordyceps polyrhachis-furcata, Ophiocordyceps camponoti-leonardi, 

Ophiocordyceps camponoti-saundersi (Kobmoo et al. 2012); Ophiocordyceps camponoti-

bispinosi, Ophiocordyceps camponoti-atricipis and Ophiocordyceps camponoti-indiani 

(Araújo et al. 2015); Ophiocordyceps septa and Ophiocordyceps rami (Kobmoo et al. 2015). 

In terms of biogeography, species within O. unilateralis species complex are mostly 

recovered from forests, generally tropical. Till date these fungi have been reported from 

countries such as Brazil, Japan, Thailand, USA and Columbia (Araújo et al. 2018).  

Very recently, Araújo et al. (2018) reported Ophiocordyceps kimflemingiae, 

Ophiocordyceps camponoti-hippocrepidis, Ophiocordyceps camponoti-renggeri, 

Ophiocordyceps albacongiuae, Ophiocordyceps camponoti-nidulantis, Ophiocordyceps 

camponoti-floridani, Ophiocordyceps camponotifemorati, Ophiocordyceps camponoti-

chartificis, Ophiocordyceps blakebarnesii, Ophiocordyceps rami, Ophiocordyceps 

naomipierceae, Ophiocordyceps ootakii and Ophiocordyceps satoi within O. unilateralis 

species complex.  

Pertaining to the molecular methods applied in the phylogenies discussing O. 

unilateralis s.l., majority of the studies have employed different combinations of the loci such 

as nrITS, nrSSU, nrLSU, tef1α, rpb1, rpb2, β-tub and mitochondrial ATP Synthase subunit 6 

(mt-atp6) (Sung et al. 2007a; Sung et al. 2007b; Kepler et al. 2011; Luangsa-Ard et al. 2011; 

Kobmoo et al. 2012; Araújo et al. 2015; Kobmoo et al. 2015; Araújo et al. 2018; Evans et al. 

2018; Loreto et al. 2018). 
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Figure 3-5: Phylogenetic relationships among different species belonging to the Ophiocordyceps 

unilateralis species complex, their geographical presence, ants-host, and the induced plant part 

biting behaviour. The figure is adapted after inputs from Evans et al. (2018) and Loreto et al. (2018). 

3.3.3.2 PHYLOGENETIC IMPLICATIONS ON ENTOMOPATHOGENICITY: O. UNILATERALIS 

S.L. 

As discussed before, the fungal species belonging to the O. unilateralis species 

complex have strikingly high host specificity. Plant substrate biting behaviour is also 

predominantly leafs, although, some species also bite green and brown twigs, and barks 

(Loreto et al. 2018). Phylogenetic placements of the some of these species, their geography, 

host associations, and the plant substrate they bite are presented in the Fig. 3-5, as reported by 

Evans et al. (2018) and Loreto et al. (2018). 

3.4 ONYGENALES 

At least 29 different Ascosphaera spp. of the order Onygenales are associated with 

bee larvae and adults, and bee products (Maxfield-Taylor et al. 2015). Although majority of 

them are saprophytes, and are found in honey, larval faeces, pollen stores and nesting 

material, some of them are specialist entomopathogens and cause chalkbrood disease in bees 

(Wynns et al. 2013). For example, Ascosphaera apis and Ascosphaera aggregata cause 

chalkbrood in the larvae of honey bee Apis mellifera and the alfalfa leaf-cutting bee 
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Megachile rotundata, respectively (James and Skinner 2005). Insect-pathogenic Ascosphaera 

spp. are quite similar in terms of pathology (Rehner 2009).  

3.4.1 MOLECULAR METHODS AND DIVERSITY: ASCOSPHAERA 

Morphological identification of Ascosphaera spp. is not always feasible pertaining to 

similarities among species, spore size overlap, and difficulties in growth in a laboratory 

environment, as some of them, such as A. apis, do not reproduce asexually (Rehner and Evans 

2009). These problems can be ruled out by employing molecular techniques, and studies in 

the past have adapted a few methodologies in this direction. Lu et al. (1996), for example, 

chose RAPD analysis, and James and Skinner (2005) developed species-specific primers 

based on the nrITS for the identification of Ascosphaera. Rehner and Evans (2009) developed 

microsatellite loci for the populations of A. apis. Garrido‐Bailón et al. (2013) used multiplex 

PCR assay for the detection of A. apis in honeybee colonies. Anderson et al. (1998) 

constructed the first nrITS phylogeny of Ascosphaera. Klinger et al. (2013) performed a 

multi-gene analysis on 23 species of the genus Ascosphaera using six loci, i.e., nrSSU, nrITS, 

nrLSU, tef-1α, rpb1 and rpb2, and the placements of the few of them are presented in Fig. 3-6 

According to Wynns et al. (2012), Wynns et al. (2013) and Klinger (2015), at least ten 

species, i.e., Ascosphaera acerosa, A. aggregata, A. apis, Ascosphaera larvis, Ascosphaera 

major, Ascosphaera osmophila, Ascosphaera proliperda, Ascosphaera saccaria, Ascosphaera 

subcuticularis and Ascosphaera torchioi are pathogenic to bees. 

3.4.2 PHYLOGENETIC IMPLICATIONS ON ENTOMOPATHOGENICITY: 

ASCOSPHAERA 

The placement of A. torchioi closer to the outgroup Eremascus albus hinted 

paraphyly within Ascosphaera. Honey bee A. mellifera pathogen A. apis clustered closely 

with A. larvis, A. major, Ascosphaera flava, Ascosphaera pollenicola, and Ascosphaera 

variegata. Ascosphaera flava, A. pollenicola, and A. variegata are often reported as 

saprophytes, hypothesizing that A. apis originated alongside saprobes. However, some M. 

rotundata pathogens, i.e., A. aggregata, A. proliperda and A. osmophila originated separately, 

and did not cluster with A. mellifera pathogens such as A. apis (Fig. 3-6) (Klinger et al. 2013). 

This work hinted that entomopathogenicity among Ascosphaera is a retained characteristic 

which might have arisen multiple times within the genus. Rehner and Evans (2009) pointed 
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that honey bee defence towards A. apis seems to have a ‗lock and key‘ dynamic suggesting 

that, over time, A. apis has pushed bees towards lower nest-level relatedness.   

 

Figure 3-6: Phylogenetic relationships among some of the Ascosphaera species, and their primary 

ecological function. The topology is adapted from Klinger et al. (2013). 

3.5 ENTOMOPHTHORALES 

Entomophthorales are another very important group of fungal entomopathogens 

which are generally considered as specialist insect-pathogens. The species belonging to the 

genus Entomophthora are the obligate pathogens of insects, as their growth and proliferation 

in nature happens inside the insect host. Entomophthora spp. can be found infecting insects 

from different orders such as beetles (Coleoptera), flies, gnats and midges (Diptera), aphids 

and bugs (Hemiptera), wasps (Hymenoptera), lacewings (Neuroptera), stoneflies (Plecoptera) 

and thrips (Thysanoptera), however, each species is presumed to infect the insects of the same 

order, genus, or sometimes, even a same species (Keller 2002). 
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3.5.1 MOLECULAR METHODS AND DIVERSITY: E. MUSCAE S.L. 

Entomophthora muscae s.l. is the first described species for the phylum 

Entomophthoromycota, and was designated as the type species for the phylum (Humber 

2012). These fungi generally are the pathogens of muscoid flies from the temperate zones of 

the Europe and North America. With time, it was observed that E. muscae s.l. is a species 

complex, however, their morphological identification is difficult. Overall host range of 

species belonging to E. muscae species complex includes the flies from the families 

Anthomyiidae, Calliphoridae, Drosophilidae, Empididae, Muscidae, Sarcophagidae and 

Syrphidae (MacLeod et al. 1976). Although these species can be reported from a wide range 

of flies, however, a particular species can only infect particular hosts. Cross infection 

efficiencies of these fungal species between different hosts can vary remarkably, for example, 

even among the flies representing the same family (Jensen et al. 2009). 

Different PCR based methods have been employed to study E. muscae s.l. 

populations. Jensen and Eilenberg (2001) performed RFLP of the nuclear intergenic spacer 

region 2 (nrITS2) of the nrITS, and nrLSU (5‘-region) to separate origins of a few species 

within E. muscae species complex. Jensen et al. (2001) also employed a similar strategy, 

however, they also performed RAPD and Universal Primed-PCR (UP-PCR), in addition. 

Thomsen and Jensen (2002) developed Entomophthora-specific primers for a nested-PCR 

method to amplify nrITS2, and subsequently performed RFLP. Lihme et al. (2009) used ISSR 

primers developed by Tymon and Pell (2005) for 40 isolates of the E. muscae species 

complex.  

Based on the morphological characteristics and nuclei per primary conidia, it was 

Keller (1984) who first described E. muscae as a species complex, and subsequently split it in 

four groups. With time, some previously described species and a few new ones were added to 

the E. muscae species complex, for example, Entomophthora syrphi (Giard 1888), 

Entomophthora schizophorae (Keller 1987), Entomophthora scatophagae (Steinkraus and 

Kramer 1987), E. muscae sensu stricto (s.s.) (Keller et al. 1999), Entomophthora ferdinandii 

and Entomophthora grandis (Keller 2002). Although E. muscae s.s. and E. scatophagae can 

only be distinguished by the shape of their hyphal bodies (Keller et al. 1999). 

Entomophthoromycota was designated as a phylum, only recently (Humber 2012). 

However, initial phylogenies of the fungi belonging to this group were performed by Walker 

(1984) and Cavalier-Smith (1987). The first nrSSU based phylogenies on the 
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entomophthoralean fungi were produced by Nagahama et al. (1995) and Jensen et al. (1998). 

Jensen et al. (2006) sequenced nrITS2 and nrLSU to understand host-range and genetic 

characteristics of E. muscae species complex. Jensen et al. (2009) used nuclear intergenic 

spacer region 1 (nrITS1) of the nrITS, and the regions of the nrLSU and the glyceraldehyde-3-

phosphate dehydrogenase gene (gpd) to distinguish Entomopthora spp. infecting the flies and 

aphid hosts. Recently comprehensive studies on the phylum Entomophthoromycota by 

Gryganskyi et al. (2012) and Gryganskyi et al. (2013a) hugely extended our understanding 

towards its phylogeny and species delimitations. Gryganskyi et al. (2012) used nrLSU, nrSSU, 

rpb2 and mtSSU. Gryganskyi et al. (2013a) further added nrITS to present a phylogeny of the 

subfamily Entomophthoroideae of the family Entomophthoraceae, representing the E. muscae 

species complex (Fig. 3-7). Gryganskyi et al. (2013b) also undertook a multi-gene approach, 

and amplified nrITS and the regions of the rpb1, rpb2 and the elongation factor-like (efl) 

genes for E. muscae s.l. isolates.  

3.5.2 PHYLOGENETIC IMPLICATIONS ON ENTOMOPATHOGENICITY: E. 

MUSCAE S.L. 

Entomophthora spp. are believed to be specialist pathogens and hence, they provide 

an excellent opportunity to study natural phenomenon, such as host-pathogen co-evolution 

and how hosts have shaped the divergence of pathogens? Nonetheless, the study conducted by 

Gryganskyi et al. (2013b) gave new insights into the evolution of entomopathogenicity within 

E. muscae species complex. They reported that although, the species from E. muscae s.l. seem 

specialists, exhibiting limited pathogenicity towards flies from different families, however, 

this may only be attributed to the host use and seasonality of the fungus. If conditions allow 

the fungi to be in the vicinity of a different host then the chances of speciation cannot be ruled 

out. In other words, the speciation in the host-specialised entomophthoralean fungi may be 

driven by the availability of new host and environmental conditions of the surroundings 

(Hajek and Meyling 2018). De Fine Licht et al. (2017) suggested that speciation in E. muscae 

s.l. is driven by the challenges occurred while utilising the host resources and dealing with its 

immune response. In terms of phylogeny, there is a scope for topologies based on genome 

data, as according to Gryganskyi et al. (2013a), who used a five loci data, fly pathogens 

within E. muscae s.l., i.e., E. grandis, E. muscae s.s., E. ferdinandii, E. scatophagae, E. 

schizophorae and E. syrphi, were scattered throughout the phylogenetic tree (Fig. 3-7), 

despite similar morphologies and host specificities. Nonetheless, phylogenies made of 
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genome data for the phylum, like the one presented by Spatafora et al. (2016), and for genus 

Entomophthora, whenever available, would also enhance our understanding in terms of 

fungal evolution at the basal lineages, and at the species level, respectively. 

 

Figure 3-7: Phylogenetic relationships of the order Entomophthorales, and the different species from the 

Entomophthora muscae species complex, with insights into their host specificity. The figure was 

adapted after inputs from Gryganskyi et al. (2013a). 

3.6 CONCLUSION AND FUTURE DIRECTIONS 

With improvements in the molecular methods for species identification, numerous 

species have been added within the widely known entomopathogenic fungal genera such as 

Beauveria and Metarhizium. Constant recognition of novel Beauveria spp., such as Beauveria 

gryllotalpidicola, Beauveria loeiensis (Ariyawansa et al. 2015), Beauveria araneola (W.-H. 

Chen et al. 2017) and Beauveria majiangensis (W.-H. Chen et al. 2018), and Metarhizium 

spp., such as Metarhizium blattodeae (Montalva et al. 2016) and Metarhizium alvesii (Lopes 

et al. 2018), will resolve the diversity of Beauveria and Metarhizium. Such expansion will 

also improve the respective topology of these fungi. Recently sequenced genomes of 

Beauveria (Xiao et al. 2012; Valero-Jiménez et al. 2016; Lee et al. 2018), and Metarhizium 

(Gao et al. 2011; Hu et al. 2014; Pattemore et al. 2014), will also be extremely valuable for 

any molecular work in this area, and ultimately, it will be beneficial for their on-going use as 

biopesticides. In terms of specialist pathogens, genomes of O. unilateralis s.l. (Wichadakul et 

al. 2015; De Bekker et al. 2017), and A. apis (Qin et al. 2006) will assist our understanding of 

the infection mechanisms of these fungi, and similar studies in future may produce more 

robust topologies. Moreover, respective comparative analyses based on the transcriptome of 

E. muscae s.s. and E. muscae s.l. (De Fine Licht et al. 2017; Arnesen et al. 2018), and A. apis 
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(Cornman et al. 2012), will also be helpful in understanding the factors shaping the evolution 

of fungal entomopathogenicity. 
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4.1 FUSARIUM, AN ENTOMOPATHOGEN—A MYTH OR REALITY? 

This chapter has been published as a review article and the details are as follows: 

 

Lav Sharma, Guilhermina Marques. Fusarium, an entomopathogen—a myth or reality? Pathogens 7(4): 93. 

 

Abstract: Fusarium species have diverse ecological functions ranging from 

saprophytes, endophytes, and animal and plant pathogens. Occasionally, they are also isolated 

from dead and alive insects. However, research on fusaria-insect associations is very limited 

as fusaria are generalized as opportunistic insect-pathogens. Besides, their phytopathogenicity 

arise concerns in their use as commercial biopesticides. Insect biocontrol potential of 

Fusarium is favored by their excellent soil survivability as saprophytes, and sometimes, 

insect-pathogenic strains do not exhibit phytopathogenicity. In addition, a small group of 

fusaria, i.e., those belonging to the Fusarium solani species complex, act as insect mutualist 

assisting in host growth and fecundity. In this review, authors summarize mutualism and 

pathogenicity among fusaria and insects. Furthermore, authors assert on Fusarium 

entomopathogenicity by analyzing previous studies clearly demonstrating their natural insect-

pathogenicity in fields, and their presence in soils. Authors also review the presence and/or 

production of a well-known insecticidal metabolite Beauvericin by different Fusarium 

species. Lastly, some proof-of-concept studies are also summarized which demonstrate the 

histological as well as immunological changes a larva undergoes during Fusarium oxysporum 

pathogenesis. These reports highlight the insecticidal properties of some Fusarium spp., and 

emphasize the need of robust techniques which can distinguish phytopathogenic, mutualistic 

and entomopathogenic fusaria. 

Keywords: Beauvericin, entomopathogenic fungi, Fusarium oxysporum, Fusarium 

solani, insect biological control 

4.2 INTRODUCTION 

Fusarium Link ex Grey species are hyaline filamentous fungi which are ubiquitous 

with cosmopolitan distribution. They belong to the family Nectriaceae of the order 

Hypocreales within the fungal phylum Ascomycota. They can be found in air, water, plants, 

insects, soils and organic substrates. Based on host-associations, morphology and molecular 

characterizations, it is estimated that the genus Fusarium comprise of at least 200 species 
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recognized in 22 species complexes [1]. They are among the most destructive plant pathogen 

and mycotoxigenic fungi. Their relevance in agriculture industry is immense pertaining to 

multi-billion dollar loss they cause to plants and crops-yield. Moreover, they are reported 

frequently from infections in humans and animals. Some significant plant diseases include the 

Fusarium head blight in cereals, root rot in pea, ear rot in maize, sudden death syndrome in 

soybeans, and vascular wilts in numerous agricultural crops [2]. The prominence of Fusarium 

infections in plants can be estimated by the fact that two Fusarium spp., Fusarium 

graminearum Schwabe (teleomorph: Gibberella zeae (Schwein.) Petch) and Fusarium 

oxysporum Schlechtendahl are among the top five fungal pathogens of plants [3]. In animals, 

species such as F. oxysporum can cause infections in immunodepressed mice [4]. In humans, 

they cause infections collectively termed as fusariosis, which can be superficial, i.e., keratitis 

or onychomycosis; locally invasive, i.e., cellulitis, sinusitis or intertrigo; or deep or 

disseminated infections commonly occurring in severely immune-compromised patients [5]. 

These reports highlight the trans-kingdom pathogenicity of Fusarium species.  

The associations of fusaria with insects have been reported regularly for the last 

century. Wollenweber and Reinking (1935) reported 15 Fusarium isolates from insects [6]. 

Gordon (1959) collected approximately 9000 Fusarium isolates from the year 1932 onwards 

[7]. Isolates from the insects and other fungi together accounted for lesser than 1%. These 

―insecticolous fusaria‖ belonged to 12 taxa and were collected from 14 insect species [7]. Li 

(1984) reported four Fusarium spp. from insects-pest of rice in China [8]. Feng-Yan and 

Quing-Tao (1991) reported 180 Fusarium isolates from approximately 150 dead or diseased 

insects including spiders [9]. Insect orders Lepidoptera, Coleoptera, Homoptera and 

Hymenoptera and Araneida were found infected by fusaria in that study [9]. Several studies 

reporting pathogenicity of Fusarium spp., either in laboratory or on-field mycoses, against 

different insect orders were reported during the three decades, i.e., 1950-1980. These reports 

were reviewed by Teetor-Barsch and Roberts (1983) [10]. Similar observations on the 

entomopathogenicity of fusaria were reported by Cladon and Grove (1984) [11].   

Teetor-Barsch and Roberts (1983) suggested that using entomopathogenic fusaria 

can be advantageous in insect biological control, as insect-pathogenic strains (a) demonstrate 

high host specificity; (b) can be easily grown in a laboratory; (c) do not damage plants, and 

(d) survive better as saprophytes in soils [10]. Nonetheless, studies in this area never achieved 

the required focus as Fusarium is a renowned plant pathogen, and using it as an insect 
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biological control agent may lead releasing phytopathogens in agroecosystems. O‘Donnell et 

al. (2012) argued that Fusarium spp. might be used in insect biocontrol if entomopathogenic 

fusaria could be distinguished from phytopathogenic strains using genetic markers [12]. 

Nonetheless, insecticolous fusaria can be found in association with insects, either as a 

symbiont, opportunistic pathogen, saprophyte eating decaying body, or as an 

entomopathogen. Here authors briefly discuss studies which focus on insect-Fusarium 

mutualism, and argue the entomopathogenicity of Fusarium, in detail. 

4.3 INSECT-FUSARIUM MUTUALISTIC ASSOCIATION 

In the past, some Fusarium spp. such as Fusarium javanicum Koord., Fusarium 

moniliforme Sheldon (=Fusarium verticillioides (Sacc.) Nirenberg, or Fusarium fujikuroi 

Nirenberg; teleomorph: Gibberella fujikuroi (Sawada) Wollenw.), Fusarium solani (Mart.) 

Sacc., Fusarium roseum Link and F. oxysporum were reivewed for their non-pathogenic 

associations with many beetles and other insects [10]. Ambrosia beetles (Scolytinae, 

Curculionidae: Coleoptera) vector several fungal plant pathogens which live inside the hosts 

as mutualists.  Euwallacea Hopkins spp. are fungus farming beetles which cultivate mutualist 

fusaria. Although majority of these beetles do not cause harm to living plants and attack the 

decaying or recently killed trees. However, some of them colonize living tress and, alongwith 

Fusarium spp., can cause disease such as Fusarium canker or Fusarium dieback [13]. The 

fusaria belonging to ambrosia beetles generally belong to the Fusarium solani species 

complex (FSSC). Overall, FSSC comprise of over 60 species, however, at least 12 belong to 

the Fusarium ambrosia clade, although 10 of these species have not been described yet. These 

insect-mutualist fusaria have adapted themselves for the symbiosis, as their morphology is 

different than the free living fusaria [14]. It was thought that Euwallacea-Fusarium 

association was highly specific, but phylogenetic studies have demonstrated that this 

mutualism has come alongwith multiple symbionts shifts during the course of evolution [15].   

Ambrosia beetles harbour these fungi within their special external structures known 

as ―mycangia‖. These beetles inoculate Fusarium spp. into the trees to digest lignocellulose 

and synthesize nutrients, such as egrosterols, which are required for pupation. There might be 

other roles of mutualist fusaria, however, it has been noticed that, overall, the presence of 

fungi helps in insect growth and fecundity [16]. Occasionally members of the FSSC have also 

been found associated with other beetles, such as Asian longhorned beetles Anoplophora 
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glabripennis Motschulsky (Coleoptera: Cerambycidae) [16]. Scully et al. (2012) performed 

the proteomic analysis of a F. solani isolate obtained from the gut of A. galbripennis grown 

on woody tissue, and found 400 expressed proteins which are needed for plant cell wall 

degradation and digestion, and to recycle nitrogenous waste during periods of nutrient 

limitation [16]. These proteins encompassed several cutinases, pectate lyases, lipases, 

esterases, polysaccharide deacetylases, ureases, glycosyl hydrolases, laccases, peroxidases, 

and enzymes needed for hydrogen peroxide production, probably for lignin depolymerization 

[16].  

4.4 FUSARIUM AS AN ENTOMOPATHOGEN 

4.4.1 ISOLATION STUDIES CLAIMING FUSARIUM ENTOMOPATHOGENICITY 

Hajek and Goettel (2007) suggested that the insect host range of an entomopathogen 

in a controlled laboratory environment is its ―physiological host range‖. Another term, i.e., 

―ecological host range‖ of an entomopathogen is the range of the insect species which can be 

infected in field conditions [17]. There have been some studies in the past which suggest the 

entomopathogenic potential of fusaria in a laboratory setting [18, 19]. However, caged 

laboratory conditions provide an additional benefit to the pathogen, and it is not a surprise that 

physiological host range is generally higher than the ecological host range. Therefore, to 

reduce any bias and to be sure about the entomopathogenicity of Fusarium spp., authors 

undertook a stringent approach as described below, and reviewed only those studies where at 

least the species names of obtained fusaria were mentioned. 

Only those studies were considered where fusaria was found on the insects 

undergone natural mycoses in field conditions, not on stored grains, and where Koch‘s 

postulates for pathogenicity were confirmed for the obtained fusaria strains.  

Moreover, those studies where fusaria were isolated from soils using an insect-bait 

were also considered, if the Koch‘s postulates were subsequently confirmed for the isolated 

strains.  
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4.4.1.1 ISOLATIONS FROM SOILS USING INSECT-BAIT METHOD AND SUBSEQUENT KOCH‘S 

POSTULATES CONFIRMATION 

Soil baiting using an infection sensitive insect such as the larvae of Galleria 

mellonella Linnaeus (Pyralidae: Lepidoptera) is a widely known technique for the isolation of 

entomopathogenic fungi from soils [20, 21]. Generally this methodology is used to report 

entomopathogens such as Beauveria Vuillemin (Hypocreales: Cordycipitaceae) and 

Metarhizium Sorokin (Hypocreales: Clavicipitaceae). However, few studies chose to mention 

the isolation of Fusarium spp. using this technique [22, 23]. A total of seven Fusarium spp. 

exhibiting entomopathogenicity, were isolated from the soils, i.e., Fusarium avenaceum (Fr.) 

Sacc., Fusarium heterosporum Nees, F. moniliforme, F. oxysporum, Fusarium semitectum 

Berk. & Ravenel., F. solani and Fusarium redolens Wollenw. (Table 4-1). 

Table 4-1: Soil isolations of Fusarium spp. using Galleria-bait method and subsequent pathogenicity 

confirmation. 

Fusarium species  Isolation 

numbers and 

respective 

frequencies 

Koch‘s 

postulate 

confirmed (A*) 

Percentage 

(%) Mortality 

during A 

Plantation Country Reference 

F. avenaceum 11 (2.91%) yes 0-26.7 Forests China  [23] 

F. heterosporum 1 (1.4%) yes 18 Citrus orchard Palestine [22] 

F. oxysporum 35 (9.3%)  yes 0-93.3 Forests China  [23] 

2 (2.9%) yes 30-33 Vegetable 

fields and 

citrus orchard 

Palestine [22] 

F. solani 5 (7.14%) yes 28-44 Vegetable 

fields and 

citrus orchard 

Palestine [22] 

18 (4.8%) yes 0-86.7 Forests China  [23] 

F. redolens 1 (0.26%) yes 26.7 Forests China  [23] 

F. semitectum 7 (10%) yes 16-33 Vegetable 

fields 

Palestine [22] 

F. verticillioides 

(=F. moniliforme 

or F. fujikuroi; 

teleomorph: 

Gibberella fujikuroi) 

1 (1.4%) yes 30% Vegetable 

fields 

Palestine [22] 

*In both the studies mentioned above, a quick dip or touch on fungal conidia sporulating on insects were used 

for pathogenicity confirmation. 

4.4.1.2 NATURAL ON-FIELD INSECT MYCOSES AND SUBSEQUENT KOCH‘S POSTULATES 

CONFIRMATION 

As opposed to an earlier review by Teetor-Barsch and Roberts (1983) [10], we were 

quite stringent in selecting studies claming entomopathogenicity of fusaria obtained from 

field infected insect cadavers. The criteria undertaken has already been mentioned earlier. A 
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total of eight studies could meet this criteria and ten Fusarium spp. were found exhibiting 

natural entomopathogenicity, i.e., Fusarium acuminatum Ellis & Everh., F. avenaceum, 

Fusarium culmorum (Wm. G. Sm) Sacc., Fusarium equiseti (Corda) Sacc., Fusarium 

merismoides Corda, F. oxysporum, Fusarium proliferatum (Matsush.) Nirenberg ex Gerlach 

& Nirenberg, Fusarium pseudograminearum Aoki & O'Donnell, F. solani and F. 

verticillioides (Table 4-2). 

4.4.2 PRESENCE AND/OR PRODUCTION OF INSECTICIDAL METABOLITE 

BEAUVERICIN IN FUSARIUM SPP. 

Beauvericin is a cyclic hexadepsipeptide belonging to the enniatin antibiotic family 

[24]. It is one of the active constituents of the entomopathogenic fungi Beauveria bassiana 

(Balsamo) Vuillemin (Hypocreales: Cordycipitaceae), and exhibits insecticidal, antimicrobial 

and anti-tumor activities. It was first isolated in 1969 from B. bassiana and Isaria 

fumosorosea Wize (=Paecilomyces fumosoroseus (Wize) Brown & Smith) [25]. Later, it was 

also reported in other members of entomopathogenic fungal family Cordycipitaceae, such 

as Isaria tenuipes Peck and Cordyceps cicadae (Miq.) [26].  

Gupta et al. (1991) reported the first isolation of Beauvericin from Fusarium spp. 

[27], and later, a few studies such as Logrieco et al. (1998) [28], Jestoi 2008 [29], Stępień 

and Waśkiewicz (2013) [30] and Wang et al. (2018) [26] studied the production of 

Beauvericin by Fusarium spp.. The occurrence of Beauvericin in Fusarium spp. and the 

members of Cordycipitaceae is so frequent that Beauvericin was suggested as a 

chemotaxonomic marker for these fungi [26, 29]. Pertaining to the importance of 

Beauvericin as an insecticidal metabolite, authors also reviewed studies which report its 

isolation and/or the presence in the genome of Fusarium spp.. At least 28 different Fusarium 

spp. produce Beauvericin (Table 4-3). 

4.4.3 PROOF-OF-CONCEPT STUDIES ON FUSARIUM (OXYSPORUM) 

ENTOMOPATHOGENICITY 

Although the occurrence of insecticolous fusaria is very common, there were not 

enough evidences to propose that Fusarium spp. are ―real‖ entomopathogens, alike Beauveria 

or Metarhizium. In this direction, Navarro-Velasco et al. (2011) presented a detailed study 

based on histological evidences and dose-response curve highlighting the infectivity of F. 
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oxysporum in G. mellonella larvae [31]. The study demonstrated: (a) the hyphal proliferation 

within the host hemocoel; (b) fungal interactions with host hemocytes, and (c) host 

colonization of the fungus. Similar study was conducted by Coleman et al. (2011), and they 

suggested that the entomopathogenicity of F. oxysporum fluctuates with varying temperatures 

and fungal conidial morphology [32]. Recently, Muñoz-Gómez et al. (2014) undertook a 

quantitative proteomics approach to identify proteins and peptides involved in elicited 

immune response in the hemolymph of G. mellonella larva infected with F. oxysporum 

microconidia [33]. These studies are the proof-of-concept investigations which demonstrate 

the entomopathogenicity of Fusarium spp. like F. oxysporum. 

4.4.3.1 INDUCED PROTEIN EXPRESSION IN INSECT LARVA DURING FUSARIUM 

(OXYSPORUM) INFECTION 

Muñoz-Gómez et al. (2014) studied the proteins which were expressed differentially 

within the hemolymph of G. mellonella, in control and immunized larval sets, when two 

different concentrations of F. oxysporum, i.e., 10
4
 or 10

6
 microconidia/mL were injected. The 

study also investigated the changes in the immune response when the temperature was raised 

from 25 ᵒC to 37 ᵒC. They observed an expression change of over 50 proteins, and 17 of them 

are supposed to be involved in insect‘s immune response [33]. Here authors review some of 

those immune response. 
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Table 4-2: On-field natural insect mycoses by Fusarium spp. and the pathogenicity confirmation of the obtained isolates. 

Fusarium species Insect-host Number of fungal 

isolates and/or 

occurrence 

frequencies 

Koch‘s 

postulate 

confirmed 

(A) 

Quantity of fungal 

concentration 

used in A 

Percentage 

mortality 

during A 

Plantation Country Reference 

F. acuminatum Cephus cinctus Norton 

(Hymenoptera: 

Cephidae) 

8 (3.7%) Yes, with 

one isolate 

1.5*104 - 1.5*108 

conidia/ml 

~60% at 

1.5*108 

conidia/ml 

Wheat USA [54] 

F. avenaceum C. cinctus 

 

27 (12.4%) Yes, with 

one isolate 

1.5 *104 - 1.5*108 

conidia/ml 

~90% at 

1.5*108 

conidia/ml 

Wheat USA [54] 

F. culmorum C. cinctus 

 

126 (58.1%) Yes, with 

one isolate 

1.5 *104 - 1.5*108 

conidia/ml 

~80% at 

1.5*108 

conidia/ml 

Wheat USA [54] 

F. equiseti C. cinctus 

 

31 (14.3%) Yes, with 

one isolate 

1.5 *104 - 1.5*108 

conidia/ml 

~80% at 

1.5*108 

conidia/ml 

Wheat USA [54] 

F. merismoides P. quercivorus 

 

5 (17.86%) yes n/a 7.17% Oak logs Japan [55] 

F. oxysporum Brahmina coriacea Hope 

(Coleoptera: 

Scarabaeidae) 

262 (18.66%) yes n/a 49.63% Potato India [56] 

Platypus quercivorus 

Murayama 

(Coleoptera: 

Platypodidae) 

4 (14.28%) yes n/a 53.93% Oak logs Japan [55] 

Insects from the orders 

Homoptera, Coleoptera 

and Lepidoptera. 

246 (70.29%) Yes, using 

one isolate 

108 conidia/ml 97.5% Chilli, Palo 

de rosa plant 

and Maize 

Mexico [57]  

Planococcus ficus 

(Signoret) (Hemiptera: 

Pseudococcidae) 

1 (4.55%) Yes 108 conidia/ml 50% Vines Portugal [62] 

F. proliferatum Dryocosmus kuriphilus 

Yasumatsu 

(Hymenoptera: 

2 (3.55%) yes 2*106 conidia mL-

1 
33% and 99% Chestnut Italy [58] 
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Cynipidae) 

F. 

pseudograminearum 

C. cinctus 

 

25 (11.5%) Yes, with 

one isolate 

1.5 *104 - 1.5*108 

conidia/ml 

>95% at 

1.5*108 

conidia/ml 

Wheat USA [54] 

F. solani B. coriacea 120 (8.6%) yes n/a 42.59% Potato India [56] 

P. quercivorus 

 

1 (3.5%) yes n/a 47.33% Oak logs Japan [55] 

Tetanops myopaeformis 

Röder (Diptera: 

Ulidiidae) 

44% yes >106 conidia/ml Considered 

pathogenic 

only after 

Koch‘s 

postulate 

verification 

Wheat 

during 

collection 

and 

Sugarbeet in 

the previous 

year 

USA [59] 

Planococcus ficus 

(Signoret) (Hemiptera: 

Pseudococcidae) 

2 (9.10%) Yes 108 conidia/ml 45% Vines Portugal [62] 

F. verticillioides 

(=F. moniliforme 

or F. fujikuroi; 

teleomorph: 

Gibberella fujikuroi) 

Insects from the orders 

Homoptera, Coleoptera 

and Lepidoptera. 

100 (28.57%) Yes, using 

one isolate 

108 conidia/ml 96.6% Papaya and 

Maize 

Mexico [57] 

Ceratovacuna lanigera 

Zehntner (Homoptera: 

Aphididae) 

Total four strains 

isolated 

Yes; one 

isolate was 

re-tested in 

field 

107 CFU/ml for 

Koch‘s postulate; 

108 CFU/gm 

powder for the 

field 

60% effective 

mortality in 

field 

Sugarcane India [60] 

Tropidacris collaris Stoll 

(Orthoptera: 

Acridoidea) 

One strain isolated 

for further testing 

Tested on 

another 

insect 

2.8*106 

conidia/ml 

58% against 

Ronderosia 

bergi Stål 

(Orthoptera: 

Acrididae) 

Dense 

woodland 

Argentina [61] 

Planococcus ficus 

(Signoret) (Hemiptera: 

Pseudococcidae) 

1 (4.55%) Yes 108 conidia/ml 40% Vines Portugal [62] 
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related proteins which got differentially regulated at 25 ᵒC. Authors also briefly discuss the 

general role of those proteins in insects. 

Table 4-3: Studies reporting production and/or presence of genetic loci in Fusarium spp. encoding for 

the insecticidal metabolite Beauvericin. 

Fusarium species Report of genes, or 

presence in genome 

In-vitro or in-vivo 

production 

References 

F. acuminatum Y Y [28, 30, 49] 

F. ananatum Y Y [30, 46] 

F. anthophilum Y Y [28, 30] 

F. avenaceum - Y [28] 

F. beomiforme - Y [28, 46] 

F. circinatum Y Y [46, 48] 

F. concentricum Y Y [30] 

F. dlamini - Y [28] 

F. equiseti - Y [28] 

F. longipes - Y [28] 

F. mangiferae Y Y [48] 

F. nygamai Y Y [28, 30] 

F. oxysporum Y Y [28, 30] 

F. poae Y Y [28, 30, 50] 

F. proliferatum Y Y [30, 47, 51, 

53] 

F. redolens - Y [49] 

F. sambucinum - Y [28] 

F. semitectum - Y [27] 

F. sporotrichioides - Y [30] 

F. subglutinans Y Y [28, 30] 

F. temperatum Y Y [30] 

F. tricinctum Y Y [30] 

F. glubosum - Y [51] 

F. guttiforme - Y [46] 

F. konzum - Y [52] 

F. langsethiae - Y [50] 

F. pseudoanthophilum - Y [46] 

F. verticillioides 

(=F. moniliforme 

or F. fujikuroi; teleomorph: Gibberella 

fujikuroi) 

Y Y [30, 48, 53] 

Note: Y signifies yes and the minus (-) sign signifies ‗no report yet‘. 

4.4.3.1.1 Crucial down-regulated proteins  

Arylphorin and Apoliphorin, which were supposed to be quite abundant in the 

hemolymph, were down-regulated after F. oxysporum invasion [33]. Ayrlphorins is a class 

of ~500 kDa glycoproteins which are produced by the insect larva as reserves during the 
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metamorphosis and egg development stages [34]. Apolipophorins helps in lipid transport 

and are thought to be associated with antimicrobial activities, as lipids are secreted to 

prevent a microbial invasion. In particular, Aphilophorin III was found to be the most down 

regulated protein in the study by Muñoz-Gómez et al. (2014) [33]. This protein increases 

the antibacterial activity within the hemolymph, and the production of superoxide by the 

hemocytes [35]. Muñoz-Gómez et al. (2014) hypothesized that it may stimulate antimycotic 

activities within the hemolymph. Another glycoprotein, i.e., larval hemolymph protein was 

also found to be down-regulated [33].  

Hexamerins were also found to be down-regulated. They are regularly secreted by 

larval fat body and stored within the hemolymph, and during metamorphosis they return to 

larval fat body to be processed [36]. Transferrin removes the essential iron ions during 

pathogen invasion and makes the insect hemocoel unsuitable for microbial colonization 

[37]. These proteins undertake antibacterial iron-withholding strategies within the insects 

[38]. Muñoz-Gómez et al. (2014) found that the protein Transferrin was also down 

regulated which, according to them, act as an antimycotic mediator enhancing insect 

survival by preventing oxidative stress [33]. 

4.4.3.1.2 Crucial up-regulated proteins 

Cationic protein 8 precursor was also found to be an abundant protein which was 

upregulated extraordinarily [33]. Kim et al. (2010) reported that it functions as an osponin 

which promotes the uptake of invading microbes into hemocytes, and therefore, 

contributing in phagocytosis by hemocytes [39]. Another up-regulated protein, i.e., 

Hemolin, is a member of immunoglobulin protein superfamily which interacts in 

lepidopteran insects as an opsonin. Hemolin is associated with hemocytes, and as an 

opsonin, it facilitates recognition of pathogens and mediates hemocytic immune response 

[40-42]. Increased Hemolin can be seen as an insect response towards mycotic infection as 

its expression was always up-regulated when microconidia concentration was increased 

[33].  
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Another up-regulated protein was Lysozyme which is a well-known anti-bacterial 

enzyme, and is cold-adapted to work in insects dwelling at lower temperatures [43]. 

Melanization is an important physiological change occurring inside hemocoel when an 

insect is invaded by a pathogen, for e.g., Beauveria. Interestingly, Lysozymes have also 

been reported for its anti-melanization activity inside mosquitoes [44].  

During infection process, the immune cells migrate, adhere and phagocytose 

invading pathogens, and contribute to the wound repair. Hence, cell adhesion and 

phagocytosis is quite critical in eliminating infection causing microbes. These two 

processes depend on the dynamics of the Actin network, i.e., Actin filaments 

polymerization and depolymerization [45]. Up-regulation of Actin during F. oxysporum 

invasion of G. mellonella larva further highlights the entomopathogenicity of the fungus 

[33]. 

4.5 CONCLUSION 

Fusarium spp. has been long thought as opportunistic insect pathogenic fungi, or 

saprophytes which colonize decaying body of the insects. Furthermore, fusaria being well 

known plant pathogens, such generalizations only grow stronger. With increasing evidences 

of in-field insect mycoses by fusaria, it‘s time to reconsider its biological functions besides 

being phytopathogens and saprophytes. Studies summarized within this review range from 

ecological to experimental and immunological, and will help researchers to gain insights 

into the role of fusaria as entomopathogens. It was also noticed that fusaria can exhibit 

mutualism with insects, however, this property is generally restricted to FCSS. More proof-

of-concept studies on insects from different orders will further strengthen the claims of the 

entomopathogenicity of different Fusarium spp.. Moreover, authors urge for the 

development of robust markers which could distinguish fusaria that solely exhibit 

entomopathogenicity. Such studies would facilitate the development a few Fusarium strains 

as biological control agents of some insects-pest of interest. 
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5.1 GENERAL OBJECTIVES 

The aim of the work is to access the functional diversity and ecology of the 

entomopathogenic fungi (EPF) on insects and in soils in the Douro Wine Region (DWR) of 

Portugal; and to understand the role of differnt variables, such as bait-insects, and 

ecological factors, such as habitat-type, soil-type, and soil physicochemical characteristics, 

on their occurrence; while applying molecular methods for their identifications. 

5.2 SPECIFIC OBJECTIVES 

 To understand the functional diversity of EPF causing natural mycoses on vine 

mealybug Planococcus ficus (Signoret) (Hemiptera: Pseudococcidae) in vineyards. 

 To discern the diversity of EPF in soils of vineyards and adjacent hedgerows in the 

wine farms of the DWR through soil baiting with different bait-insects Galleria 

mellonella Linnaeus (Lepidoptera: Pyralidae) and Tenebrio molitor Linnaeus 

(Coleoptera: Tenebrionidae). 

 To analyse the soil physicochemical properties based on the occurrences of the 

widely known hypocrealean EPF, i.e., Beauveria bassiana (Balsamo) Vuillemin, 

Metarhizium robertsii Bischoff, Rehner & Humber, Clonostachys rosea f. rosea 

(Link) Schroers, Samuels, Seifert & Gams and Purpureocillium lilacinum (Thom) 

Luangsa-ard, Houbraken, Hywel-Jones & Samson. 

 To emphasize the entomopathogenicity of Fusarium oxysporum Schlechtendahl 

which is widely generalised as a phytopathogen,.and to evaluate the effects of soil 

physicochemical properties on its abundance. 

 To evaluate the utility of different DNA barcode markers in assessing the molecular 

diversity of the isolated EPF. 
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6.1 INSECT-ASSOCIATED FUNGI FROM NATURALLY MYCOSED 

VINE MEALYBUG PLANOCOCCUS FICUS (SIGNORET) 

(HEMIPTERA: PSEUDOCOCCIDAE). 

This chapter is a published article and the details are as follows: 

 

Lav Sharma, Fatima Goncalves, Irene Oliveira, Laura Torres, Guilhermina Marques (2018 ) Insect-

associated fungi from naturally mycosed vine mealybug Planococcus ficus (Signoret) (Hemiptera: 

Pseudococcidae). Biocontrol Science and Technology 28(2): 122-141. 

 

Abstract: Vine mealybug, Planococcus ficus, is a major pest of grapevine, which 

is present in at least 39 countries. According to American Vineyard Foundation, P. ficus is 

in the top ranks among major insect-pests of grapevine. It is the ‗top priority concerns‘ by 

grape growers and a ‗threat to the sustainability of wine industry‘ demanding a ‗high 

priority research‘. In Douro vineyards, it is considered as an occasional insect-pest; 

however, its importance is increasing in some localities. The present study investigates the 

occurrences of P. ficus associated fungi. Vine mealybugs were observed in two of the four 

surveyed farms. Out of the 183 collected mealybugs, 58 were dead of which 25 had 

symptoms of mycosis and 13 were parasitized. Subculturing cadavers and subsequent 

pathogenicity test yielded 22 entomopathogenic fungi (EPF) including yeasts. The yeast 

Meyerozyma (=Pichia) guilliermondii, and the EPF Sarocladium kiliense and 

Purpureocillium lilacinum were the most abundant, i.e., representing 18.18% (N=4), 

13.64% (N=3) and 13.64% (N=3) of the isolates, respectively. Considering biological 

affinities, fungal families Nectriaceae and Microascaceae had the most similar count-data 

profiles. To our knowledge, this work reports the first isolations of EPF from vine 

mealybug worldwide; and Pseudocosmospora rogersonii in Europe and as EPF worldwide. 

The mortality rate originated by mycoses on P. ficus was significantly higher than by its 

parasitoids, suggesting that fungi as P. ficus biocontrol agents are relatively more important 
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than considered before. Overall, this report provides new insights in the development of 

mycoinsecticides and conservation biocontrol strategies for P. ficus pest management. 

Keywords: Agricultural biotechnology - Functional diversity - Conservation 

biological control - Vine mealybug -Entomopathogenic Fungi 

6.2 INTRODUCTION 

The vine mealybug, Planococcus ficus (Signoret) (Hemiptera: Pseudococcidae), is 

a major pest of grapevines. It decreases the crop quality by excreting a carbohydrate rich, 

sticky, honeydew which encourages the growth of sooty mold fungi. Its feeding causes 

defoliation resulting in direct economic losses (Franco, Zada, & Mendel, 2009). It injects 

toxins and transmits plant viruses, for example, Grapevine virus A (GVA), Grapevine virus 

B (GVB), and Grapevine leafroll-associated viruses (GLRaV). These viruses are associated 

with grapevine diseases such as corky bark disease by GVB, grapevine leafroll disease 

(GLD) by GLRaV-1 and GLRaV-3, and Kober stem grooving and Shiraz disease by GVA 

(Holm, 2008). The ability to serve as a viral disease vector renders P. ficus as a serious 

threat to crops, even at a lower density. Moreover, grape bunches infested with mealybugs 

negatively influence the quality of wine produced (Bordeu, Troncoso, & Zaviezo, 2012).  

Planococcus ficus is a polyphagous insect which may attack different subtropical 

and tropical crops and fig trees in Europe. It causes more damage compared to other 

mealybug species such as Pseudococcus longispinus (Targioni-Tozzetti), Pseudococcus 

maritimus (Ehrhorn) and Pseudococcus viburni (Signoret) due to their higher honeydew 

secretion, higher reproductive rate of around 250 eggs per female and wider host range (le 

Vieux, 2013). It is present in at least 39 wine producing countries in the European 

Mediterranean region, Africa, Middle East, Asia, Australia, New Zealand, and North and 

South America (Daane et al., 2012; Holm, 2008).  

Due to its adverse effects on grapevines, P. ficus is highly ranked in the list of 

major pests of grapevines by the American Vineyard Foundation (Holm, 2008). A survey in 

the year 2009 by the American Vineyard Foundation observed mealybugs and grapevine 
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leafroll disease as‘ threats to the sustainability of the wine industry‘. The foundation also 

considered vine mealybugs as one of the ‗top priority concern by grape growers‘ and 

emphasized on ‗high priority research‘ (Almeida et al., 2013).  

In Portugal, the vine mealybug is reported to be a serious pest by some vine 

growers in Algarve, Beira Litoral, Madeira, Oeste and Ribatejo regions (Godinho and 

Franco, 2001), and an occasional insect-pest of grapevines in Douro Wine region (DWR). 

Nevertheless, its incidence in this region has been increasing in recent years (Gonçalves et 

al., 2014). DWR is the world‘s oldest controlled wine making region and a UNESCO world 

heritage site (Carlos et al., 2013). 

Chemical control is one of the most common pest control method applied against 

mealybugs. However, insecticide applications face challenges as mealybugs hide under the 

bark, in crevices or roots. In addition, mealybugs quickly develop resistance to insecticides 

(Muştu, Demirci, Kaydan, & Ülgentürk, 2015). The use of chemicals may also affect 

natural enemies, which may originate secondary pest outbreaks (le Vieux, 2013). Other 

techniques such as mating disruption fail at high insect-pest density and its repeated use 

during several years is needed for an effective pest management (Cocco, Lentini, & Serra, 

2014; Sharon et al., 2016). Cultural control methods such as immersion of nursery material 

for vine propagation in hot water baths with different temperatures is only a precautionary 

measure not recommended for heavily infested materials (Holm, 2008). The use of 

biological control methods with predatory coccinellid beetles and hymenopteran parasitoids 

has been quite successful in P. ficus pest management. However, some factors such as ants 

negatively influence the relative effectiveness of parasitoids and predators, as they provide 

shelter to mealybugs against natural enemies and hostile environment (Franco et al., 2009; 

Muştu et al., 2015).  

Functional biodiversity studies within the agroecosystems and their applicability in 

production has been well documented (Wood et al., 2015). However, not many studies 

emphasize the role of entomopathogens‘ diversity in insect-pest control which ultimately 

leads to a complete ignorance for the possibilities of conservation biological control (CBC) 
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through entomopathogens (Lacey et al., 2015; Meyling and Eilenberg, 2007). Among the 

studies on microbes associated with mealybugs, most of them focus on their bacterial 

endosymbionts, i.e., either obligate (Koga, Nikoh, Matsuura, Meng, & Fukatsu, 2013; von 

Dohlen, Kohler, Alsop, & McManus, 2001), or facultative (Franke, Fegan, Hayward, 

Leonard, & Sly, 2000; Singh, Kumar, Thomas, Ramamurthy, & Rajagopal, 2013). Only a 

few studies reported fungal endosymbionts of mealybugs, for example, yeast-like 

endosymbionts in mango mealybug Rastrococcus iceryoides (Green) (Buchner, 1965), and 

the presences of Candida yeast and eurotialian fungi in P. longispinus (Popova, Trencheva, 

& Tomov, 2016). Recently, Iasur-Kruh et al. (2015) investigated the bacterial and the 

fungal endosymbionts of P. ficus. However, there is no report on fungi causing natural 

mycoses on P. ficus in the fields. 

Possibilities of P. ficus biocontrol using entomopathogens cannot be neglected. 

Abd El Rahman, Abd El Razzik, Osman, & Mangoud (2012) reported mortality of 

mealybugs Planococcus citri (Risso) and P. ficus using entomopathogenic nematodes 

(EPN), and le Vieux (2013) noticed high mortality of P. ficus by EPN. Fungal biocontrol 

agents or entomopathogenic fungi (EPF) are among the most important microbial 

biocontrol agents (Vega et al., 2008), and may prove promising biocontrol agents against P. 

ficus. Some previous reports support the use of EPF in achieving mortalities of mealybugs 

in a laboratory setting. Müller-Kögler (1965) noticed that Isaria farinosa was effective 

against the citrus ground mealybug Rhizoecus kondonis (Kuwana). Rojter, Bonney, & Legg 

(1966) reported the mortality of Planococcoides njalensis (Liang) by Cephalosporium. Le 

Rü (1986) reported Phenacoccus manihoti (Matile-Ferrero) mortalities by Neozygites 

fumosa; and Ujjan and Shahzad (2007) found Metarhizium acridum pathogenic to pink 

hibiscus mealybug Maconellicoccus hirsutus (Green). Uma Devi, Padmavathi, Uma 

Maheswara Rao, Khan, & Mohan (2008) also reported entomopathogenicity of Beauveria 

bassiana on M. hirsutus. Panyasiri, Attathom, & Poehling (2007) demonstrated that fungi 

Hypocrella hypocreoidea, Metathizium anisopliae and Fusarium solani could cause 

significant mortalities of Pseudococcus cryptus (Hempel). Kumar, Nitharwal, Chauhan, 

Pal, & Kranthi (2012) found mortality of cotton mealybug Phenacoccus solenopsis 
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(Tinsley) by EPF B. bassiana, M. anisopliae and Lecanicillium lecanii. Some studies also 

reported mortalities of P. citri by fungal inoculums of B. bassiana and M. anisopliae 

(FitzGerald, Hill, Moore, & Dames, 2016), and I. farinosa (Demirci, Muştu, Kaydan, & 

Ülgentürk, 2011). 

On-field natural mycoses on some mealybug species have also been observed a 

few times. Planococcus citri was found infected by Cephalosporium sp. (Rojter et al., 

1966). Natural mortalities of sugarcane mealybug Saccharicoccus sacchari (Cockerell) 

were observed by fungi Aspergillus parasiticus, Cordyceps sp., Penicillium sp., and M. 

anisopliae (De Barro, 1990). Hirsutella cryptosclerotium and N. fumosa caused mycoses in 

fruit tree mealybug Rastrococcus invadens (Williams) (Fernández-García, Evans, & 

Samson, 1990), and cassava mealybug Phenacoccus herreni (Cox & Williams) (Junior, 

Humber, Bento, & de Matos, 1997), respectively. 

 Studying the ecology of the indigenous populations of EPF is a prerequisite for a) 

understanding their contributions to natural insect-pest‘s control, and b) predicting the 

impact of various agricultural practices on their populations (Meyling and Eilenberg, 2007). 

Moreover, an effective fungal biopesticide developed in a region could be ineffective 

elsewhere due to different environmental and ecological conditions (Goble, Dames, P Hill, 

& Moore, 2010). Fungal inoculums of B. bassiana and M. anisopliae have been developed 

as biocontrol agents of different insect-pests in agroecosystems (Lacey et al., 2015). Few 

reports have been published on the effect of fungal inoculums, such as those of B. bassiana, 

M. anisopliae, L. lecanii and I. farinosa, in P. ficus mortality (Chambers, 2005; Mohamed, 

2016; Muştu et al., 2015). However, the inundative use of EPF can be detrimental for 

predators and parasitoids as well as it overlooks the indigenous reservoir of fungi already 

present in a cropping system (Lacey et al., 2015). According to our knowledge, there is no 

report on the ecology of insect-associated fungi (IAF) from vine mealybug collected from 

an agroecosystem. This represents a big deficit in the current knowhow of the biological 

control of P. ficus. This study aims to understand the diversity of the fungi which are 

responsible in inducing natural mortalities among vine mealybugs, to provide new insights 
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in the pest management of P. ficus. The objectives of the research are: (a) to isolate IAF 

from vine mealybug cadavers collected from vineyards, and (b) to confirm their 

pathogenicity against vine mealybugs and common bait-insects, i.e., Galleria mellonella 

Linnaeus (Lepidoptera: Pyralidae) and Tenebrio molitor Linnaeus (Coleoptera: 

Tenebrionidae). To our knowledge, the present study reports the first isolations of insect-

associated fungi from naturally mycosed vine mealybug. 

6.3 MATERIALS AND METHODS 

6.3.1 VINE MEALYBUG COLLECTION 

Four farms located at DWR, i.e., Arnozelo (41°8'1"N, 7°18'25"W), Aciprestes 

(41°12'30"N, 7°25'58"W), S. Luiz (41°9'22"N, 7°36'55"W) and Vallado (41°9'37"N, 

7°45'52"W), were surveyed to collect mealybugs during October and November 2013. 

Arnozelo is located in the ‗Douro Superior‘ region, Aciprestes and S. Luiz in the ‗Cima 

Corgo‘ region, and Vallado in the ‗Baixo Corgo‘ region of the DWR. The months of 

October and November are usually accompanied by rain (i.e., humidity) and temperatures 

around 20 ᵒC (Gonçalves et al., 2014), which is deemed favourable for fungal growth. The 

vine mealybugs were collected by inspecting the vines, and removing the bark of the trunks 

and the cordons. A total of 100 vines per farm were inspected for their presences. Life 

stages, i.e., early instars (first or second instars) or late instars (third instar or adult females) 

were noticed, and dead individuals were screened for the symptoms of mycoses or 

parasitism under a low magnifying stereomicroscope (Olympus SZX9, 40X magnification). 

Other types of mortalities, i.e., caused by predators or mishandling, were not considered 

further in this study. A brief description of overall process of vine mealybug collection and 

fungal characterisation is described in Fig. 6-1. 
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Figure 6-1: A graphical overview of the study conducted. 

6.3.2 FUNGAL ISOLATIONS 

Mycosed mealybugs were surface sterilised by 1% Na-Hypochlorite, rinsed three 

times with sterilised distilled water and subsequently cultured onto different nutrient media. 

Primarily, CTAB-OMA, i.e., oatmeal agar (OMA) supplemented with 

cetyltrimethylammonium bromide (CTAB) and chloramphenicol was used as described in 

Posadas, Comerio, Mini, Nussenbaum, & Lecuona (2012). In brief, 20 g of rolled oats were 

simmered in distilled water for 20 minutes and filtered. Thereafter, 20 g of agar 

(Liofilchem) was added and medium volume was made up to 1L and autoclaved. 0.6 g/L of 

CTAB (Sigma) and 0.5 g/L of chloramphenicol (Acros) were added to reduce the growth of 

fungal and bacterial contaminants. In cases of the unsuccessful fungal growth, cadavers 

were cultured onto Dichloran Rose Bengal chloramphenicol agar (DRBCA) (Liofilchem). 

Fungi were repeatedly subcultured onto OMA or Sabouraud dextrose agar (SDA) (Prolabo) 

at 25ᵒC until pure cultures were obtained.  
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6.3.3 INSECT REARING 

A laboratory population of vine mealybugs was established from field insects 

collected from the vineyards of DWR and maintained on sprouted potatoes under controlled 

conditions (25± 2 °C, 50–60%RH, 16h L:8h D photoperiod). Galleria mellonella and T. 

molitor larvae and their foods were bought from La Grilleria, Spain (www.lagrilleria.es), 

and these insects were also maintained under same conditions. 

6.3.4 CONFIRMATION OF FUNGAL PATHOGENICITY (KOCH‘S 

POSTULATES) 

Isolated fungi were tested against vine mealybugs, and the common bait insects G. 

mellonella and T. molitor, to confirm the Koch‘s postulates. The method used was 

described by Goble et al. (2010). Fungal cultures were grown in OMA and spores were 

incised and added to 1 mL of sterilised water, and vortexed briefly. Five late instars 

nymphs or larvae of each insect species were placed in different Petri-dishes. Ten µL 

(0.02% Tween 20) of the fungal suspension (10
8 

conidia/mL) were applied topically onto 

the nymphs or larvae. Petri-dishes were kept at a temperature of 25 ᵒC and relative humidity 

of 85%, in dark, inside the environmental chamber (Panasonic MLR-352H-PE). A total of 

10 late instar nymphs or larvae were considered to confirm the pathogenicity of each fungal 

strain. The food was withheld for T. molitor and G. mellonella during the infection test 

period of one week, as described in Goble et al. (2010). During the test, vine leaves were 

used as the food source for P. ficus. Leaves were surface sterilised and kept in the Petri-

dishes with sterile moist filter papers. The stalk end of the leaf was kept in an Eppendorf 

tube containing 20% sucrose solution to maintain its turgidity (Kumar et al., 2012). Inside 

the Perti-dish, five mealybugs nymphs (N3) were transferred onto the leaf, and the lid was 

kept closed for 12 hours to allow the mealybugs to settle. The leaves with settled 

mealybugs were then transferred into another Perti-dish containing a moist filter paper, and 

the fungal inoculums were applied topically onto each mealybug (Kumar et al., 2012). This 

was done in a replicate for each fungal strain. Five Petri-dishes, each with five nymphs 

were used as the control and 10 µL of 0.02% Tween was applied onto the nymphs. Out of 
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the 25 nymphs tested, three nymphs were found dead in the control tests, and therefore, the 

fungi exhibiting mortalities below 12% were not considered as pathogenic. Authors 

supported this criterion as the conditions in a caged environment, where high humidity and 

optimum temperature was maintained, would anyhow encourage chances of mycoses. No 

larval mortality was observed in the control tests for G. mellonella and T. molitor. Only 

those fungi which were found positive in causing insect mortalities above 12% were re-

isolated from cadavers and considered further in this study. 

6.3.5 ENDOSYMBIONT YEAST ISOLATIONS 

The method was initially described by Zacchi and Vaughan-Martini (2003). 

Acidified yeast extract peptone glucose (YEPG) agar was used to culture endosymbiont 

yeasts. In brief, YEPG (1% w/v yeast extract, 1% w/v peptone, 2% w/v glucose, 2% w/v 

agar) was supplemented with 0.1% (v/v) chloramphenicol and pH was adjusted to 4.5 using 

HCl. Twenty-five vine mealybugs were placed in a sterile Petri-dish for 48 hours without 

food, prior to dissection. Withholding food reduce chances of culturing contaminants from 

the gut (Suh and Blackwell, 2004). During the incubation, some females laid eggs and 

therefore, 20 eggs were also tested for the presence of endosymbionts. Mealybugs and eggs 

were surface sterilised with 75% ethanol inside a laminar flow for 60 seconds followed by a 

rinse with 0.7% saline solution. Rinsed liquids were plated on the acidified YEPG agar as 

controls to verify sterility of the surfaces of mealybugs and eggs. Dissections were 

performed using a sterile needle with the aid of a stereomicroscope. Crushed mealybugs 

and eggs were cultured onto YEPG agar Petri-dishes and incubated at 25ᵒC. Subsequent 

subculturing was done till pure cultures were obtained. 

6.3.6 FUNGAL IDENTIFICATIONS 

Preliminary identifications of the fungi were made by the appearances of the 

infected larvae and morphological characteristics. Microscopic identifications were made 

using a light microscope (Olympus BX51, 400X magnification). Morphological 

characteristics that were used for identification are described in taxonomic key (Domsch, 
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Gams, & Anderson, 2007). The protocol for the isolation of DNA was adapted from 

previous studies (Möller, Bahnweg, Sandermann, & Geiger, 1992; Oliveira, Pereira, Lino-

Neto, Bento, & Baptista, 2012). Three nuclear loci, i.e., ITS, TEF1 and RPB1 were 

analysed for the molecular identification of the obtained fungi. ITS region was amplified 

using primer pair, ITS1 (5‘-TCCGTAGGTGAACCTGCGG-3‘) and ITS4 (5‘-

TCCTCCGCTTATTGATATGC-3‘) (White, Bruns, Lee, & Taylor, 1990), TEF1 using 

primers 983F (5‘-GCYCCYGGHCAYCGTGAYTTYAT-3‘) and 2218R (5‘-

ATGACACCRACRGCRACRGTYTG-3‘) (Rehner and Buckley, 2005), and RPB1 using 

primers RPB1-Af (GAR TGY CCD GGD CAY TTY GG) and RPB1-Cr (CCN GCD ATN 

TCR TTR TCC ATR TA) (Matheny, Liu, Ammirati, & Hall, 2002). Twenty-five µL of 

PCR reaction volume included 1 µL of forward and reverse primers each, 11 µL of fungal 

DNA (~ 10ng/ µL) and 12 µL of AmpliTaq Gold
®

 360 Master Mix (Applied Biosystems). 

PCR cycles conditions for ITS, TEF1 and RPB1 were same as described in Rehner and 

Buckley (2005) and Yurkov, Guerreiro, Sharma, Carvalho, & Fonseca (2015). PCR 

products were purified using NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel). 

Primers which were used for amplifications were also used for respective amplicon 

sequencing. Primers syntheses and amplicon‘s sequencing were performed at STABVida, 

Portugal. Sequences were trimmed and edited using BioEdit version 7.1.3.0 (Hall, 1999). 

The sequences were deposited in EMBL and the newly generated accession numbers are 

mentioned in Table 10-1. The accession numbers for the yeast Rhodotorula mucilaginosa 

for ITS and TEF1 are LT615294 and LT615316, respectively. 

6.3.7 DATA ANALYSES 

Software IBM SPSS Statistics 24 was used to perform statistical data processing. 

Only the fungal species which were found positive after confirming the Koch‘s postulates 

were considered for statistics. Chi-square tests (
) were used to evaluate if there is any 

effect of farm-type (i.e., micro-climatic conditions) or life stage on insect-pest mycosis and 

Chi-square Goodness of Fit test to verify the null hypothesis of equal proportions of 

mortalities by mycoses and by parasitoids. Hierarchical Cluster Analysis using chi-square 
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measures, as distances for count-data, and Ward‘s method, as aggregation method was used 

to understand the proximities among different fungal species and families based on their 

natural occurrences.  

6.4 RESULTS 

6.4.1 CAPTURE, MORTALITIES, PARASITISM AND MYCOSES OF P. FICUS 

 Mealybugs were detected in two out of the four surveyed farms, i.e., Arnozelo and 

Vallado. A total of 183 P. ficus individuals were collected. The number of mealybugs 

collected is presented in the Table 6-1, according to the sampled site and mealybug life 

stage. Mealybug parasitoids, i.e., Anagyrus sp. nr. pseudococci (Girault) and those from the 

genus Leptomastidea Mercet (Hymenoptera: Chalcidoidea) and Ericydnus Haliday 

(Hymenoptera: Encyrtidae), were observed in this study. It was noticed that both 

parasitoids (N=12) and fungi (N=12) were equally effective in causing mortalities of the 

early instars of P. ficus. However, mycoses was highly dominant among late instars (N=13) 

when compared with parasitism (N=1). However, the number of mealybugs killed by fungal 

infection (N=25) was significantly higher than that resulted from parasitism (N=13) 

(
=3.789, df=1, P=0.026). There was no effect of the sampled site (

=0.045, df=1, 

P=0.833) or mealybug life stage (
=1.289, df=1, P=0.256) on the level of mealybug 

mycosis.  

Table 6-1: The total number of vine mealybugs collected according to the farm-type and life stages and 

their observed causes of mortality. 

 

Farm-types 

 

Arnozelo Vallado 

Life stages*  Early instars Late instars Early instars Late instars 

Number of mealybugs collected (N=183) 98 53 9 23 

Total number of dead mealybugs (N=58) 33 17 3 5 

Dead by fungal infection (N=25) 10 11 2 2 

Killed by parasitoids (N=13) 11 1 1 0 

Death by other causes (N=20) 12 5 0 3 

*Captured vine mealybugs were classified according to their life stages, i.e., early instars (first or 

second instar), or late instars (third instar or adult females). 
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6.4.2 FUNGI FROM P. FICUS CADAVERS 

Out of the 25 fungi which showed symptoms of mycosis (Table 6-1), 22 fungal 

isolates were found pathogenic to P. ficus and subsequently recovered by subculturing 

(Table 6-2). Eighteen of them were filamentous fungi and four were filamentous yeasts. All 

the yeasts belonged to the species Meyerozyma (=Pichia) guilliermondii (anamorph 

Candida guilliermondii) and its relative abundance of was 18.18% (N=4) (Table 6-2). To 

confirm if the obtained yeast was a mealybug endosymbiont, live mealybugs and eggs were 

crushed and cultured, and the results were negative. Although another yeast R. 

mucilaginosa was isolated as an endosymbiont. 

Among EPF, most of the isolates were from genera Fusarium, Penicillium, 

Purpureocillium and Sarocladium. Particularly, Purpureocillium lilacinum and 

Sarocladium kiliense were the most frequent species, i.e., 13.64% (N=3) each. Besides, two 

isolates each of F. solani, Graphium penicillioides and Penicillium griseofulvum were 

noticed, i.e., 9.1% each. Single isolation of Aspergillus sclerotiorum, Fusarium fujikuroi, 

Fusarium oxysporum, Penicillium sp. Pseudocosmospora rogersonii and Sarocladium 

strictum, i.e., 4.55% each, were also observed (Table 6-2).  
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Table 6-2: Insect-associated fungi isolated from naturally mycosed cadavers of vine mealybug Planococcus ficus (Signoret) (Hemiptera: Pseudococcidae). 

Fungal strains 

and their classification 

Percentage (%) 

frequency 

Previous reports on 

insect-pathogenicity 

       

 

Phylum: 

Ascomycetes 

  

 

 

Subphylum: Pezizomycotina 

 

 

  

Class: Sordariomycetes 

 

 

   

Order: Hypocreales 

 

 

    

Family: incertae sedis 

 

 

     

Sarocladium kiliense (Grütz) Summerbell+ 13.64 Steenberg and Humber (1999); Vega, et al. (2008) 

     

Sarocladium strictum (Gams) Summerbell+ 4.55 Steenberg and Humber (1999); Vega et al. (2008) 

    

Family: Nectriaceae 

 

 

     

Fusarium fujikuroi  

(Hsieh, Smith & Snyder)& 4.55 

Mehetre, Mukherjee, & Kale (2008); Pelizza, Stenglein, Cabello, 

Dinolfo, & Lange (2011) 

     

Fusarium oxysporum Schlecht.  

emend. Snyder & Hansen 4.55 

Navarro-Velasco, Prados-Rosales, Ortíz-Urquiza, Quesada-

Moraga, & Di Pietro (2011) 

     

Fusarium solani (Mart.) Sacc. 9.10 Majumdar, Boetel, & Jaronski (2008) 

     

Pseudocosmospora rogersonii Herrera & Chaverri* 4.55 Mauchline et al. (2011) 

    

Family: Ophiocordycipitaceae 

 

 

     

Purpureocillium lilacinum Luangsa-ard, Houbraken, Hywel-Jones & Samson 13.64 Avery et al. (2011); Marti et al. (2006) 

       

 

   

Order: Microascales 

 

 

    

Family: Microascaceae 

 

 

     

Graphium penicillioides Corda£ 9.10 Jacobs et al. (2003) 

       

 

  

Class: Eurotiomycetes 

 

 

   

Order: Eurotiales 

 

 

    

Family: Trichocomaceae 

 

 

     

Aspergillus sclerotiorum Huber$ 4.55 Whyte et al. (1996) 

     

Penicillium sp. 4.55 De Barro (1990) 

     

Penicillium griseofulvum Dierckx 9.10 Sharma, Chandla, & Thakur (2012) 

       

 

 

Subphylum: Saccharomycotina  
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Class: Saccharomycetes 

 

 

   

Order: Saccharomycetales 

 

 

    

Family: Saccharomycetaceae 

 

 

     

Meyerozyma guilliermondii (Wick.) Kurtzman & Suzuki 18.18 Haidani et al. (2008); Rossoni et al. (2013) 

(+) Previously Sarocladium was incorporated among Acremonium fungi. 

(&) Fusarium fujikuroi (Teleomorph: Gibberella fujikuroi (Syn: Fusarium verticillioides)) 

(*) Pseudocosmospora is a newly described genus. Species of Cosmospora are specialist entomopathogenic fungi of armored scale insects (Hemiptera: Diaspididae) 

and could bring epizootic control of the insect populations. 

(£) Graphium spp. were hypothesized as weak pathogens of beetles. 

 ($) A compound Sclerotiamide, isolated from Aspergillus sclerotiorum, caused significant insect mortality.  

The total numbers of fungal isolates are 22.  
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6.4.3 PATTERNS IN THE FUNGAL OCCURRENCES 

Hierarchical clustering dendrogram of the fungi based on their distribution among 

different farms types and life stages suggested that fungal strains A. sclerotiorum MB15A2, 

Penicillium sp. MBY01, F. fujikuroi MB19B1 and F. oxysporum MB19B had very similar 

count-data profile (Fig. 6-2a). In terms of the biological proximities of the fungal families, 

Nectriaceae and Microascaceae exhibited very similar count-data profile, while incertae 

sedis had the most dissimilar profile than any of the other families (Fig. 6-2b). 

 

Figure 6-2: Hierarchical clustering dendrogram of the obtained fungi based on their biological 

proximities. 

6.4.4 FUNGAL PATHOGENICITY CONFIRMATION TEST  

Isolated fungal strains were verified for their entomopathogenic potential against 

P. ficus. Yeast strains M. guilliermondii MB14B1 and MB03A, EPF P. lilacinum strains 

MB01F, MB10B and MB18, P. rogersonii MB09C and S. kiliense MB20A1 exhibited high 

pathogenicity against P. ficus. Other strains such as F. oxysporum MB19B, F. solani 

(MB04 and MB10A), F. fujikuroi MB19B1 and Penicillium sp. MBY01 were moderate or 

weaker pathogens of vine mealybugs. Penicillium griseofulvum MB14B2, A. sclerotiorum 

MB15A2 and G. penicillioides MB02A were weak P. ficus pathogens. Additional details 
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on the pathogenicity of all the fungal strains with respect to P. ficus, and the model bait-

insects G. mellonella and T. molitor, are given in Table 6-3.  

Table 6-3: The numbers of nymphal or larval mortalities caused by the application of the inoculums of 

the different fungal strains.  

Fungal species Strain  Planococcus ficus Tenebrio molitor Galleria mellonella 

Sarocladium kiliense MB07 6 8 8 

S. kiliense MB17B1 4 8 7 

S. kiliense MB20A1 7 9 7 

Sarocladium strictum MB05B 5 7 8 

Fusarium fujikuroi MB19B1 4 5 7 

F. oxysporum MB19B 5 6 8 

F. solani MB04 6 3 5 

F. solani MB10A 3 7 4 

Pseudocosmospora 

rogersonii 
MB09C 

7 3 5 

Purpureocillium lilacinum MB01F 8 9 9 

P. lilacinum MB10B 7 8 9 

P. lilacinum MB18 8 9 8 

Graphium penicillioides MB02A 3 5 3 

G. penicillioides MB06 4 3 2 

Aspergillus sclerotiorum MB15A2 4 3 4 

Penicillium sp. MBY01 5 2 3 

Penicillium griseofulvum MB14B2 3 0 2 

P. griseofulvum MB19C1 4 1 0 

Meyerozyma guilliermondii MB02B 5 6 3 

M. guilliermondii MB03A 7 5 4 

M. guilliermondii MB05A 6 3 2 

M. guilliermondii MB14B1 8 4 3 

Note: The list presents the number of late instar nymphs or larvae found dead after one week of the 

application of 10 µLfungal inoculums with the concentration of 108 conidia/mL at a temperature of 25º C and 

a relative humidity of 85%. Ten insects were tested per species per fungal strain. 

6.5 DISCUSSION 

6.5.1  VINE MEALYBUG MANAGEMENT STRATEGIES, PARASITISM AND 

SIGNIFICANCE OF MYCOSIS 

Vine mealybug is one of the most important grapevine pests throughout the world, 

and its presence is increasing rapidly. Global distribution of P. ficus has almost doubled 

from 20 countries in 1994 to 39 countries by 2007 (Holm, 2008). Different biological, 

chemical and culture control methods have been ineffective which further aggravates the 

problem of insect-pest management (Holm, 2008). Perennial habitats, like vineyards, may 
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support larger and more stable microbial communities compared to annual vegetable 

cropping systems. Strategies for CBC, including those with entomopathogens, are 

favourable in such agroecosystems (Goble et al., 2010). Collecting mealybugs from 

grapevines increase the likelihoods of finding EPF that are functional in vineyards. It was 

noticed that the number of mortalities of P. ficus originated by mycoses were significantly 

higher than those caused by parasitism. Among early instars, the level of mycoses was 

equal to that of parasitism, however, late instars mainly died because of mycoses (Table 6-

1). These results suggest that different life stages of vine mealybugs are susceptible to 

distinct biotic factors of mortality, i.e., mycoses or parasitism. However, a more detailed 

study is required to test this hypothesis. Overall, these results suggest that the importance of 

fungi as biocontrol agents of P. ficus was relatively higher than previously thought. This 

study reports the first ever natural mycosis of P. ficus, according to our knowledge.  

6.5.2 ECOLOGICAL PROXIMITIES OF THE OBTAINED FUNGAL 

ENTOMOPATHOGENS 

Fungi have a diverse mode of nutrition ranging from being saprophytes, 

mycoparasites, plant pathogens, endophytes and animal pathogens. Hierarchical clustering 

dendrogram of the obtained fungi grouped A. sclerotiorum, Penicillium sp., F. fujikuroi and 

F. oxysporum very close in terms of their ecological niche (Fig. 6-2a). Generally these 

fungal species are considered as entomopathogens as well as saprophytes, and their 

proximities suggest their unique biological role encompassing these two different modes of 

nutrition. Fungi belonging to the family incertae sedis were grouped together and they were 

quite distinct from other families (Fig.6- 2b). This adds to our knowledge to this 

hypocrealean family whose biological relationships with other families are not very well 

known. Nonetheless, other fungi which were not observed in this study, however exhibiting 

similar ecological niches, can be investigated for possible fungal biocontrol agents of 

mealybugs. 
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6.5.3 RELEVANCE OF STUDIES BASED ON NATURAL MYCOSIS 

Enhanced adaptability of an indigenous EPF strain in a particular region and the 

importance of studying the distribution of such biocontrol agents have been discussed 

before (Goble et al., 2010; Meyling and Eilenberg, 2007). The diversity of IAF was studied 

and subsequent tests for fungal pathogenicity confirmation were performed. The study 

design of exploring the diversity of IAF causing natural mycosis on an insect-pest was in 

line with many previous reports (Avery, Mannion, Powell, McKenzie, & Osborne, 2011; 

Goble et al., 2012; Junior et al., 1997; Meyling, Schmidt, & Eilenberg, 2012; Oliveira et al., 

2012). Additional assessments of fungal strains at different concentrations were avoided 

alike above mentioned studies, as the focus was on naturally occurring IAF diversity and its 

confirmation. Filamentous fungi reported on P. ficus in this study have also shown 

pathogenicity against various other mealybugs in the past, and details of which are provided 

further.  

6.5.4 FUNGAL INSECT PATHOGENICITY ON HEMIPTERAN AND SCALE 

INSECTS 

Aspergillus sclerotiorum MB15A2 was found to be associated with the vine 

mealybug (Table 6-2).  Fungi from Aspergillus genus are considered as saprophytes. 

However, some species of this genus have been reported as entomopathogenic. A 

compound Sclerotiamide, isolated from A. sclerotiorum, caused significant insect mortality 

(Whyte, Gloer, Wicklow, & Dowdw, 1996). Ashbolt and Inkerman (1990) mentioned 

Aspergillus parasiticus as a mealybug parasite. De Barro (1990) found on-field mortality of 

S. sacchari by A. parasiticus. Penicillium sp. MBY01 and P. griseofulvum strains MB14B2 

and MB19C1 were also observed causing mycoses on P. ficus (Tables 6-2 and 6-3). 

Various Penicillium spp. were isolated from hemipteran pests by Greif and Currah (2007) 

and different Penicillium spp. were pathogenic to mealybug species P. cryptus (Panyasiri et 

al. 2007) and S. sacchari (De Barro, 1990).  

Fungi belonging to Fusarium genus are widely known as plant pathogens and 

saprophytes. Among animals, Fusarium spp. are quite abundantly associated with insects 
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from different orders, i.e., Coleoptera, Diptera, Hemiptera, Isoptera, Lepidoptera and 

Orthoptera (Tiago et al., 2016). Teetor-Barsch and Roberts (1983) reviewed different 

insect-host specific Fusarium spp. and discussed their entomopathogenicity; harmlessness 

towards crops; and enhanced capabilities of survival in the fields. O'Donnell et al. (2012) 

isolated different Fusarium species from hemipteran insects and also emphasized on their 

use as the biological control agents of agricultural insect-pests, and as a source of 

insecticidal compounds. In the present study, F. fujikuroi MB19B1, F. oxysporum MB19B, 

and F. solani strains MB04 and MB10A were recovered from vine mealybugs and were 

found pathogenic (Tables 6-2 and 6-3). Numerous Fusarium isolates were observed on 

cadavers of scale insects, such as Parthenolecanium corni (Bouché) (Hemiptera: Coccidae) 

and Fiorinia externa (Ferris) (Hemiptera: Diaspididae) (Gouli, Gouli, Marcelino, Skinner, 

& Parker, 2013). Da Silva Santos, Oliveira, da Costa, Tiago, & de Oliveira (2016) reported 

a high mortality of cactus pest Dactylopius opuntiae (Cockerell) (Hemiptera: 

Dactylopiidae) by strains of Fusarium incarnatum-equiseti species complex. In mealybugs, 

Panyasiri et al. (2007) reported 56.7% mortality of P. cryptus by a F. solani strain. 

Genus Pseudocosmospora has been recently described to accommodate fewer 

Cosmospora species (Herrera, Rossman, Samuels, & Chaverri, 2013). In this study, P. 

rogersonii MB09C was found infecting P. ficus (Table 6-3). Cosmospora spp. are specialist 

EPF of armored scale insects and could bring epizootic control of the insect populations 

(Mauchline, Hallett, Hill, & Casonato, 2011). Cosmospora penetrates scale insects through 

the natural openings, and therefore, negates any possibilities of a failed fungal cuticle 

attachment which may occur due to the presence of a waxy coat on the insect cuticle 

(Mauchline et al., 2011). Cosmospora spp. could be further investigated as fungal 

biocontrol agent for mealybugs such as P. ficus. 

Purpureocillium lilacinum is a renowned microbial biocontrol agent because of its 

nematicidal and entomopathogenic properties (Perdomo et al., 2013). It was also isolated in 

this study (Table 6-2). Avery et al. (2011) and Marti, Lastra, Pelizza, & Garcia (2006) 

noticed natural mortalities of fig whitefly Singhiella simplex (Singh) (Hemiptera: 
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Aleyrodidae) and Chagas disease vector Triatoma infestans (Klug) (Hemiptera: 

Reduviidae) by P. lilacinum. In a laboratory setting, very high mortality rates (>90%) were 

noticed when P. lilacinum inoculum was applied on the winged and wingless cotton aphids 

Aphis gossypii (Glover) (Hemiptera: Aphididae). Moreover, P. lilacinum successfully 

induced mortalities on the greenhouse whitefly Trialeurodes vaporariorum (Westwood) 

(Hemiptera: Aleyrodidae) (Fiedler and Sosnowska, 2007). Panyasiri et al. (2007) observed 

43.3% mortalities of mealybug P. cryptus after the application of P. lilacinum inoculum. 

Several Sarocladium species were isolated from P. ficus cadavers (Table 6-2). 

Genus Sarocladium was recently described to accommodate various Acremonium species 

(Giraldo et al., 2015). Acremonium species are considered as endophytes as well as 

entomopathogens (Vega et al., 2008). Different Acremonium species were recovered from 

the cadavers of F. externa which underwent natural mycosis in forests (Gouli et al., 2013); 

and Acremonium was found toxic to mealybugs (Panyasiri et al. 2007). 

Graphium species are generally isolated from beetles and could be weaker insect 

pathogens or saprophytes (Jacobs, Kirisits, & Wingfield, 2003) (Table 6-3), however, any 

record on any other insect order was not found. The yeast M. guilliermondii was quite 

abundant in P. ficus naturally mycosed cadavers (Table 6-2) and was pathogenic (Table 6-

3). There are few studies where this yeast was found insect pathogenic (Haidani et al. 2008; 

Rossoni et al. 2013), however, these reports were restricted to other insect orders. 

6.5.5 RARE INSECT ENDOSYMBIONTS AS INSECT-PATHOGENS: A CASE OF 

THE YEAST MEYEROZYMA 

The yeast Meyerozyma and the fungi Acremonium, Aspergillus and Penicillium 

were recently reported as fungal endosymbiont of P. ficus. However, their relative 

abundances were among the lowest (Iasur-Kruh et al., 2015). Nonetheless, the role of M. 

guilliermondii within insects is not well understood (Gibson and Hunter, 2010). According 

to Lysenko (1985), the microflora which inhabits the insect gut can be commensalistic, 

pathogenic or symbiotic and the differentiation between the types, with respect to the 

insect, can be unclear. Thomas, Watson, & Valverde-Garcia (2003) noticed that during 



 

191 

mixed infections, avirulent pathogens could play a pivotal role in host-pathogen dynamics 

with possibilities of biological control and virulence evolution. There are a few reports 

where EPF were isolated as microflora of the digestive tract, for example, Marti, García, 

Cazau, & López Lastra (2007) isolated Beauveria bassiana from hemipteran pest while 

surveying fungal gut microbiota of T. infestans.  

Entomopathogenic fungi produce a wide range of bioactive compounds during 

their infection process within the insect-host. Different studies have argued that helvolic 

acid is the major factor for Metarhizium insect pathogenicity (S. Y. Lee, Kinoshita, Ihara, 

Igarashi, & Nihira, 2008, Singkaravanit, Kinoshita, Ihara, & Nihira, 2010). Gouli et al. 

(2013) observed mycoses by Aspergillus and Xylaria sp., and both of these fungi produce 

helvolic acid (Ratnaweera et al., 2014). M. guilliermondii has been reported for helvolic 

acid production (Zhao et al., 2012). It suggests that M. guilliermondii may possess potential 

for entomopathogenicity. 

In some previous studies, M. guilliermondii have been established (Infante, 

Marquínez, & Moreno, 2012), and isolated as an endophyte (J. M. Lee, Tan, & Ting, 2014; 

Li et al., 2008). Various endophytic fungi are also entomopathogenic (Vega et al., 2008) 

and therefore, the possibility of M. guilliermondii to act as an EPF cannot be neglected. 

Haidani et al. (2008) isolated endosymbiotic yeasts from olive fly Bactrocera oleae (Rossi) 

(Diptera: Tephritidae) pupae which could not develop into adults in the laboratory. Isolated 

M. guilliermondii was among the two pathogenic yeasts identified altogether. These 

findings suggest two possibilities: (a) fungi which are known for their entomopathogenicity 

and isolated as microbial endosymbionts can be at the initial stage of their infection inside 

the insect-host gut, and, (b) M. guilliermondii, a yeast which is occasionally isolated as an 

endosymbiont, can be insect-pathogenic to some insect-pests. 

In conclusion, entomopathogenic fungi exhibit great potential for insect-pest 

control, however, the inundative use of generalist insect-pathogens such as B. bassiana and 

M. anisopliae is not recommended especially for insect biodiversity conservation in 

agroecosystems. Adaptation to a specific habitat type is a more important selection criterion 
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than the virulence of the fungal strain against an insect-pest (Goble et al., 2010). The 

present study discusses the ecology of insect-associated fungi of P. ficus, and is the first of 

its kind. It was observed that not so common insect-pathogenic fungi such as P. rogersonii 

and S. kiliense could cause natural mycosis and can be looked upon further for their specific 

use in P. ficus biocontrol. Some commonly known saprophytic fungi were also isolated. It 

has been documented that the performance of a virulent EPF can be altered in the presence 

of another highly avirulent pathogen. Pathogens during a mixed infection can act 

antagonistically, synergistically or independently according to the order of infection and 

environmental conditions (Thomas et al., 2003). In this research, significantly higher levels 

of natural mortalities of vine mealybugs by mycoses were noticed, when compared to those 

caused by its parasitoids and hence, it might be a significant advancement in the existing 

knowhow of P. ficus biocontrol. This work adds to the fundamental knowledge to the 

natural biocontrol of P. ficus and would encourage similar studies globally. 
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7.1 ENTOMOPATHOGENIC FUNGI IN PORTUGUESE VINEYARDS 

SOILS: SUGGESTING A ‗GALLERIA-TENEBRIO-BAIT METHOD‘ 

AS BAIT-INSECTS GALLERIA AND TENEBRIO SIGNIFICANTLY 

UNDERESTIMATE THE RESPECTIVE RECOVERIES OF 

METARHIZIUM (ROBERTSII) AND BEAUVERIA (BASSIANA) 

This chapter is a published article and the details are as follows: 

 

Lav Sharma, Irene Oliveira, Laura Torres, Guilhermina Marques (2018) Entomopathogenic fungi in 

Portuguese vineyards soils: suggesting a ‗Galleria-Tenebrio-bait method‘ as bait-insects Galleria and 

Tenebrio significantly underestimate the respective recoveries of Metarhizium (robertsii) and Beauveria 

(bassiana). Mycokeys 38: 1-23. 

 

Abstract: Entomopathogenic fungi (EPF) are the natural enemies of insect-pests. 

However, EPF recoveries can be influenced by the soil habitat-type(s) incorporated and/or 

the bait-insect(s) used. Galleria mellonella (GM) as bait-insect, i.e., ‗Galleria-bait‘, is 

arguably the most common methodology, which sometimes used solely, to isolate EPF 

from soils. Insect baiting using Tenebrio molitor (TM) has also been employed 

occasionally. Here 183 soils were used to estimate the functional diversity of EPF in 

Portuguese Douro vineyards (cultivated habitat) and adjacent hedgerows (semi-natural 

habitat), using TM bait method. Moreover, to study the effect of insect baiting on EPF 

recovery, 81 of these 183 soil samples were also tested for EPF occurrences using GM bait 

method. Twelve species were found in 44.26% ± 3.67% of the total 183 soils. Clonostachys 

rosea f. rosea was found in maximum soils (30.05% ± 3.38%), followed by Beauveria 

bassiana (12.57% ± 2.37%), Purpureocillium lilacinum (9.29% ± 2.14%) and Metarhizium 

robertsii (6.01% ± 1.75%). Beauveria pseudobassiana (P<0.001), C. rosea f. rosea 

(P=0.006) and Cordyceps cicadae (P=0.023) were isolated significantly more from 
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hedgerows, highlighting their sensitivities toward agricultural disturbances. Beauveria 

bassiana (P=0.038) and M. robertsii (P=0.003) were isolated significantly more using GM 

and TM, respectively. Principal component analysis revealed that M. robertsii was 

associated both with TM baiting and cultivated habitats, however, B. bassiana was slightly 

linked with GM baiting only. Ecological profiles of B. bassiana and P. lilacinum were quite 

similar while M. robertsii and C. rosea f. rosea were relatively distant and distinct. To us, 

this is the first report on (a) C. cicadae isolation from Mediterranean soils, (b) 

Purpureocillium lavendulum as an EPF worldwide; and (c) significant recoveries of M. 

robertsii using TM over GM. Overall, a ‗Galleria-Tenebrio-bait method‘ is advocated to 

study the functional diversity of EPF in agroecosystems.  

Keywords: Biocontrol fungi; Functional diversity; Host-pathogen interaction; 

Hypocreales; Soil ecology; Vineyards 

7.2 INTRODUCTION 

Grape production and winemaking contribute significantly in many economies 

worldwide. However, vineyards attract many primary, secondary or tertiary insect pests 

(Gonçalves et al. 2017, Sharma et al. 2018). For example, one of the key insect-pest in 

vineyards is the European Grapevine Moth, Lobesia botrana (Denis and Schiffermüller) 

(Lepidoptera: Tortricidae). It exhibits polyphagy and is distributed across Asia, Central 

Europe and Mediterranean basin, USA, Chile and Argentina. It can reduce the total crop 

yield by 50% at the time of harvest in countries such as Portugal (Carlos et al. 2013). 

Finding strategies to control vineyards‘ pests is of utmost importance especially from an 

economic point of view (Sharma et al. 2018). 

With increased awareness towards the environment, biological methods to control 

crop pests such as biopesticides based on entomopathogenic fungi (EPF) have been 

receiving greater attention as alternatives to chemicals pesticides (Jaronski 2010). Many 

fungal species belonging to Hypocreales (Ascomycota) have shown insect pathogenicity 

and dwell in the soil for a significant part of their life cycle, outside host. Protection from 
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UV radiation and numerous adverse biotic and abiotic influences have made soil as an 

excellent environmental reservoir for EPF (Keller and Zimmermann 1989). Therefore, 

studying soils for EPF diversity has been a common practice (Meyling and Eilenberg 2006, 

Quesada-Moraga et al. 2007, Goble et al. 2010, Rudeen et al. 2013, Muñiz-Reyes et al. 

2014, Clifton et al. 2015, 2018).   

Interestingly, the distribution of EPF in crop cultivated and semi-natural habitats, 

such as hedgerows, is always arguable. While some studies showed a higher abundance of 

Beauveria bassiana (Balsamo) Vuillemin in soils from hedgerows and Metarhizium 

anisopliae (Metschnikoff) Sorokin in soils from cultivated fields (Meyling and Eilenberg 

2006), others reported a higher abundance of M. anisopliae in marginal soils (Clifton et al. 

2015). Habitat-specific preferences have also been noticed in the case of some EPF 

(Bidochka et al. 1998, Quesada-Moraga et al. 2007, Medo and Cagáň 2011, Medo et al. 

2016). Knowing the differences in EPF abundances within different habitat-types is 

important in understanding which fungal species is suitable to and would proliferate in a 

particular habitat-type (Quesada-Moraga et al. 2007). 

Insect baiting by Galleria mellonella Linnaeus (Lepidoptera: Pyralidae) or the 

‗Galleria-bait method‘ (Zimmermann 1986), is a renowned methodology for the isolation 

of EPF. The main advantage of insect baiting method is that only entomopathogens are 

obtained selectively among other soil microbes (Vega et al. 2012). Studies in the past find 

insect baiting as an effective methodology for EPF isolation over culturing soil suspensions 

on selective media (Keller et al. 2003, Enkerli et al. 2004, Imoulan et al. 2011, Keyser et al. 

2015). A selective medium can only be viewed as a semi-quantitative method for EPF 

isolation as they may provide a false picture of fungal diversity and density, leading to a 

biased view of many microbial systems (Scheepmaker and Butt 2010). The approach of 

using bait-insects G. mellonella along-with Tenebrio molitor Linnaeus (Coleoptera: 

Tenebrionidae) for EPF isolations, instead of a selective media, has been previously 

employed (Vänninen 1996, Oddsdottir et al. 2010, Meyling et al. 2012). 
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Using different bait-insects sometimes may result in an occasional occurrence of a 

different, not so common EPF (Goble et al. 2010), however, to isolate the known EPF from 

soils, such as Beauveria and Metarhizium, bait-insect G. mellonella has been the first 

choice as a bait-insect for the last three decades (Zimmermann 1986). Numerous 

investigations have relied only on this method of EPF isolation (Chandler et al. 1997, 

Bidochka et al. 1998, Ali-Shtayeh et al. 2003, Meyling and Eilenberg 2006, Quesada-

Moraga et al. 2007, Sun and Liu 2008, Sun et al. 2008, Sevim et al. 2009, Fisher et al. 

2011, Muñiz-Reyes et al. 2014, Pérez-González et al. 2014, Fernández-Salas et al. 2017, 

Gan and Wickings 2017, Kirubakaran et al. 2018). Bait-insect T. molitor has also been used 

solely in some studies (Sánchez-Peña et al. 2011, Aguilera Sammaritano et al. 2016).  

Fewer studies used these two bait-insects in parts or throughout their investigations 

(Hughes et al. 2004, Oddsdottir et al. 2010, Meyling et al. 2012). Hughes et al. (2004) 

noticed increased isolations of Beauveria and Metarhizium when bait-insects G. mellonella 

and T. molitor were used, respectively. This raised a question whether Beauveria and 

Metarhizium have preferences for the two common bait-insects G. mellonella and T. 

molitor? The main objectives of above mentioned and noteworthy studies were different. 

Hence, the observations of any insect species-specific differences remained obscure 

especially as no significant differences were observed. 

Due to the lack of any study which focuses primarily on the differences of 

Beauveria and Metarhizium occurrences from soils while using G. mellonella and T. 

molitor bait-insects, some of the most recent and noteworthy studies, even those reported in 

the last few months, still use Galleria-bait method as the standard (only) methodology to 

recover EPF from soils (Fernández-Salas et al. 2017, Gan and Wickings 2017, Kirubakaran 

et al. 2018). Keyser et al. (2015) compared the use of T. molitor against culturing soil 

samples over selective medium and a found a drastic contrast where the former was found 

highly effective over the later. Although T. molitor has been used previously, however, still 

some very recent and interesting studies used G. mellonella and neglect the use of T. 
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molitor even when the main objective was to understand the ecology of Metarhizium 

(Hernández-Domínguez and Guzmán-Franco 2017).  

The influence of the use of T. molitor as bait-insect to isolate EPF such as 

Beauveria and Metarhizium, if any, when compared with G. mellonella, remains an 

important question, especially after the observations of Hughes et al. (2004), as described 

earlier. Moreover, as different fungal entomopathogens are susceptible to different bait-

insects as well as habitat-types, another important question, that might be of interest, is to 

understand what is the major factor(s), if any, that governs the recovery of common EPF 

such as Beauveria and Metarhizium.  

There are previous reports on the EPF from different agroecosystems, however, 

the information on the functional diversity of EPF in vineyards is very limited. The 

landscape of Douro Wine Region (DWR) provides a good opportunity to understand the 

differences in EPF abundance and diversity among vineyards and adjacent hedgerows. 

Hence, the objectives of the work were to elucidate the effects of (1) habitat-types, i.e., 

cultivated soils of vineyards and semi-natural soils of nearby hedgerows, and (2) bait-

insects, i.e., T. molitor and G. mellonella on EPF while exploring (a) their recoveries, (b) 

ecological proximities, and (c) the principal factors governing their presences in the soils of 

the vineyards of the DWR of Portugal. The focus of the investigation was to understand the 

functional fungal entomopathogenicity of soils. 

7.3 METHODS 

7.3.1 SOIL SAMPLING 

Soil samples were collected from six different farms of Portuguese DWR in 

September and October 2012, i.e., Arnozelo, Aciprestes, Carvalhas, Cidrô, Granja and S. 

Luiz. Details of geographic coordinates and altitudes of these farms are given in Fig. 7-1A. 

The sampling strategy was adapted from Klingen et al. (2002) and Goble (2010) and 

presented in Fig. 7-1B, and the authors find it quite similar to that undertaken by Clifton et 

al. (2015). In brief, at each site, the surface litter was removed and the soil was dug to a 
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depth of 20 cm with a soil core borer (width=20 mm) at five places within 0.25 m
2 

area. All 

five sub-samples from one site were put in the same polyethene bag and sealed with a 

rubber band. This mix of five subsamples was considered as one soil sample from a site. 

The next sampling site was at 20 m away and the soil borer was washed with 5% Na-

Hypochlorite between the sites. In total, 183 soil samples were collected, out of which 155 

were from vineyards and 28 were from adjacent hedgerows. Hedgerows were mainly 

composed of oaks (Quercus spp. L., Fagaceae) and pine (Pinus spp. L., Pinaceae) trees. 

Soil samples were brought inside the laboratory and were spread on a tray and left 

overnight for the moisture to be equilibrated with the room temperature. This was done to 

avoid infestation with entomopathogenic nematodes (EPN), if any, as suggested by 

Quesada-Moraga et al. (2007). Soil samples were always processed within 24 hours of 

spreading onto the trays. The number of soil samples collected from each farm is provided 

in Table 7-1. 

7.3.2 INSECT BAITING 

Two hundred and fifty grams (g) of sieved soil was put in a plastic bowl with 

small holes on the cap for ventilation. A total of 183 soil samples were used to compare the 

effect of habitat-type on fungal isolations. For each soil sampling site, four such bowls, i.e., 

1 kg of the soil was analysed in total, and four late instar T. molitor larvae were put in each 

of these bowls, i.e., the total number of larvae used (n)=16. To study the effect of insect 

baiting, 81 of the total 183 soil samples were baited with late instar larvae of G. mellonella 

(n=8) and T. molitor (n=8) similarly, such that the total number of larvae, irrespective of the 

bait-insect type, remained same, i.e., n =16. These 81 soil samples were from the three 

farms with a relatively diverse landscape, i.e., S. Luis, Carvalhas and Granja, as reported by 

Carlos et al. (2013). Hence, these farms were chosen to enhance the fungal diversity, in 

theory. This would facilitate studying the effect of insect baiting on a rather diverse group 

of EPF. Galleria mellonella was given heat shock by immersing in 56 ᵒC water prior to 

baiting, to reduce the tendency of silk web formation within soil samples as suggested by 

Meyling and Eilenberg (2006). Bowls were kept in an environmental chamber (Panasonic 
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MLR-352H-PE) at a temperature of 22 ᵒC and relative humidity of 85%, in dark. Bowls 

were frequently inverted, shaken gently, and kept upside down for the total incubation 

period of three weeks alike Meyling and Eilenberg (2006). 

7.3.3 FUNGAL ISOLATION AND SCREENING 

Presences of insect cadavers were observed every day for the first week and every 

second day for the remaining two weeks. Everyday monitoring was necessary for the first 

week as death by EPN, if any, generally caused within the first three days of larvae 

incubation in soils, although slightly delayed infection cannot be neglected. The schedules 

were monitored rigorously and the insect cadavers were observed quite carefully. Any 

cadavers with foul smell were constantly discarded. Obtained cadavers were washed with 

1% NaOCl for three minutes, followed by three distinct washes of 100 mL sterilised 

distilled water for three minutes each. It was done to isolate only the fungi which have  
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Figure 7-1: Geographic coordinates and altitudes of the farms and details of the soil sampling strategy 

adopted. (a) Details of the six farms of the Douro Wine Region, Portugal, which were considered in 

this study. (b) Details of the soil sampling strategy from vineyards and adjacent hedgerows.  

penetrated the insect cuticles and proliferated within the insect hemocoel, or get injested 

into the hemocoel. The cadavers were subsequently cultured onto potato dextrose agar 

(PDA) (Liofilchem) plates supplemented with 0.1 g/L streptomycin (Acros) and 0.05 g/L 
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tetracycline (Acros). In cases of mixed infections or inhibited fungal growth, cadavers 

werecultured onto oatmeal agar (OA) supplemented with 0.5 g/L chloramphenicol (Acros) 

and 0.6 g/L cetyl trimethyl ammonium bromide (CTAB) (Sigma) as described in Posadas et 

al. (2012). Repeated culturing on OA or/and Sabouraud dextrose agar (SDA) (Prolabo) was 

done till the pure culture of fungus was obtained. Plates were repeatedly observed through 

low magnifying stereomicroscope (Olympus SZX9, 40X magnification), and if any 

emergence of nematodes were observed, they were discarded no matter if a fungal growth 

was present or absent. Any possibility of cross-contamination or external contamination 

was carefully monitored as described by Steinwender et al. (2014). No colony forming 

units (CFUs) were observed in any of the tests for contaminations. To confirm Koch‘s 

postulates all the obtained fungi were tested using bioassays for pathogenicity against the 

larvae from which they were isolated. The method was initially described by Ali-Shtayeh et 

al. (2003), however, a modified protocol was used as described in Sun and Liu (2008) and 

Goble et al. (2010). The fungi found pathogenic to insects larvae were considered further in 

this study. 

7.3.4 FUNGAL IDENTIFICATION AND DNA EXTRACTION 

The appearance on the infected larvae and morphological characteristics were used 

as the preliminary identification of fungi. Morphological characteristics that were used for 

identification are described in a taxonomic key (Domsch et al. 2007). For molecular 

identification, DNA was extracted from fungal mycelium as described earlier by Möller et 

al. (1992). Moreover, the protocol was optimised for hard-to-crush mycelium and spores as 

in Sharma et al (2018). Fungal internal transcribed spacer (ITS) region was amplified using 

the forward primer ITS1-F (5‘- CTTGGTCATTTAGAGGAAGTAA-3‘) and reverse 

primer ITS4 (5‘-TCCTCCGCTTATTGATATGC-3‘) (Gardes and Bruns 1993). PCR 

reaction was performed as described in Yurkov et al. (2015). Primers used for PCR 

reactions were also used for amplicon sequencing. Sequences were edited using BioEdit 

7.2.1 (Hall 1999) and further aligned using MAFFT version 7 (Katoh and Standley 2013), 

to validate polymorphisms among sequences. Obtained ITS sequences from EPF were 
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aligned with those from the respective type strain sequences using BLASTn, and the 

identity results are shown in Table S4 of the file mycokeys-038-001-s001.xlsx, provided on 

(https://mycokeys.pensoft.net/article/26970/element/5/31/). Newly generated sequences 

were submitted to EMBL nucleotide sequence database and the accession numbers are 

provided in the supplementary Table S4 of the file mycokeys-038-001-s001.xlsx, provided 

on the weblink (https://mycokeys.pensoft.net/article/26970/element/5/31/). 

7.3.5 DATA ANALYSES 

Fungal species richness (S) was compared in terms of habitat-types and bait-

insects used for isolation. Jaccard‘s similarity coefficients (J) for fungal species shared 

between different habitats and bait-insects were measured as described in Garrido-Jurado et 

al. (2015).            , where ―a‖ represents the number of species occurring in 

both variables, ―b‖ represents the number of species occurring only in variable 1 and ―c‖ 

represents the number of species occurring only in variable 2. J can range between 0 (no 

shared species) to 1 (all shared species). Software IBM SPSS Statistics 22 was used to 

perform statistical data processing. Infections were counted qualitatively per site, i.e., 

whether a particular fungus infected one or several insect larvae of the same bait-insect, it 

was registered as one infection for that fungal species, as described in Klingen et al. (2002) 

and Goble et al. (2010). Therefore, effects of soil habitat-types and bait-insects are counted 

in accordance to the number of soil samples found harbouring a fungal species as in 

Klingen et al. (2002), Goble et al. (2010) and Clifton et al. (2015). Data were treated using 

Fisher's exact test as it gives the exact P value for a 2x2 contingency table 

(https://www.graphpad.com/). Although, farm type variations could only be analysed using 

χ
2
 (chi-square) test and Monte Carlo simulations were used in case the cells have the 

expected count of less than 5. Data used for different analyses, i.e., (1) effect of bait-insect 

type on the occurrence of EPF; (2) effect of habitat-type (hedgerows vs. vineyards) on EPF 

occurrence; and (3) effect of farm type on EPF occurrence, are provided in detail within the 

Tables S1, S2 and S3, respectively of the file mycokeys-038-001-s001.xlsx, provided on 

the weblink (https://mycokeys.pensoft.net/article/26970/element/5/31/). To compare 
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possible factors which may influence fungal recoveries, a principal component analysis 

(PCA) was performed. The PCA was conducted on the mean-centred and scaled data in 

order to investigate the discriminations of the obtained fungal species. For the PCA plots, 

only those soils samples were considered where both the bait-insects, i.e., T. molitor and G. 

mellonella were used, i.e., soils from the farms S. Luis, Carvalhas and Granja (Table S1, of 

the file mycokeys-038-001-s001.xlsx, provided on the weblink 

(https://mycokeys.pensoft.net/article/26970/element/5/31/)). Fungi with isolation 

frequencies of <10% from either vineyards or hedgerows were considered as rare EPF. 

Hierarchical clustering was then employed to investigate the degree of similarities of fungal 

isolations based on their ecological proximities, i.e., in terms of habitat-type and bait-insect 

type. The resulting dendrogram was obtained based on Euclidean distance and Ward 

aggregation method as in Sharma et al. (2018). Software R 3.4.2 was used to generate PCA 

plots and hierarchical clustering. 

7.4 RESULTS  

7.4.1 OVERALL FUNGAL SPECIES ABUNDANCE 

The total numbers of soil samples used were 183 and the number of soil samples 

found positive (N) with any EPF were 81, i.e., 44.26% ± 3.67% soils. A total of 12 different 

species were observed (Table 7-1). Clonostachys rosea f. rosea (Link) Schroers, Samuels, 

Seifert & Gams was found in maximum number of soil samples, i.e., 30.05% ± 3.38% 

(N=55), followed by B. bassiana (12.57% ± 2.37% (N=23)), Purpureocillium lilacinum 

(Thom) Luangsa-ard, Houbraken, Hywel-Jones & Samson (9.29% ± 2.14% (N=17)) and 

Metarhizium robertsii Bischoff, Rehner & Humber (6.01% ± 1.75% (N=11)). 

 Isolations of Beauveria pseudobassiana Rehner & Humber (3.38% ± 1.31% 

(N=6)), Cordyceps sp. Fries (1.64% ± 0.94% (N=3)), Lecanicillium dimorphum (Chen) 

Zare & Gams (1.64% ± 0.94% (N=3)), Cordyceps cicadae (Miq.) Massee (1.10% ± 0.77% 

(N=2)), Lecanicillium aphanocladii Zare & Gams (1.10% ± 0.77% (N=2)), Metarhizium 

guizhouense Chen & Guo (1.10% ± 0.77% (N=2)), Beauveria varroae Rehner & Humber 
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(0.55% ± 0.54% (N=1)) and Purpureocillium lavendulum Perdomo, García, Gené, Cano & 

Guarro (0.55% ± 0.54% (N=1)) were also observed (Table 7-1). The fungal occurrence was 

the highest in the farm Granja, i.e., 61.54% ± 9.54% (N=16), followed by Carvalhas 

(59.09% ± 7.4% (N=26)), Arnozelo (45% ± 11.12% (N=9)), S. Luiz (37.25% ± 6.77% 

(N=19)), Aciprestes (30% ± 10.24% (N=6)) and Cidrô (22.73% ± 8.93% (N=6)) (Table 7-

1). 

7.4.2 EFFECT OF INSECT BAITING ON FUNGAL ISOLATION 

To test the effect of insect baiting on EPF recoveries, bait-insects G. mellonella 

(n=8) and T. molitor (n=8) were employed on 81 soil samples from the three farms which 

had quite diverse landscape, i.e., S Luiz, Carvalhas and Granja. Hence, in total 16 larvae 

from two different bait-insects were used. Eleven EPF species were observed among the 

three farms and a few significant differences were detected within fungal recoveries (Fig. 7-

2A; Table S1 of the file mycokeys-038-001-s001.xlsx, provided on the weblink 

(https://mycokeys.pensoft.net/article/26970/element/5/31/)). Significantly more soil 

samples were found positive for B. bassiana when G. mellonella was used as a bait-insect, 

i.e., 15 isolates (18.52% ± 4.31%) than T. molitor, i.e., 4 isolates (4.94% ± 2.4%) 

(P=0.038). On the contrary, isolation of M. robertsii was increased significantly by T. 

molitor, i.e., 10 isolates (12.35% ± 3.65%) than G. mellonella, i.e., 2 isolates (2.47% ± 

1.72%) (P=0.003).
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Table 7-1: Occurrence frequency (% of positive samples) of entomopathogenic fungi Douro vineyards‘ soils and adjacent hedgerows. 

  

                          Species occurrence in the whole farm (Fwf) %Fv %Fh %Foverall 
Previous reports on 

entomopathogenicity 

  

S. Luiz Carvalhas Granja Arnozelo Aciprestes Cidrô 

   
 

  

(N = 51) (N = 44) (N = 26) (N = 20) (N = 20) (N = 22) 

   
 

  Genus Species 

   

  

 

   
   All species* 37.25 59.09 61.54 45 30 22.73 39.35 71.43 44.26 

 
   Entomopathogenic fungi 

         
 

 

Beauveria 

         
 

  

B. bassiana 15.69 11.36 15.38 10 15 4.55 12.26 14.29 12.57 Several 

  

B. pseudobassiana 1.96 6.82 - 10 - - - 21.43 3.28 Several 

  

B. varroae - - - 5 - - - 3.57 0.55 Several 

            
 

 

Clonostachys 

         
 

  

C. rosea f. rosea 19.61 45.45 42.31 25 20 22.73 25.81 53.57 30.05 Several 

            
 

 

Cordyceps 

         
 

  

Cordyceps sp.  3.92 2.27 - - - - 1.94 - 1.64 Several 

  

C. cicadae 3.92 - - - - - - 7.14 1.1 Several 

            
 

 

Lecanicillium 

         
 

  

L. aphanocladii 3.92 - - - - - 1.29 - 1.1 Several 

  

L. dimorphum 3.92 2.27 - - - - 1.94 - 1.64 Several 

            
 

 

Metarhizium 

         
 

  

M. robertsii 3.92 2.27 30.77 - - - 7.1 - 6.01 Several 

  

M. guizhouense 1.96 - 3.85 - - - 1.29 - 1.1 Several 
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Purpureocillium 

         
 

  

P. lavendulum - 2.27 - - - - 0.65 - 0.55 This study 

  

P. lilacinum 9.8 13.64 15.38 10 - - 10.32 3.57 9.29 Several 

            
 

 

*, 12 different fungal species in total. 

N: Number of soil samples. 

%Fv: Percentage frequency of the number of soil samples harbouring a particular fungal species isolated from 155 soil samples from vineyards‘ soils of six farms. 

%Fh: Percentage frequency of the number of soil samples harbouring a particular fungal species isolated from 28 soil samples from hedgerows' soils of six farms. 

%Foverall: Percentage frequency of the number of soil samples harbouring a particular fungal species isolated from all 183 soil samples from six farms. 

Fwf: Percentage frequency of the number of soil samples harbouring a particular fungal species isolated from total number of soil samples collected from that 

respective farm..  



  

221 

 

 

 

Figure 7-2: Effect of insect baiting and habitat-type on the isolation of the entomopathogenic fungi. (a) 

Occurrence (% of soil samples ± SE) of entomopathogenic fungi when different bait-insects were 

incorporated. (b) Occurrence (% of soil samples ± SE) of entomopathogenic fungi when soils were 

collected from different habitat-types. Bars with asterisk (*) show significant isolations, i.e., (P<0.05). 

Clonostachys rosea f. rosea was isolated more often by T. molitor, i.e., (14.81% ± 3.94% 

(N=12)) than by G. mellonella, i.e., (11.11% ± 3.49% (N=9)). Moreover, T. molitor specific 

isolations were noticed for M. guizhouense, i.e., 2.47% ± 1.72% (N=2). However, G. 

mellonella recovered more C. cicadae and L. dimorphum, i.e. 2.47% ± 1.72% (N=2) than 

1.23% ± 1.22% (N=1) by T. molitor, in cases of both the fungi. Galleria mellonella specific 
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isolations for Cordyceps sp. (3.79% ± 2.09% (N=3)), L. dimorphum (2.47% ± 1.72% 

(N=2)) and P. lavendulum (1.23% ± 1.22% (N=1)) were also recorded (Fig. 7-2A, Table 7-

S1 of the file mycokeys-038-001-s001.xlsx, provided on the weblink 

(https://mycokeys.pensoft.net/article/26970/element/5/31/)). Overall, using G. mellonella 

yielded slightly more fungal species (i.e., S=10) than T. molitor (i.e., S=7) (Table 7-2).  

7.4.3 EFFECT OF HABITAT-TYPES ON FUNGAL ISOLATION 

To study the habitat type variation, 183 soil samples from all the six farms were 

considered, i.e., 155 from vineyards and 28 from hedgerows. As two different bait-insects, 

G. mellonella and T. molitor, were used in the three farms, i.e., S. Luiz, Carvalhas and 

Granja, and only one bait-insect T. molitor was used in the other farms, i.e., Aciprestes, 

Arnozelo and Cidrô, the numbers of bait-insects larvae used to study the habitat-type 

variations in each farm were kept constant, i.e., n=16. 

 Out of 155 soil samples from vineyards, a total of nine EPF species were observed 

in 61 vineyards‘ soils, i.e., 39.35% ± 3.81% soils were found harbouring at least one EPF. 

Six fungal species were observed solely from vineyards, i.e., Cordyceps sp. (1.94% ± 1.1% 

(N=3)), L. aphanocladii (1.29% ± 0.9% (N=2)), L. dimorphum (1.94% ± 1.1% (N=3)), M. 

robertsii (7.10% ± 2.06% (N=11)), M. guizhouense (1.29% ± 0.9% (N=2)) and P. 

lavendulum (0.65% ± 0.64% (N=1)). Although M. robertsii was isolated only from 

vineyards, however, recoveries were not significant (P=0.220). Three species, i.e., P. 

lilacinum, C. rosea f. rosea and B. bassiana were shared among both habitat-types. 

Purpureocillium lilacinum was isolated more frequently from vineyard soils, i.e., 16 

isolates (10.32% ± 2.44%) than hedgerows, i.e., 1 isolate (3.57% ± 3.50%), however, non-

significantly (P=0.228) (Fig. 7-2B, Table 7-1).  

Beauveria bassiana was slightly abundant in hedgerows, i.e., 4 isolates in 28 

samples (14.29% ± 6.61%) than vineyards, i.e., 19 isolates in 155 samples (12.26% ± 

2.63%), although differences were not significant (P=0.759) (Table 7-1), (Fig. 7-2B). 

Clonostachys rosea f. rosea was also more frequent in hedgerows, i.e., in 15 of the 28 

samples (53.57% ± 9.42%) than vineyards i.e., 40 of the 155 samples (25.81% ± 3.51%) 
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(P=0.006). Moreover, B. pseudobassiana only occurred in hedgerows, i.e., 6 isolates 

(21.43% ± 7.75%) (P<0.001). Beauveria varroae (3.57% ± 3.50% (N=1)) and C. cicadae 

(7.14% ± 4.86% (N=2)) (P=0.023) were also noticed in hedgerows‘ soils only (Fig. 7-2B). 

Overall, significantly higher number of soil samples were found positive for EPF in 

hedgerows, i.e., 20 isolates in 28 samples (71.43% ± 8.53%), than vineyards, i.e., 61 

isolates in 155 samples (39.35% ± 3.92%) (P<0.001) (Table 7-1). However, fungal species 

richness (S) was higher in soils from vineyards, i.e., S=9 than hedgerows, i.e., S=6 (Table 7-

2). Additional information on the habitat-types is provided in Table S2 of the file 

mycokeys-038-001-s001.xlsx, provided on the weblink 

(https://mycokeys.pensoft.net/article/26970/element/5/31/). 

Table 7-2: Entomopathogenic fungal species richness and similarities among isolations from different 

habitat-types and bait-insects. 

 

Observed species (S, richness) Jaccard coefficient (J) 

 
   

   

J(habitat) 

 

Vineyards Hedgerows 

 Soil(GM) 8 5 0.435 

Soil(TM) 6 4 0.41 

Soil* 9 6 0.44 

    

   

J(bait-insect) 

 

Galleria mellonella Tenebrio molitor 

 Soil(V) 8 6 0.39 

Soil(H) 5 4 0.35 

Soil# 10 7 0.39 

Soil(GM): soil samples baited by Galleria mellonella larvae; Soil(TM): soil samples baited with Tenebrio 

molitor larvae; Soil(V): soil samples collected from vineyards; Soil(H): soil samples collected from 

vineyards. 

*, overall samples irrespective of bait-insect type. 

#, overall samples irrespective of habitat-type. 

Note: Jaccard coefficient for similarity among habitat types, J(habitat) = a/(a + b + c), where ‗‗a‘‘ is the 

number of species occurring in both habitats, ‗‗b‘‘ is the number of species specific to vineyards, and 

‗‗c‘‘ is the number of species specific to hedgerows. J ranges from 0 (no shared species among 

habitats) to 1 (all species are shared among habitats). Similar calculations were done for J(bait-insect), 

where values corresponded to observed fungal species when different bait-insects were used. 
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7.4.4  FARM TYPE VARIATION 

Those EPF which were recovered from all the six farms using T. molitor larvae 

(n=16) only, were considered to study the farm type variations. This was done to avoid any 

bias as T. molitor was the bait-insect used in all six farms. Nine EPF species were 

recovered and C. rosea f. rosea was isolated significantly more from Carvalhas, i.e., from 

18 of the total of 48 soil samples collected from the respective farm (N=18/48), (37.5% ± 

6.98%) (χ
2
=12.981, df=5, P=0.0024). Metarhizium robertsii was isolated more frequently 

from Granja (N=8/11) (72.72% ± 13.4%) (χ
2
= 33.657, df=5, P<0.001). Beauveria bassiana 

was found distributed throughout all farms, i.e., Aciprestes (N=3/20) (15% ± 7.98%); 

Arnozelo (N=2/20) (10% ± 6.7%), S. Luiz  (N=3/51) (5.88% ± 3.29%), Carvalhas  

(N=2/44) (4.55% ± 3.14%), Cidrô (N=1/22) (4.55% ± 4.44%) and Granja (N=1/26) (3.85% 

± 3.77%). Purpureocillium lilacinum was found in four of the six farms, i.e., Arnozelo 

(N=2/20) (10% ± 6.7%), Carvalhas (N=2/44) (4.55% ± 3.14%), S. Luiz (N=2/51) (3.92% ± 

2.71%) and Granja (N=1/26) (3.85% ± 3.77%). More details about other fungi are in the 

supplementary information (Table S3 of the file mycokeys-038-001-s001.xlsx, provided on 

the weblink (https://mycokeys.pensoft.net/article/26970/element/5/31/)).  

7.4.5 ECOLOGICAL PROXIMITIES BASED DENDROGRAM AND PRINCIPAL 

RECOVERY FACTORS 

A PCA was performed on the EPF recovery data from the 81 soils of the three 

farms, i.e., S. Luis, Carvalhas and Granja, where both habitat-types and bait-insects were 

incorporated. This kind of analysis was done to understand which element(s), i.e., bait-

insect(s) and/or habitat-type(s), governs the recovery of the EPF. Using PCA, 89.9% of the 

variance among fungal recoveries could be described by the three principal components, 

i.e., PC1 (55%), PC2 (21.7%) and PC3 (13.2%) (Figs. 7-3A, 7-3B and 7--3C). Second 

principal component (PC2) was slightly dominated by the type of bait-insect used (Figs. 7-

3A and 7-3C). The occurrences of B. bassiana and P. lilacinum were slightly and 

marginally governed by insect baiting using G. mellonella, respectively. However, the 

isolations of C. rosea f. rosea and M. robertsii were slightly and mainly governed by 
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baiting using T. molitor, respectively (Figs. 7-3A, 7-3B, 7-3C and 7-3D). Third principal 

component (PC3) could distinctly separate the two habitat-types (Figs. 7-3B and 7- 3C). 

The isolations of C. rosea f. rosea were mostly governed by semi-natural habitats. 

However, M. robertsii and P. lilacinum were highly and slightly influenced also by 

cultivated habitats, respectively. Codyceps cicadae recovery was governed only by 

hedgerows (Figs. 7-3A, 7-3B, 7-3C and 7-3D). Hierarchical clustering dendrogram of the 

ecological proximities of fungi, after profiling their recoveries from bait-insects and 

habitat-types, placed B. bassiana and P. lilacinum closer, while C. rosea f. rosea and M. 

robertsii were quite different and distinct (Fig.7- 3E). Moreover, the dendrogram also 

separated rare EPF, i.e., those with an isolation frequency of <10% from either of the 

habitat-types (cluster 1), from relatively more frequent EPF (cluster 2) (Fig. 7-3E). 

 

Figure 7-3: Principal component analysis (PCA) and hierarchical clustering 

of the observations based on the fungal isolations. (a) PC1 vs. PC2. (b) PC1 vs. PC3. (c) 

PC2 vs. PC3. (d) PCA 3D plot. (e) Hierarchical clustering dendrogram to access the 

ecological proximities of obtained fungi based on their respective isolation profiles. 

Software R 4.3.2 was used to obtain the PCA plots and the hierarchical clustering. There 

was no fungal isolation from hedgerows of the farm Granja when bait-insect T. molitor was 

used and hence, it could not be included in any of the analysis which relies on proportions, 

i.e., PCA plots, hierarchical clustering. To reduce any bias, authors also discarded the soil 

samples (N=1) which yielded the fungal isolations, when G. mellonella was used, from the 

hedgerows of the farm Granja. Blue ball represent relatively more frequent EPF, i.e., 
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Beauveria bassiana, Beauveria pseudobassiana, Clonostachys rosea f. rosea, Cordyceps 

cicadae, Purpureocillium lilacinum and Metarhizium robertsii. Red balls represent other 

fungi such as Cordyceps sp., Lecanicillium aphanocladii, Lecanicillium dimorphum, 

Metarhizium guizhouense and Purpureocillium lavendulum. Hierarchical clustering based 

dendrogram classified isolated EPF into two clusters, i.e., rarely occurring EPF (cluster 1) 

and relatively more frequent EPF (cluster 2). Abbreviations used are: Beauveria bassiana 

(B.b), Beauveria pseudobassiana (B.p), Cordyceps cicadae (C.c), Cordyceps sp. (C.sp), 

Lecanicillium aphanocladii (L.a), Lecanicillium dimorphum (L.d), Metarhizium 

guizhouense (M.g), Purpureocillium lavendulum (P.la), Purpureocillium lilacinum (P.l), 

Clonostachys rosea f. rosea (C.rr) and Metarhizium robertsii (M.r). 

7.5 DISCUSSION  

7.5.1  INSECTS BAITING OF SOILS FOR EPF RECOVERY 

Considering the number of soil samples and the objectives, this study was 

comparable with others on EPF occurrence and diversity (Tarasco et al. 1997, Klingen et al. 

2002, Ali-Shtayeh et al. 2003, Quesada-Moraga et al. 2007, Sun et al. 2008, Imoulan et al. 

2011, Schneider et al. 2012). The ‗Galleria-bait method‘, i.e., using G. mellonella for EPF 

recovery from soils, was described by Zimmermann in the year 1986 (Zimmermann 1986). 

Since then it has been used quite often in numerous studies as the only method for EPF 

isolations, in the past three decades (Chandler et al. 1997, Bidochka et al. 1998, Ali-

Shtayeh et al. 2003,  Meyling and Eilenberg 2006, Quesada-Moraga et al. 2007, Sun and 

Liu 2008, Sun et al. 2008, Sevim et al. 2009, Fisher et al. 2011, Muñiz-Reyes et al. 2014, 

Pérez-González et al. 2014, Fernández-Salas et al. 2017, Gan and Wickings 2017, 

Kirubakaran et al. 2018). Similarly, in few other studies, insect baiting using T. molitor is 

the only method used for the EPF recovery (Sánchez-Peña et al. 2011, Steinwender et al. 

2014).  

7.5.2 FUNGAL RECOVERY USING GALLERIA MELLONELLA BAIT-INSECT 

Beauveria bassiana was isolated significantly more from G. mellonella (P=0.038) 

(Fig. 7-2A) as in South Africa by Goble et al. (2010). Klingen et al. (2002) found insect-

specific isolations of B. bassiana by G. mellonella in Norway. Studies in Iceland and 
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Greenland also concluded that B. bassiana was isolated more often by G. mellonella 

(Oddsdottir et al. 2010, Meyling et al. 2012). Many previous reports are available on the 

recovery of different fungi from G. mellonella, for example, C. cicadae (Barker and Barker 

1998), P. lilacinum (Imoulan et al. 2011), Lecanicillium spp. Gams & Zare (Hypocreales: 

Cordycipitaceae) (Asensio et al. 2003, Meyling and Eilenberg 2006), as in the present 

study. To our knowledge, this study reports the first isolation of P. lavendulum from an 

insect. 

7.5.3 FUNGAL RECOVERY USING TENEBRIO MOLITOR BAIT-INSECT 

 In the present study, insect-specific isolation of M. guizhouense and 

significant isolation of M. robertsii was reported from T. molitor (P=0.003) (Fig. 7-2A) 

(Table S1 of the file mycokeys-038-001-s001.xlsx, provided on the weblink 

(https://mycokeys.pensoft.net/article/26970/element/5/31/)). Comparing G. mellonella and 

T. molitor, insect-specific isolation of Metarhizium has been reported using the later 

(Oddsdottir et al. 2010). Hughes et al. (2004) found that out of the 20 soils sampled, 15 

harboured Metarhizium when T. molitor was used as bait-insect, compared with just four 

when G. mellonella was used. Metarhizium was found to be the most abundant EPF in the 

soils from the tropical forests of Panama, although the soils were collected within 5 m from 

the nest of leaf-cutting ants (insect host) which possibly increased EPF recovery. 

Nonetheless, the major drawback of the study was that a very limited number of soil 

samples were used and the results were not analysed statistically (Hughes et al. 2004). In 

the present study, 81 soil samples were used to study the effect of insect baiting on EPF 

recovery. Moreover, random selection of soil samples was promoted to reduce any bias for 

an enhanced EPF recovery, and to maintain a practical scenario where no prior information 

on the presence of insect-host is necessary.  

To our knowledge, this is the first report on the significantly higher recovery of M. 

robertsii by T. molitor when compared with that from G. mellonella. Galleria-bait is still a 

widely used method to isolate EPF from soils. Even the most recent reports, i.e., those 

reported in the past few months, overlook the use of T. molitor while studying with 
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ecologies of EPF such as Metarhizium (Fernández-Salas et al. 2017, Gan and Wickings 

2017, Hernández-Domínguez and Guzmán-Franco 2017, Kirubakaran et al. 2018). This 

study signifies that the use of both of the bait-insects is more important than considered 

before, and T. molitor should always be used along-with G. mellonella, especially when 

Metarhizium is being isolated from soils. Enhanced recovery of Metarhizium from T. 

molitor could be due to the higher sensitivity of the insect towards this fungus. Vänninen et 

al. (2000) found that even after three years post application, M. anisopliae could kill over 

80% of the T. molitor baited in soils from different places.  

7.5.4  ENTOMOPATHOGENIC FUNGAL COMMUNITIES WITHIN 

HEDGEROWS‘ SOILS (SEMI-NATURAL HABITAT) 

In this study, 15.3% of the total soil samples were from hedgerows, which were 

comparable with 20.5% of the soil samples from hedgerows examined by Meyling and 

Eilenberg (2006). Beauveria bassiana was slightly more abundant in hedgerows than in 

vineyards (Table 7-1), Fig. 7-2B). Some previous studies also did not report any significant 

habitat preference for B. bassiana (Klingen et al. 2002, Quesada-Moraga et al. 2007). Only 

the soils from hedgerows could lead to the isolation of B. pseudobassiana and it was 

significant (P<0.001) (Fig. 7-2B). This finding agreed with Meyling and Eilenberg (2007), 

who found B. pseudobassiana only in hedgerows. Cordyceps cicadae was also isolated in 

significant amounts from hedgerows (P=0.023) (Fig. 7-2B). Barker and Barker (1998) 

reported that C. cicadae isolations were restricted to forest soils (i.e., less disturbed soils). 

To our knowledge, this is the first report on the isolation of C. cicadae from Mediterranean 

soils. Clonostachys rosea f. rosea was isolated more from less disturbed (i.e., orchard) soils 

than intensively disturbed (i.e., field crops) soils in this study as in Sun et al. (2008). 

Possible reason of higher occurrence of B. bassiana and the habitat-specific 

occurrence of B. pseudobassiana and B. varroae in hedgerows could be the relatively 

higher dependence of Beauveria on secondary infections on insect hosts, as hedgerows are 

expected to host rather diverse insect communities (Goble et al. 2010). Besides, factors 

such as reduced ultra-violet radiations and temperatures, increased humidity and long-term 
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environmental stability could also lead to an increased viability of these fungal spores 

(Meyling et al. 2009). Mycoparasitism, a characteristic of B. bassiana (Vega et al. 2009) 

and C. rosea (Keyser et al. 2016), could provide dominance among opportunistic 

saprophytes in hedgerows. 

 

7.5.5 ENTOMOPATHOGENIC FUNGAL COMMUNITIES IN VINEYARDS 

(CULTIVATED HABITAT) 

Purpureocillium lilacinum and M. robertsii were isolated more from vineyards‘ 

soils, however, the results were non-significant, i.e., P=0.228 and P=0.220 (Fig. 7-2B). 

Moreover, two strains of M. guizhouense were also isolated only from vineyards (Table 7-

1). Purpureocillium lilacinum could tolerate a wide range of temperatures, from 8 ᵒC to 38 

ᵒC, and pH (Roumpos 2005). As these properties provide robustness against agricultural 

disturbances, according to Wei et al. (2009), P. lilacinum is the most widely tested fungus 

under field conditions. Higher isolations of Metarhizium spp. from crop cultivated lands in 

Spain and Mexico have been reported (Quesada-Moraga et al. 2007, Sánchez-Peña et al. 

2011). Tillage seemed to distribute Metarhizium CFUs evenly throughout the field which 

subsequently increases chances of fungal recovery from different sites (Kepler et al. 2015).  

Fungal species richness (S) was higher in soils from vineyards, i.e., S=9 than 

hedgerows, i.e., S=6 (Table 7-2). Few genera mentioned in Table 7-1 were previously 

reported to be isolated more often from relatively more disturbed soils, for example, 

Lecanicillium (Meyling and Eilenberg 2006). Moreover, Sun et al. (2008) found higher 

species richness in soils of crop fields than from orchards soils (i.e., less disturbed soils), as 

in the present study. 

More diverse fungal species in cultivated soils is not surprising. Practices such as 

ploughing, reseeding and fertilising increase environmental patches and niche availability 

for EPF and subsequently increase fungal diversity (Sun et al. 2008). The higher organic 

matter also increases biological activity in the soil which positively affects the presence of 
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saprophytic fungi which lead to lesser organic resources for EPF and therefore, reduced 

survivability (Goble et al. 2010). 

7.5.6 FACTORS, ECOLOGICAL PROXIMITIES AND HIERARCHICAL 

CLUSTERING DENDROGRAM OF FUNGI 

Studies on the EPF ecology in soils consider either different bait-insects or habitat-

types, or both, as discussed earlier. Principal component analysis was done to understand 

the most important factor, if any, that governs the recoveries of EPF. It was found that 

isolations of B. bassiana were slightly governed by baiting with G. mellonella, irrespective 

of the habitat-type incorporated (Figs. 7-3A, 7-3C and 7-3D). However, the isolations of M. 

robertsii were influenced both by the cultivated habitat-type as well as by baiting with T. 

molitor (Figs. 7- 3A, 7-3B, 7-3C and 7-3D). The ecological proximities of B. bassiana and 

P. lilacinum could be explained as P. lilacinum was isolated more frequently from vineyard 

soils than hedgerows, and B. bassiana isolations were almost equal from vineyards as those 

from hedgerows (Figs. 7-2B, Figs. 7-3D and 7-3E). Moreover, the bait-insect G. mellonella 

favoured P. lilacinum and B. bassiana isolations (Fig. 7-2A). Distinct profiles of C. rosea f. 

rosea and M. robertsii suggest their unique ecologies in terms of habitat-type and bait-

insect preferences (Figs. 7-3D and 7-3E). The main advantage of fungal profiling by 

hierarchical clustering based dendrogram in that those EPF which were not isolated in this 

study, however, exhibit similar ecological profiles can be looked for their roles in the 

biological control of insect-pests within agroecosystems (Sharma et al. 2018). 

7.5.7 FUNGAL ABUNDANCE AND DIVERSITY 

 Entomopathogenic fungi was observed in 44.26% ± 3.67% of the soil 

samples and it was comparable to previous studies in Finland (38.6%) (Vänninen 1996), 

Palestine (33.6%) (Ali-Shtayeh et al. 2003), Alicante province, Spain (32.8%) (Asensio et 

al. 2003), South Africa (21.53%) (Goble et al. 2010), UK (17.6%) (Chandler et al. 1997) 

and Southern Italy (14.9%) (Tarasco et al. 1997). More diverse fungal species were found 

in the present study when compared with the other studies in Mediterranean regions, for 
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example, in Italy (Tarasco et al. 1997), Spain (Asensio et al. 2003, Quesada-Moraga et al. 

2007, Garrido-Jurado et al. 2015), Turkey (Sevim et al. 2009) and Morocco (Imoulan et al. 

2011). Different studies suggest that Metarhizium spp. are either absent (Ali-Shtayeh et al. 

2003, Oliveira et al. 2012) or less prevalent in Mediterranean region (Tarasco et al. 1997, 

Asensio et al. 2003, Quesada-Moraga et al. 2007, Garrido-Jurado et al. 2015). Surprisingly, 

Garrido-Jurado et al. (2015) reported just four isolates of M. robertsii from 270 soil 

samples in Spain which were quite less compared with the 11 isolates from 183 soil 

samples found in the present study. Occasional isolations of many species were noticed in 

the present study and, according to our knowledge, this is the first isolation of 

entomopathogenic strains of B. varroae, L. aphanocladii, L. dimorphum, M. robertsii and 

M. guizhouense in Portugal.  

7.6 CONCLUSION 

Entomopathogenic fungi have been known for their potential as insect biocontrol 

agents, and recent studies focus on their use for conservation biological control. However, 

the information about their ecology in vineyards is very limited. The main aim of the 

research was to analyse functional fungal entomopathogenicity of the soils of DWR of 

Portugal. It was found that different habitat-types and bait-insects have significant effects 

on the isolation of certain EPF species. Species richness and abundance differed among soil 

habitats. Clonostachys rosea f. rosea is a renowned mycoparasite, and recently it has been 

tested positive for endophytism and entomopathogenicity. The higher recovery of C. rosea 

f. rosea from semi-natural habitats suggests its use in less disturbed soils. Moreover, 

hedgerow-specific isolation of B. pseudobassiana points its inability to withstand harsher 

conditions in cultivated soils. The first isolation of C. cicadae as an EPF from 

Mediterranean soils supports its biocontrol potential in this climate, at least in less-

disturbed habitats. Therefore, these properties should be capitalised accordingly. Principal 

component analysis could decipher that baiting using G. mellonella influence the isolations 

of B. bassiana, irrespective of the habitat-type incorporated. However, M. robertsii 
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isolations were highly governed by the cultivated habitat-type as well as by the use of T. 

molitor as bait-insect. Overall, it was observed that DWR harbour various EPF which could 

be used as potential biocontrol agents for vineyard pests such as European Grapevine Moth, 

and understanding the functional ecology of EPF could help in using them more efficiently. 

Although T. molitor has been used previously at a few occasions, still many of the 

recent studies, even those conducted in the past few months, overlook the use of T. molitor 

while dealing with EPF and especially Metarhizium ecology. While these studies bring a 

significant advancement to our knowledge in EPF ecology, they suffer from the lack of any 

concrete study which highlights the significant limitations of using ‗Galleria-bait method‘ 

alone to isolate Metarhizium from soils. As G. mellonella was a significantly better bait-

insect for isolating B. bassiana, therefore, the combined use of G. mellonella and T. molitor 

is indispensable for a more complete understanding of EPF diversity and distribution within 

a region. In this study, the authors modify the existing ‗Galleria-bait method‘ and propose 

the use of ‗Galleria-Tenebrio-bait method‘ for the future studies in this area.  

 Acknowledgements 

The work is a part of L. Sharma‘s PhD. dissertation. Authors would like to thank 

the reviewers for their insightful comments on the manuscript, Dr. Fátima Gonçalves, 

University of Trás-os-Montes and Alto Douro, for the help during soil collections, and the 

farm technicians of the two wine companies Sogevinus Finewines SA and Real Companhia 

Velha for their constant co-operation during the investigation. Research was funded by the 

EcoVitis project; National Funds by FCT – Portuguese Foundation for Science and 

Technology, under the projects UID/AGR/04033/2013 and UID/MULTI/04621/2013; and 

from European Investment Funds by FEDER/COMPETE/POCI – Operacional 

Competitiveness and Internationalization Programme, under Project POCI-01-0145-

FEDER-006958. The authors declare no conflict of interest. 

  



 

233 

7.7 REFERENCES 

Aguilera Sammaritano JA, López Lastra CC, Leclerque A, Vazquez F, Toro ME, 

D‘Alessandro CP, Cuthbertson AGS, Lechner BE (2016) Control of Bemisia tabaci by 

entomopathogenic fungi isolated from arid soils in Argentina. Biocontrol Science and 

Technology 26: 1668-1682. https://doi.org/10.1080/09583157.2016.1231776 

Ali-Shtayeh MS, Mara'i A-BBM,  Jamous RM (2003) Distribution, occurrence and 

characterization of entomopathogenic fungi in agricultural soil in the Palestinian area. 

Mycopathologia 156: 235-244. https://doi.org/10.1023/A:1023339103522 

Asensio L, Carbonell T, Lopez Jimenez J, López Llorca L (2003) 

Entomopathogenic fungi in soils from Alicante province. Spanish Journal of Agricultural 

Research 1: 37-45. http://revistas.inia.es/index.php/sjar/article/view/33 

Barker CW,  Barker GM (1998) Generalist entomopathogens as biological 

indicators of deforestation and agricultural land use impacts on Waikato soils. New Zealand 

Journal of Ecology 22: 189-196. https://www.jstor.org/stable/24054691 

Bidochka MJ, Kasperski JE,  Wild GAM (1998) Occurrence of the 

entomopathogenic fungi Metarhizium anisopliae and Beauveria bassiana in soils from 

temperate and near-northern habitats. Canadian Journal of Botany 76: 1198-1204. 

https://doi.org/10.1139/b98-115 

Carlos CGF, Sousa S, Salvação J, Sharma L, Soares R, Manso J, Nóbrega M, 

Lopes A, Soares S, Aranha J, Villemant C, Marques G, Torres L (2013) Environmentally 

safe strategies to control the European Grapevine Moth, Lobesia botrana (Den. & Schiff.) 

in the Douro Demarcated Region. Ciência e Técnica Vitivinícola 1006–1011. 

http://www.advid.pt/imagens/artigos/13736242012647.pdf 

Chandler D, Hay D,  Reid AP (1997) Sampling and occurrence of 

entomopathogenic fungi and nematodes in UK soils. Applied Soil Ecology 5: 133-141. 

https://doi.org/10.1016/S0929-1393(96)00144-8 

https://doi.org/10.1080/09583157.2016.1231776
https://doi.org/10.1023/A:1023339103522
http://revistas.inia.es/index.php/sjar/article/view/33
https://www.jstor.org/stable/24054691
https://doi.org/10.1139/b98-115
http://www.advid.pt/imagens/artigos/13736242012647.pdf
https://doi.org/10.1016/S0929-1393(96)00144-8


 

234 

Clifton EH, Jaronski ST, Coates BS, Hodgson EW, Gassmann AJ (2018) Effects 

of endophytic entomopathogenic fungi on soybean aphid and identification of Metarhizium 

isolates from agricultural fields. PLoS ONE 13: e0194815. 

https://doi.org/10.1371/journal.pone.0194815 

Clifton EH, Jaronski ST, Hodgson EW, Gassmann AJ (2015) Abundance of Soil-

Borne Entomopathogenic Fungi in Organic and Conventional Fields in the Midwestern 

USA with an Emphasis on the Effect of Herbicides and Fungicides on Fungal Persistence. 

PLoS ONE 10: e0133613. https://doi.org/10.1371/journal.pone.0133613 

Domsch KH, Gams W,  Anderson TH (2007) Compendium of soil fungi. IHW-

Verlag and Verlagsbuchhandlung, 1-672. 

http://www.mycobank.org/BioloMICS.aspx?TableKey=14682616000000061&Rec=20419

&Fields=All 

Enkerli J, Widmer F,  Keller S (2004) Long-term field persistence of Beauveria 

brongniartii strains applied as biocontrol agents against European cockchafer larvae in 

Switzerland. Biological Control 29: 115-123. https://doi.org/10.1016/S1049-

9644(03)00131-2 

Fernández-Salas A, Alonso-Díaz MA, Alonso-Morales RA, Lezama-Gutiérrez R, 

Rodríguez-Rodríguez JC, Cervantes-Chávez JA (2017) Acaricidal activity of Metarhizium 

anisopliae isolated from paddocks in the Mexican tropics against two populations of the 

cattle tick Rhipicephalus microplus. Medical and Veterinary Entomology 31: 36-43. 

https://doi.org/10.1111/mve.12203 

Fisher JJ, Rehner SA,  Bruck DJ (2011) Diversity of rhizosphere associated 

entomopathogenic fungi of perennial herbs, shrubs and coniferous trees. Journal of 

Invertebrate Pathology 106: 289-   295. https://doi.org/10.1016/j.jip.2010.11.001 

Gan H,  Wickings K (2017) Soil ecological responses to pest management in golf 

turf vary with management intensity, pesticide identity, and application program. 

https://doi.org/10.1371/journal.pone.0194815
https://doi.org/10.1371/journal.pone.0133613
http://www.mycobank.org/BioloMICS.aspx?TableKey=14682616000000061&Rec=20419&Fields=All
http://www.mycobank.org/BioloMICS.aspx?TableKey=14682616000000061&Rec=20419&Fields=All
https://doi.org/10.1016/S1049-9644(03)00131-2
https://doi.org/10.1016/S1049-9644(03)00131-2
https://doi.org/10.1111/mve.12203
https://doi.org/10.1016/j.jip.2010.11.001


 

235 

Agriculture, Ecosystems and Environment 246: 66-77. 

https://doi.org/10.1016/j.agee.2017.05.014 

Gardes M,  Bruns TD (1993) ITS primers with enhanced specificity for 

basidiomycetes - application to the identification of mycorrhizae and rusts. Molecular 

Ecology 2: 113-118. https://doi.org/10.1111/j.1365-294X.1993.tb00005.x  

Garrido-Jurado I, Fernandez-Bravo M, Campos C, Quesada-Moraga E (2015) 

Diversity of entomopathogenic Hypocreales in soil and phylloplanes of five Mediterranean 

cropping systems. Journal of Invertebrate Pathology 130: 97-106. 

https://doi.org/10.1016/j.jip.2015.06.001  

Goble TA (2010) Investigation of entomopathogenic fungi for control of false 

codling moth, Thaumatotibia leucotrata, Mediterranean fruit fly, Ceratitis capitata and Natal 

fruit fly, C. rosa in South African citrus. MSc Thesis, Rhodes University, South Africa. 

http://hdl.handle.net/10962/d1005409  

Goble TA, Dames JF, P Hill M, Moore SD (2010) The effects of farming system, 

habitat type and bait type on the isolation of entomopathogenic fungi from citrus soils in 

the Eastern Cape Province, South Africa. BioControl 55: 399-412. 

https://doi.org/10.1007/s10526-009-9259-0  

Gonçalves F, Carlos C, Aranha J, Torres L (2017) Does habitat heterogeneity 

affect the diversity of epigaeic arthropods in vineyards? Agricultural and Forest 

Entomology: 1-14. https://doi.org/10.1111/afe.12270  

Hall TA (1999) BioEdit: a user-friendly biological sequence alignment editor and 

analysis program for Windows 95/98/NT. Nucleic Acids Symposium Series 41: 95-98. 

http://brownlab.mbio.ncsu.edu/JWB/papers/1999Hall1.pdf   

Hernández-Domínguez C,  Guzmán-Franco AW (2017) Species Diversity and 

Population Dynamics of Entomopathogenic Fungal Species in the Genus Metarhizium—a 

Spatiotemporal Study. Microbial Ecology 74: 194-206. https://doi.org/10.1007%2Fs00248-

017-0942-x  

https://doi.org/10.1016/j.agee.2017.05.014
https://doi.org/10.1111/j.1365-294X.1993.tb00005.x
https://doi.org/10.1016/j.jip.2015.06.001
http://hdl.handle.net/10962/d1005409
https://doi.org/10.1007/s10526-009-9259-0
https://doi.org/10.1111/afe.12270
http://brownlab.mbio.ncsu.edu/JWB/papers/1999Hall1.pdf
https://doi.org/10.1007%2Fs00248-017-0942-x
https://doi.org/10.1007%2Fs00248-017-0942-x


 

236 

Hughes WOH, Thomsen L, Eilenberg J, Boomsma JJ (2004) Diversity of 

entomopathogenic fungi near leaf-cutting ant nests in a neotropical forest, with particular 

reference to Metarhizium anisopliae var. anisopliae. Journal of Invertebrate Pathology 85: 

46-53. https://doi.org/10.1016/j.jip.2003.12.005  

Imoulan A, Alaoui A,  El Meziane A (2011) Natural occurrence of soil-borne 

entomopathogenic fungi in the Moroccan Endemic forest of Argania spinosa and their 

pathogenicity to Ceratitis capitata. World Journal of Microbiology and Biotechnology 27: 

2619-2628. https://doi.org/10.1007/s11274-011-0735-1  

Jaronski ST (2010) Ecological factors in the inundative use of fungal 

entomopathogens. BioControl 55: 159-185. https://doi.org/10.1007/s10526-009-9248-3  

Katoh K,  Standley DM (2013) MAFFT multiple sequence alignment software 

version 7: improvements in performance and usability. Molecular Biology and Evolution 

30: 772-780. https://doi.org/10.1093/molbev/mst010  

Keller S, Kessler P,  Schweizer C (2003) Distribution of insect pathogenic soil 

fungi in Switzerland with special reference to Beauveria brongniartii and Metharhizium 

anisopliae. BioControl 48: 307-319. https://doi.org/10.1023/A:1023646207455  

Keller S,  Zimmermann G (1989) Mycopathogens of soil insects. In: Wilding N, 

Collins NM, Hammond PM, Webber JF (Eds) Insect-Fungus Interactions. Academic Press, 

London, United Kingdom, 239–270. https://doi.org/10.1016/B978-0-12-751800-8.50016-1  

Kepler RM, Ugine TA, Maul JE, Cavigelli MA, Rehner SA (2015) Community 

composition and population genetics of insect pathogenic fungi in the genus Metarhizium 

from soils of a long-term agricultural research system. Environmental Microbiology 17: 

2791-2804. https://doi.org/10.1111/1462-2920.12778  

Keyser CA, De Fine Licht HH, Steinwender BM, Meyling NV (2015) Diversity 

within the entomopathogenic fungal species Metarhizium flavoviride associated with 

agricultural crops in Denmark. BMC Microbiology 15: 249. 

https://doi.org/10.1186/s12866-015-0589-z  

https://doi.org/10.1016/j.jip.2003.12.005
https://doi.org/10.1007/s11274-011-0735-1
https://doi.org/10.1007/s10526-009-9248-3
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1023/A:1023646207455
https://doi.org/10.1016/B978-0-12-751800-8.50016-1
https://doi.org/10.1111/1462-2920.12778
https://doi.org/10.1186/s12866-015-0589-z


 

237 

Keyser CA, Jensen B,  Meyling NV (2016) Dual effects of Metarhizium spp. and 

Clonostachys rosea against an insect and a seed-borne pathogen in wheat. Pest 

Management Science 72: 517-526. https://doi.org/10.1002/ps.4015  

Kirubakaran SA, Abdel-Megeed A,  Senthil-Nathan S (2018) Virulence of selected 

indigenous Metarhizium pingshaense (Ascomycota: Hypocreales) isolates against the rice 

leaffolder, Cnaphalocrocis medinalis (Guenèe) (Lepidoptera: Pyralidae). Physiological and 

Molecular Plant Pathology 101: 105-115. https://doi.org/10.1016/j.pmpp.2017.06.004  

Klingen I, Eilenberg J,  Meadow R (2002) Effects of farming system, field 

margins and bait insect on the occurrence of insect pathogenic fungi in soils. Agriculture, 

Ecosystems and Environment 91: 191-198. https://doi.org/10.1016/S0167-8809(01)00227-4  

Medo J,  Cagáň Ľ (2011) Factors affecting the occurrence of entomopathogenic 

fungi in soils of Slovakia as revealed using two methods. Biological Control 59: 200-208. 

https://doi.org/10.1016/j.biocontrol.2011.07.020  

Medo J, Michalko J, Medová J, Cagáň Ľ (2016) Phylogenetic structure and habitat 

associations of Beauveria species isolated from soils in Slovakia. Journal of Invertebrate 

Pathology 140: 46-50. https://doi.org/10.1016/j.jip.2016.08.009  

Meyling NV,  Eilenberg J (2006) Occurrence and distribution of soil borne 

entomopathogenic fungi within a single organic agroecosystem. Agriculture, Ecosystems 

and Environment 113: 336-341. https://doi.org/10.1016/j.agee.2005.10.011  

Meyling NV,  Eilenberg J (2007) Ecology of the entomopathogenic fungi 

Beauveria bassiana and Metarhizium anisopliae in temperate agroecosystems: Potential for 

conservation biological control. Biological Control 43: 145-155. 

https://doi.org/10.1016/j.biocontrol.2007.07.007  

Meyling NV, Lubeck M, Buckley EP, Eilenberg J, Rehner SA (2009) Community 

composition, host range and genetic structure of the fungal entomopathogen Beauveria in 

adjoining agricultural and seminatural habitats. Molecular Ecology 18: 1282-1293. 

https://doi.org/10.1111/j.1365-294X.2009.04095.x  

https://doi.org/10.1002/ps.4015
https://doi.org/10.1016/j.pmpp.2017.06.004
https://doi.org/10.1016/S0167-8809(01)00227-4
https://doi.org/10.1016/j.biocontrol.2011.07.020
https://doi.org/10.1016/j.jip.2016.08.009
https://doi.org/10.1016/j.agee.2005.10.011
https://doi.org/10.1016/j.biocontrol.2007.07.007
https://doi.org/10.1111/j.1365-294X.2009.04095.x


 

238 

Meyling NV, Schmidt NM,  Eilenberg J (2012) Occurrence and diversity of fungal 

entomopathogens in soils of low and high Arctic Greenland. Polar Biology 35: 1439-1445. 

https://doi.org/10.1007/s00300-012-1183-6  

Möller EM, Bahnweg G, Sandermann H, Geiger HH (1992) A simple and efficient 

protocol for isolation of high molecular weight DNA from filamentous fungi, fruit bodies, 

and infected plant tissues. Nucleic Acids Research 20: 6115-6116. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC334490/pdf/nar00233-0230.pdf  

Muñiz-Reyes E, Guzmán-Franco AW, Sánchez-Escudero J, Nieto-Angel R (2014) 

Occurrence of entomopathogenic fungi in tejocote (Crataegus mexicana) orchard soils and 

their pathogenicity against Rhagoletis pomonella. Journal of Applied Microbiology 117: 

1450-1462. https://doi.org/10.1111/jam.12617  

Oddsdottir ES, Nielsen C, Sen R, Harding S, Eilenberg J, Halldorsson G (2010) 

Distribution patterns of soil entomopathogenic and birch symbiotic ectomycorrhizal fungi 

across native woodlandand degraded habitats in Iceland. Icelandic Agricultural Sciences 

23: 37-49. 

http://www.ias.is/landbunadur/wgsamvef.nsf/Attachment/IAS10_EddaOddsdottiretal/$file/I

AS10_EddaOddsdottiretal.pdf  

Oliveira I, Pereira JA, Lino-Neto T, Bento A, Baptista P (2012) Fungal Diversity 

Associated to the Olive Moth, Prays Oleae Bernard: A Survey for Potential 

Entomopathogenic Fungi. Microbial Ecology 63: 964-974. 

https://doi.org/10.1007%2Fs00248-011-9955-z  

Pérez-González VH, Guzmán-Franco AW, Alatorre-Rosas R, Hernández-López J, 

Hernández-López A, Carrillo-Benítez MG, Baverstock J (2014) Specific diversity of the 

entomopathogenic fungi Beauveria and Metarhizium in Mexican agricultural soils. Journal 

of Invertebrate Pathology 119: 54-61. https://doi.org/10.1016/j.jip.2014.04.004  

Posadas JB, Comerio RM, Mini JI, Nussenbaum AL, Lecuona RE (2012) A novel 

dodine-free selective medium based on the use of cetyl trimethyl ammonium bromide 

https://doi.org/10.1007/s00300-012-1183-6
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC334490/pdf/nar00233-0230.pdf
https://doi.org/10.1111/jam.12617
http://www.ias.is/landbunadur/wgsamvef.nsf/Attachment/IAS10_EddaOddsdottiretal/$file/IAS10_EddaOddsdottiretal.pdf
http://www.ias.is/landbunadur/wgsamvef.nsf/Attachment/IAS10_EddaOddsdottiretal/$file/IAS10_EddaOddsdottiretal.pdf
https://doi.org/10.1007%2Fs00248-011-9955-z
https://doi.org/10.1016/j.jip.2014.04.004


 

239 

(CTAB) to isolate Beauveria bassiana, Metarhizium anisopliae sensu lato and Paecilomyces 

lilacinus from soil. Mycologia 104: 974-980. https://doi.org/10.3852/11-234  

Quesada-Moraga E, Navas-Cortés JA, Maranhao EAA, Ortiz-Urquiza A, 

Santiago-Álvarez C (2007) Factors affecting the occurrence and distribution of 

entomopathogenic fungi in natural and cultivated soils. Mycological Research 111: 947-

966. https://doi.org/10.1016/j.mycres.2007.06.006  

Roumpos C (2005) Ecological studies on Paecilomyces lilacinus strain 251 and 

their importance for biocontrol of plant-parasitic nematodes and environmental risk 

assessment. PhD Thesis, Rheinische Friedrich-Wilhelms-Universität Bonn, Germany. 

http://library.wur.nl/WebQuery/titel/1801236  

Rudeen ML, Jaronski ST, Petzold-Maxwell JL, Gassmann AJ (2013) 

Entomopathogenic fungi in cornfields and their potential to manage larval western corn 

rootworm Diabrotica virgifera virgifera. Journal of Invertebrate Pathology 114: 329-332. 

https://doi.org/10.1016/j.jip.2013.09.009  

Sánchez-Peña SR, Lara JS-J,  Medina RF (2011) Occurrence of entomopathogenic 

fungi from agricultural and natural ecosystems in Saltillo, México, and their virulence 

towards thrips and whiteflies. Journal of Insect Science 11:1. 

https://doi.org/10.1673/031.011.0101  

Scheepmaker JWA,  Butt TM (2010) Natural and released inoculum levels of 

entomopathogenic fungal biocontrol agents in soil in relation to risk assessment and in 

accordance with EU regulations. Biocontrol Science and Technology 20: 503-552. 

https://doi.org/10.1080/09583150903545035  

Schneider S, Widmer F, Jacot K, Kölliker R, Enkerli J (2012) Spatial distribution 

of Metarhizium clade 1 in agricultural landscapes with arable land and different semi-

natural habitats. Applied Soil Ecology 52: 20-28. 

https://doi.org/10.1016/j.apsoil.2011.10.007  

https://doi.org/10.3852/11-234
https://doi.org/10.1016/j.mycres.2007.06.006
http://library.wur.nl/WebQuery/titel/1801236
https://doi.org/10.1016/j.jip.2013.09.009
https://doi.org/10.1673/031.011.0101
https://doi.org/10.1080/09583150903545035
https://doi.org/10.1016/j.apsoil.2011.10.007


 

240 

Sevim A, Demir I, Höfte M, Humber RA, Demirbag Z (2009) Isolation and 

characterization of entomopathogenic fungi from hazelnut-growing region of Turkey. 

BioControl 55: 279-297. https://doi.org/10.1007/s10526-009-9235-8  

Sharma L, Gonçalves F, Oliveira I, Torres L, Marques G (2018) Insect-associated 

fungi from naturally mycosed vine mealybug Planococcus ficus (Signoret) (Hemiptera: 

Pseudococcidae). Biocontrol Science and Technology 28: 122-141. 

https://doi.org/10.1080/09583157.2018.1428733  

Steinwender BM, Enkerli J, Widmer F, Eilenberg J, Thorup-Kristensen K, 

Meyling NV (2014) Molecular diversity of the entomopathogenic fungal Metarhizium 

community within an agroecosystem. Journal of Invertebrate Pathology 123: 6-12. 

https://doi.org/10.1016/j.jip.2014.09.002  

Sun B-D,  Liu X-Z (2008) Occurrence and diversity of insect-associated fungi in 

natural soils in China. Applied Soil Ecology 39: 100-108. 

https://doi.org/10.1016/j.apsoil.2007.12.001  

Sun B-D, Yu H-y, Chen AJ, Liu X-Z (2008) Insect-associated fungi in soils of 

field crops and orchards. Crop Protection 27: 1421-1426. 

https://doi.org/10.1016/j.cropro.2008.07.010  

Tarasco E, Bievre C, Papierok B, Poliseno M, Triggiani O (1997) Occurrence of 

entomopathogenic fungi in soils in Southern Italy. Entomologica Bari 31: 157-166. 

https://doi.org/10.15162/0425-1016/692   

Vänninen I (1996) Distribution and occurrence of four entomopathogenic fungi in 

Finland: effect of geographical location, habitat type and soil type. Mycological Research 

100: 93-101. https://doi.org/10.1016/S0953-7562(96)80106-7  

Vänninen I, Tyni-Juslin J,  Hokkanen H (2000) Persistence of augmented 

Metarhizium anisopliae and Beauveria bassiana in Finnish agricultural soils. BioControl 

45: 201-222. https://doi.org/10.1023/A:1009998919531  

https://doi.org/10.1007/s10526-009-9235-8
https://doi.org/10.1080/09583157.2018.1428733
https://doi.org/10.1016/j.jip.2014.09.002
https://doi.org/10.1016/j.apsoil.2007.12.001
https://doi.org/10.1016/j.cropro.2008.07.010
https://doi.org/10.15162/0425-1016/692
https://doi.org/10.1016/S0953-7562(96)80106-7
https://doi.org/10.1023/A:1009998919531


 

241 

Vega FE, Goettel MS, Blackwell M, Chandler D, Jackson MA, Keller S, Koike M, 

Maniania NK, Monzón A, Ownley BH, Pell JK, Rangel DEN, Roy HE (2009) Fungal 

entomopathogens: new insights on their ecology. Fungal Ecology 2: 149-159. 

https://doi.org/10.1016/j.funeco.2009.05.001  

Vega FE, Meyling NV, Luangsa-ard JJ, Blackwell M (2012) Fungal 

Entomopathogens. In: Vega FE, Kaya HK (Eds) Insect Pathology. Academic Press, 

Elsevier Inc., San Diego, 171-220. https://doi.org/10.1016/B978-0-12-384984-7.00006-3   

Wei B-Q, Xue Q-Y, Wei L-H, Niu D-D, Liu H-X, Chen L-F, Guo J-H (2009) A 

novel screening strategy to identify biocontrol fungi using protease production or chitinase 

activity against Meloidogyne root-knot nematodes. Biocontrol Science and Technology 19: 

859-870. https://doi.org/10.1080/09583150903165636  

Yurkov A, Guerreiro MA, Sharma L, Carvalho C, Fonseca Á (2015) Correction: 

Multigene Assessment of the Species Boundaries and Sexual Status of the Basidiomycetous 

Yeasts <italic>Cryptococcus flavescens</italic> and <italic>C</italic>. 

<italic>terrestris</italic> (Tremellales). PLoS ONE 10: e0126996. 

https://doi.org/10.1371/journal.pone.0126996  

Zimmermann G (1986) The ‗Galleria bait method‘ for detection of 

entomopathogenic fungi in soil. Journal of Applied Entomology 102: 213-215. 

https://doi.org/10.1111/j.1439-0418.1986.tb00912.x  

 

  

https://doi.org/10.1016/j.funeco.2009.05.001
https://doi.org/10.1016/B978-0-12-384984-7.00006-3
https://doi.org/10.1080/09583150903165636
https://doi.org/10.1371/journal.pone.0126996
https://doi.org/10.1111/j.1439-0418.1986.tb00912.x


 

242 

  



 

243 

 CHAPTER 8. EFFECTS OF SOIL PHYSICOCHEMICAL 8

PROPERTIES ON THE OCCURENCE OF WELL-KNOWN 

ENTOMOPATHOGENIC FUNGI  

  



 

244 

  



 

245 

8.1 NATURAL OCCURENCE OF DIFFERENT ENTOMOPATHOGENIC 

FUNGI IS DISTINCTLY AFFECTED BY THE SOIL CHEMISTRY 

This chapter has already been peer-reviewed by the Peerage of Science and parts of this chapter has 

been submitted to a journal, and the details are as follows: 

 

Lav Sharma, Irene Oliveira, Fátima Gonçalves, Fernando Raimundo, Laura Torres, Guilhermina Marques. 

Natural occurence of different entomopathogenic fungi is distinctly affected by the soil chemistry. Pathogens 

(under review) 

 

Abstract: Entomopathogenic fungi (EPF) contribute to different ecosystem 

services. However, factors affecting their natural occurrences in soils remain poorly 

understood. Moreover, information on the effects of soil chemistry on EPF is very limited. 

In an earlier study, MycoKeys 38: 1-23 (2018), 81 soil samples from three Portuguese vine 

farms were subjected to insect baiting using Galleria mellonella and Tenebrio molitor to 

isolate EPF from vineyards (cultivated habitat) and adjacent hedgerows (semi-natural 

habitat). In this study, those soils which yielded any of the four common EPF, i.e., 

Beauveria bassiana, Purpureocillium lilacinum, Metarhizium robertsii and Clonostachys 

rosea f. rosea, were studied for their chemical properties. In total, 42 soils were assessed. 

Beauveria bassiana was negatively affected by higher available P (P=0.02), exchangeable 

K-ions (P=0.016), and positively affected by higher soil pH_H2O (P=0.021). High 

exchangeable K-ions inhibited P. lilacinum (P=0.011) and promoted C. rosea f. rosea 

(P=0.03). Moreover, high available K also suppressed P. lilacinum (P=0.027). Metarhizium 

robertsii was inhibited by higher organic matter content (P=0.009), C:N (P=0.017), total N 

(P=0.007), and exchangeable Mg-ions (P=0.026), and promoted by higher exchangeable 

Na-ions (P=0.003). As soil chemistry affected B. bassiana and M. robertsii the most, a 

principal component analysis was performed to cluster three groups of fungi, i.e., (a) B. 

bassiana, (b) M. robertsii and (c) others. First three factors, F1, F2 and F3, could explain 

73.81% of the variance, i.e., 38.10%, 20.62% and 15.09%, respectively. Among all factors, 
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F1 had the highest positive weights for soil pH_H2O, organic matter content, total N, C:N, 

cation exchange capacity, exchangeable Ca-ions and Mg-ions, and the highest negative 

weight for the total soil acidity. Factor 2 had the highest positive weights for available P, 

available K and exchangeable K-ions. Factor 3 had the highest positive weight for 

exchangeable Na-ions only. Nonetheless, it was noticed that (a) B. bassiana and M. 

robertsii have distinct soil chemical affinities, and (b) properties such as higher soil pH and 

exchangeable Ca-ions have contrasting effects on EPF occurrences as they promote B. 

bassiana and inhibit M. robertsii. Overall, this study is among the first reports on the 

effects of soil chemistry on EPF other than Metarhizium, and would facilitate soil quality 

predictions and subsequent soil amendment practices. A similar approach can be extended 

to other beneficial soil microbes.  

Keywords: Beauveria; conservation biological control; fungal endophytes; 

Hypocreales; Metarhizium; soil chemistry 

8.2 INTRODUCTION 

In soils, entomopathogenic fungi (EPF) contribute to different ecosystem services. 

These services range from (a) those associated with life support role, such as nutrient 

cycling, to (b) those for the regulation of ecosystem processes, such as pest and disease 

control (Klingen and Haukeland 2006, Cossentine et al. 2010). Beneficial fungi such as 

EPF can be considered as the indicators of soil health. Apart from assisting services for 

ecosystem functions, EPF in a broader sense, contribute to sustainable management of 

agroecosystems (Barrios 2007, Lugtenberg et al. 2016). These properties of EPF highlight 

their immense importance for a bio-based economy, and factors which might influence their 

diversities should be thoroughly investigated.  

Both biotic and abiotic factors influence the survival of EPF in soils (Jaronski 

2007). Previous research studies in this area has focussed primarily on soil physicochemical 

properties such as pH, and texture (Quesada-Moraga et al. 2007, Jabbour and Barbercheck 

2009, Medo and Cagáň 2011, Clifton et al. 2015), or soil temperature and moisture 
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(Garrido-Jurado et al. 2011a). For example, Quesada-Moraga et al. (2007) studied the 

effects of sand, slit and clay contents in the Mediterranean soils on the occurrences of EPF, 

in a great detail.  

Although there have been sufficient literature regarding the soil texture 

components with respect to EPF, however, the knowledge on the effects of soil chemical 

properties on EPF diversity is very limited. Fewer chemical constituents of the soils were 

measured in some reports, however, (a) either the objective was not to compare them with 

the natural EPF diversity (Asensio et al. 2003, Garrido-Jurado et al. 2011b), or (b) among 

the above mentioned EPF, previous studies primarily focussed only on a few species, for 

e.g., Metarhizium anisopliae (Metschnikoff) (Hypocreales: Clavicipitaceae) (Rath et al. 

1992, Jabbour and Barbercheck 2009, Clifton et al. 2015). These studies brought a 

significant advancement in our knowledge on EPF ecology, however, studying species 

other than Metarhizium could be of great interest.  

In this direction, to our knowledge, only Oddsdottir et al. (2010) analysed the basic 

soil chemical constituents such as total C and N, and correlated them with M. anisopliae as 

well as B. bassiana. In this present study, authors investigated the chemical properties of 

the soils from vineyards such as percentage organic matter content (OM), total nitrogen 

(N), total organic carbon (C), available phosphorus (P), available potassium (K), 

exchangeable ions such as sodium (Na-ions), magnesium (Mg-ions), potassium (K-ions), 

and calcium (Ca-ions), pH, i.e., in H2O and KCl, degree of base saturation (DBS), total 

acidity (TA) and effective cation exchange capacity (CECe), with respect to the occurrence 

of four widely known EPF, i.e., Beauveria bassiana (Balsamo) Vuillemin Metarhizium 

robertsii Bischoff, Rehner & Humber, Purpureocillium lilacinum (Thom), and 

Clonostachys rosea f. rosea (Link) Schroers, Samuels, Seifert & Gams.  

The study was conducted in Douro Wine Region (DWR) of Portugal, where some 

insect-pests of high economic relevance are quite frequent, such as European Grapevine 

Moth Lobesia botrana (Denis & Schiffermüller) (Lepidoptera: Tortricidae) (Carlos et al. 

2013, Gonçalves et al. 2017). Nonetheless, to enhance variations in the soil chemistry, 
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different soils were considered. Soils were: (a) different in texture, i.e., coarse-texture (high 

proportion of sand) or medium-texture (more balanced mixture of sand, silt, and clay); (b) 

sampled from varying habitat-type, i.e., cultivated vineyards or adjacent hedgerows which 

were mainly constituted of pine (Pinus spp. Linnaeus, Pinaceae) and oak (Quercus spp. 

Linnaeus, Fagaceae) trees; and (c) either treated with herbicides or left untreated. 

8.3 METHODS 

8.3.1 SAMPLING SITE DESCRIPTION 

The study was conducted in the three DWR farms, i.e., Carvalhas (41°11'12.9"N, 

7°32'41.5"W), Granja (41°15'18"N, 7°28'34"W) and S. Luiz (41°9′22′′N, 7°36′55′′W) in the 

months of October and November 2012. All these three farms belong to the ‗Cima Corgo‘ 

region of the DWR. The mean annual rainfall and temperature in the farms S. Luiz and 

Carvalhas ranges between 800-1000 mm and 14-16 ºC. The farm Granja records 1000-1200 

mm mean annual rainfall and temperatures ranging between 12-14 ºC. The soil was 

sampled in the months of October and November 2012. Information on soil treatments with 

chemicals are provided in the Table 8-S3. 

8.3.2 SOIL SAMPLING, INSECT BAITING, FUNGAL ISOLATION AND 

SCREENING 

Two kg of soil per site were sampled from the above farms, out of which one kg of 

the soil sample was sent for the soil laboratory within the campus. The samples were air-

dried and sieved with a 2 mm screen and preserved for chemical analyses. Another one kg 

was processed immediately, after the soil moisture got equilibrated, for EPF isolation using 

bait-insects Galleria mellonella Linnaeus (Lepidoptera: Pyralidae) and Tenebrio molitor 

Linnaeus (Coleoptera: Tenebrionidae), and the details are provided in Sharma et al. 

(2018b). Insect rearing and procurements are done as mentioned in Sharma et al. (2018a). 

As a fungus can have different ecological roles, possibility of wrong functional annotation 

can-not be neglected, and hence, insect baiting was preferred over soil suspension culture 
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on a selective media or a DNA based approach, as described in detail in Sharma et al. 

(2018b).Thirty five soil samples, or N=35, which could yield at least one of the concerned 

EPF, i.e., B. bassiana, M. robertsii, P. lilacinum and/or C. rosea f. rosea were studied for 

their chemical properties. Seven soils samples which could not report any EPF isolation 

were also analysed. Hence, a total of 42 soil samples were subjected to chemical analyses 

and their details are provided in Table 8-S1. All significant observations by Clifton et al. 

(2015) were also based on a similar number of soils, i.e., (N=47), collected in the year 

2011. Additional details on the sampling strategy and site, insect-baiting, fungal isolations, 

screening and molecular identifications are provided in Sharma et al. (2018b).  

8.3.3 SOIL ANALYSES AND CALCULATIONS 

Majority of the soils used in the study were also characterised for their 

physicochemical properties. Soil pH was determined after one hour in a soil-water or 1M 

KCl (1:2.5 w/v) suspension. Soil organic carbon was determined by dry combustion at 

1,000 °C and infra-red detection in a total-organic-carbon analyser (Primacs
SNC-100

, Skalar 

Analytical B.V., The Netherlands). Total nitrogen was measured by the Kjeldahl method 

and quantified by molecular absorption spectrophotometry (Bremner 1996). Available P 

and K were extracted by the Egnér-Riehm method. Available K was determined on a flame 

emission photometer (iCE™ 3300 AAS Atomic Absorption Spectrometer, Thermo 

Scientific
TM

, The Netherlands), and available P on a spectrophotometer (Egnér et al. 1960). 

Exchangeable ions, i.e., K-ions, Ca-ions, Mg-ions and Na-ions were determined with 

atomic absorption spectrophotometry, after ammonium acetate extraction at a pH of 7.0 

(Bower et al. 1952). Exchangeable acidity was determined by titration method described in 

Thomas (1996). Effective cation exchange capacity, i.e., the cation exchange capacity 

(CEC) at field conditions, is calculated by summing the exchangeable bases (Na
+
, K

+
, Ca

2+
, 

Mg
2+

) plus exchangeable acidity. The CECe is the CEC of the soil at its neutral pH. Degree 

of base saturation is calculated making the sum of the exchangeable bases divided by CECe 

and multiplying by 100. 
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8.3.4 DATA ANALYSES 

Normalities of the distributions were analysed and soil samples were grouped for 

the absence and presence of each EPF independently. Student‘s t-tests were used to 

determine whether the differences between the means of the soil variables for the binary 

presence/absence of each EPF, and ANOVA for comparing means between grouped 

factors. When normality was not assumed, non-parametric tests such as Kruskal-Wallis and 

Mann-Whitney were used instead, and subsequent unilateral significance (p<5%) were 

obtained. Dimensionality reduction was performed on transformed data using Principal 

Component Analysis (PCA) and Non-metric Multi-dimensional Scaling (NMDS). Software 

IBM SPSS Statistics 22 and XLSTAT 2018.2 were used to perform statistical data 

processing, and 3D scatter plots were made using NCSS 12.  

8.4 RESULTS 

Here, OM and chemical properties of 42 soil samples were analysed in terms of 

EPF occurrences, and the respective statistics, generally T-values (t) or Mann-Whitney U-

values (U) and p values, are presented in Table 8-1. Details of the soil properties are 

provided in Table 8-S1.  
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Figure 8-1: Effects of the soil properties on the occurrences on entomopathogenic fungi. Abbreviations 

B.b, P.l, M.r and C.r stands for entomopathogenic fungi Beauveria bassiana, Purpureocillium 

lilacinum, Metarhizium robertsii and Clonostachys rosea f. rosea, respectively. Presences (+) and 

absences (-) are shown on the positive and negative Y axis, respectively. Unilateral significant 

observations, i.e., p<5% are marked with an asterisk. Soil variables are grouped based on scales 

appropriate for visualization as well as resolution. Abbreviations DBS, TA, OM, CECe meant degree 

of base saturation, total acidity, organic matter and effective cation exchange capacity, respectively. 

8.4.1 EFFECTS OF SOILS CHEMICAL PROPERTIES AND OM ON EPF 

Beauveria bassiana was associated with soils with lesser total acidity (p=0.043) or 

higher pH_H2O (p=0.021) (Fig. 8-1) (Table 8-1). Higher soil pH slightly favoured M. 

robertsii occurrence, however, non-significantly (p=0.094). Clonostachys rosea f. rosea 

was frequent in soils with higher TA, however, the isolations were not significant 

(p=0.137). High CEC slightly influenced isolations of M. robertsii negatively (p=0.09), and 

those of B. bassiana and C. rosea f. rosea positively, i.e., (p=0.29) and (p=0.077), 

respectively, however the results were non-significant. Although some trends were noticed, 

however, in general, DBS and CECe did not affect EPF occurrences (Fig. 8-1), (Table 8-1). 

Among exchangeable ions, higher K-ions had a significant negative effect on B. bassiana 

(p=0.016) and P. lilacinum (p=0.011), and a significant positive effect on C. rosea f. rosea 

(p=0.03). Excess of other exchangeable ions, i.e., Mg-ions and Na-ions had respective 
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inhibiting (p=0.026) and promoting (p=0.003) effects on M. robertsii. Purpureocillium 

lilacinum was also recovered from soils with higher Mg-ions, however, non-significantly 

(p=0.077) (Fig. 8-1), (Table 8-1).  

Metarhizium robertsii was inhibited by higher N (p=0.007). Similarly, noticeable 

inhibition by higher C:N was also observed in the case of M. robertsii (p=0.017). 

Entomopathogenic fungi in general were reported in soils with lesser N, P and K, although 

there were a few marginal exceptions (Fig. 8-1). Higher P inhibited B. bassiana (p=0.02), 

and higher K reduced P. lilacinum (p=0.027) occurrences. Higher P had a lesser inhibitory 

effect on M. robertsii, i.e., (p=0.121) (Fig. 8-1). Metarhizium robertsii was inhibited by 

OM (p=0.009). Other EPF did not seem to be affected by OM (Fig. 8-1), (Table 8-1).  

 

Figure 8-2: Clustering of soil samples harbouring entomopathogenic fungi based on their soil 

properties using Principal Component (PC) Analysis and Non-metric Multidimensional Scaling 

(NMDS). (A) PC1 vs. PC2. (B) PC1 vs. PC3. (C) PC2 vs. PC3. (D) 3D-NMDS of soil samples. (E) 

3D-NMDS of soil properties. Exchangeable cations are mentioned with a plus [+] sign. Farm type 

includes S. Luiz (SL), Carvalhas (Cv), Granja (Gr). Rapid texture is classified as gross (g) and medium 

(m). Other representations are: soils with herbicide treatment (h), soils without any herbicide 
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application and collected from vineyards (nh1), and soils from adjacent natural hedgerows which, by 

default, was never treated with herbicides (nh2). 

8.4.2 BIOLOGICAL PROXIMITIES AND RELATED FACTORS 

Principal Component Analysis (PCA) was performed to understand the roles of the 

different soil properties in the occurrences of EPF, and their subsequent clustering. As 

significant effects of soil variables were only observed for M. robertsii and B. bassiana, the 

PCA was performed for three groups of EPF. The groups were B. bassiana, M. robertsii 

and others (P. lilacinum and C. rosea f. rosea). First three components, i.e., PC1, PC2 and 

PC3 accounted for the 73.81% of the total variance, i.e., 38.10%, 20.62% and 15.09%, 

respectively (Fig. 8-2) (Table 8-S2). Principal component 1 could distinguish between the 

soils with and without M. robertsii (Figs. 8-2A and 8-2B). It was noticed that M. robertsii 

isolations were negatively related with higher quantities of OM, C:N, N, pH_H2O, Mg-ions 

and Ca-ions, and CECe. As pH was negatively related with M. robertsii, it was obvious that 

the soils higher in TA tended to favour M. robertsii isolations (Figs. 8-2A and 8-2B). 

Principal component 2 could cluster B. bassiana isolations, although there were some 

exceptions (Figs. 8-2A and 8- 2C). It was found that B. bassiana was less prevalent in soils 

with higher K, P, TA and K-ions. Soils with higher pH_H2O and Ca-ions tended to have 

more B. bassiana (Fig. 8-2). Relationships among different soil variables are presented in 

Fig. 8-2E. Factor loading and eigenvectors for different soil chemical characteristics are 

presented in Table 8-S2.  

8.5 DISCUSSION 

Soil characteristics can determine its fungal communities and host-microbe 

interactions (Schappe et al. 2017). Studying the soils where these EPF spend a considerable 

amount of time of their life cycle is of a big relevance. In this study, B. bassiana showed 

significant affinity to soils with lesser acidity or higher pH. Quesada-Moraga et al. (2007) 

also suggested that B. bassiana was associated with soils having higher pH. Although, there 

were some trends, however, in the present study, pH, TA, DBS and CECe did not seem to 
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have a significant effect on other EPF. Nonetheless, to facilitate smoother discussion with 

respect to the previous studies, authors considered CEC and CECe as synonyms. Jabbour 

and Barbercheck (2009) and Jaronski (2010) noticed no significant effects of soil pH and 

CEC on Metarhizium occurrences. 

Higher N tended to inhibit the occurrences of EPF, with an exception of C. rosea f. 

rosea. Higher N might have encouraged the growth of other fungi which could be 

competitors or consumers of the EPF in the soils, or decomposers (Reeleder et al. 2006, 

Rousk and Bååth 2007). In the present study N, P and K availability tended to reduce EPF 

occurrences, although there were some marginal exceptions, occasionally (Fig. 8-1). Clifton 

et al. (2015) also found a negative correlation between Metarhizium and N content. 

Birkhofer et al. (2008) noticed that fertilizers influence above and belowground 

components which ultimately reduce internal biological control. Bednarek and Gaugler 

(1997) reported that the addition of NPK fertilizers reduced the density of entomopathogens 

such as nematodes.  

Organic matter content had no effect on EPF occurrences other than on 

Metarhizium. According to Quesada-Moraga et al. (2007), an increase in OM content 

subsequently increases CEC, which can enhance conidia absorption. However, alike us, 

Jabbour and Barbercheck (2009) also reported that OM was negatively associated with 

Metarhizium, and Meyling and Eilenberg (2007) and Goble et al. (2010) suggested that OM 

increases the biological activity in the soils which enhances the growth of other saprophytic 

fungi and eventually reduce the resources for EPF. 

8.6 CONCLUSION 

Two different approaches, i.e., comparisons of means and factor analysis, were 

taken to study the variations in the chemistry of the soils harbouring different EPF. It was 

found that both the approaches complement each other. Principal component analysis based 

on chemical properties of the soils could result in two factors which could distinguish 

isolations of M. robertsii with those of B. bassiana. Properties such as higher soil pH and 
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Ca-ions have contrasting effects on presences of B. bassiana and M. robertsii. While both 

these properties promote B. bassiana, they inhibit M. robertsii. Moreover, different profiles 

were observed for each EPF. It was noticed that while soil OM, N, C:N, Mg-ions, and 

CECe seem to inhibit M. robertsii the most, inhibition of B. bassiana was mainly noticed in 

soils with higher acidity, K, P and K-ions. Therefore, these chemical indicators can be used 

to predict the soil quality in terms of EPF, and subsequent soil amendments can be 

undertaken. This kind of approach can be extended to other beneficial soil microbes. 

Predicting soil microbial quality based on soil chemical properties could be a promising 

approach in the development of the methods for sustainable agriculture. 
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Table 8-1: Statistical and significance values of the effect of the soil properties on the occurrences of entomopathogenic fungi. 

 Beauveria bassiana Purpureocillium lilacinum Metarhizium robertsii Clonostachys rosea f. rosea 

Soil properties Mann-Whitney  

U-valuea 
p 

valuea 
Mann-Whitney     

U-valuea 
p 

valuea 
Mann-Whitney     

U-valuea 
p 

valuea 
Mann-Whitney  

U-valuea 
p 

valuea 

Available Phosphorous  113.0 0.020 60.0 0.11 87.0 0.121 208.0 0.419 

Available Potassium 140.5 0.097 43.0 0.027 78.5 0.070 182.0 0.193 

Organic matter 168.0 0.295 85.0 0.396 54.5 0.009 207 0.409 

Total Nitrogen 169.0 0.305 82.0 0.353 51.5 0.007 200.5 0.347 

Carbon-Nitrogen ration 168.0 0.999 78.0 0.298 60.0 0.017 165.0 0.097 

pH_H2O 114.5 0.021 tb=-1.06 dfb=40 0.147b tb=1.336 dfb=40 0.094b tb=0.596 dfb=40 0.277b 

pH_KCl tb=-1.688 dfb=40 0.049b tb=-0.57 dfb=40 0.286b 110.0 0.346 tb=1.294 dfb=40 0.101b 

Total acidity 125.0 0.043 65.5 0.152 109.0 0.334 175.0 0.137 

Degree of base saturation 133.0 0.068 65.5 0.152 103.0 0.265 192.0 0.261 

Exchangeable Calcium ions 154.5 0.180 91.0 0.485 83.0 0.096 160.0 0.077 

Exchangeable Magnesium ions 162.5 0.242 55.0 0.077 65.0 0.026 201.5 0.356 

Exchangeable Potassium ions 110.0 0.016 35.5 0.011 115.0 0.408 142.0 0.030 

Exchangeable Sodium ions 154.0 0.180 76.0 0.273 45.0 0.003 208.0 0.419 

Effective Cation Exchange Capacity 168.0 0.295 90.0 0.470 82.0 0.090 160 0.077 

aValues are obtained by non-parametric statistical method, i.e., Mann-Whitney Test, unless stated otherwise. 

bValues are obtained by parametric statistical method, i.e., Student‘s T-test, and T-value (t) and degrees of freedom (df) are mentioned. 

Significant observations (p<5%) are marked as bold. 
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9.1 SOIL CHEMICAL PROPERTIES BARELY PERTURB THE 

ABUNDANCE OF ENTOMOPATHOGENIC FUSARIUM 

OXYSPORUM: A CASE STUDY USING GENERALIZED LINEAR 

MIXED MODEL FOR MICROBIAL PATHOGEN OCCURRENCE 

COUNT DATA. 

This chapter has been published in a journal and the detils are as follows: 

Lav Sharma, Irene Oliveira, Fernando Raimundo, Laura Torres, Guilhermina Marques Soil chemical 

properties barely perturb the abundance of entomopathogenic Fusarium oxysporum: a case study using 

generalized linear mixed model for microbial pathogen occurrence count data. Pathogens 7(4): 89. 

 

Abstract: Fusarium oxysporum exhibits insect-pathogenicity, however, 

generalized concerns of releasing phytopathogens within agroecosystems marred its 

entomopathogenicity-related investigations. In a previous study, MycoKeys 2018, 38, 1-23, 

soils were sampled from Douro vineyards and adjacent hedgerows. In this study, 80 of 

those soils were analyzed for their chemical properties and were subsequently co-related 

with the abundance of entomopathogenic F. oxysporum, after insect baiting of soils with 

Galleria mellonella and Tenebrio molitor larvae. The soil chemical properties studied were: 

organic matter content, total organic carbon, total nitrogen, available potassium, available 

phosphorus, exchangeable cations such as K
+
, Na

+
, Ca

2+
 and Mg

2+
, pH, total acidity, degree 

of base saturation, and effective cation exchange capacity. Entomopathogenic F. oxysporum 

was found in 48, i.e., 60%±5.47%, of the total soil samples. Out of the 1280 insect larvae 

used, 93, i.e., 7.26%±0.72%, were found dead by entomopathogenic F. oxysporum. Step-

wise deletion of non-significant variables using a generalized linear model, was followed 

by a generalized linear mixed model (GLMM). Higher C:N (logarithmized) (P<0.001) and 

lower exchangeable K
+
 (logarithmized) (P=0.008), were found significant for higher fungal 
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abundance. Overall, this study suggests that entomopathogenic F. oxysporum is robust to 

agricultural changes, and GLMM is a useful statistical tool for count data in ecology. 

Keywords: Entomopathogenic fungi; soil chemistry; microbial ecology; 

vineyards; Fusarium oxysporum; generalized linear mixed model 

9.2 INTRODUCTION 

Entomopathogenic fungi are the natural biological control agents of the insect-

pests [1]. Fungi belonging to Fusarium Link ex Grey (Hypocreales: Nectriaceae) are widely 

known as plant pathogens and saprophytes. Among animals, Fusarium spp. are quite 

abundantly associated with insects from different orders, i.e., Coleoptera, Diptera, 

Hemiptera, Isoptera, Lepidoptera and Orthoptera [2,3]. A previous study emphasized the 

use of different Fusarium spp. as biological control agents for the agricultural insect-pests, 

and aroused concern towards the limited research in this direction pertaining to a 

generalized apprehension of releasing phytopathogens and related toxins in the 

environment [4]. The commonly occurring fusaria from insects were termed as 

―insecticolous fungi‖ [4]. Another study suggested that Fusarium spp., which can kill 

insects, can be good candidates for insect biological control in agroecosystems. As these 

fusaria sometimes demonstrate high host specificity; can be easily cultured in a laboratory 

setting; can survive in fields as facultative pathogens; and not all of them are harmful to 

plants [5].  

Fusarium oxysporum Schlechtendahl is a widely known pathogen of plants and 

animals, including infections in humans, however, safe fusaria also exist in nature. Previous 

studies provide compelling reasons to consider fungi such as F. oxysporum for biological 

control of insect-pests [4,5]. Another recent study presented a detailed dose-response curve 

and histological evidences of F. oxysporum infections, and subsequent mortalities, in the 

larvae of wax moth Galleria mellonella Linnaeus (Pyralidae: Lepidoptera) [6]. Therefore, it 

was a proof-of-concept study demonstrating the entomopathogenicity of F. oxysporum.  
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Soil is an excellent reservoir of insect-pathogenic fungi (IPF), however, only a few 

studies report the effects of physicochemical properties of soil on the distribution of IPF. 

Previous studies in this direction primarily focused on IPF Beauveria bassiana (Balsamo) 

Vuillemin (Hypocreales: Cordycipitaceae) and Metarhizium anisopliae (Metschnikoff) 

(Hypocreales: Clavicipitaceae) [7-12]. According to our knowledge, till date there is no 

report which focuses on soil chemical properties in terms of the abundances of IPF F. 

oxysporum.  

In this study, authors analyzed chemical properties of the soils including 

percentage organic matter content (OM), total organic carbon (C), total nitrogen (N), 

available potassium (K), available phosphorus (P), exchangeable ions such as potassium 

(K
+
), sodium (Na

+
), calcium (Ca

2+
) and magnesium (Mg

2+
), and, pH in H2O, total acidity 

(TA), degree of base saturation (DBS), and effective cation exchange capacity (ECEC), and 

investigated their effects on the natural abundance of entomopathogenic F. oxysporum. To 

enhance variations in the chemical properties, different soils were considered. Soils were: 

(a) different in texture, i.e., medium-texture (more balanced mixture of sand, silt, and clay) 

or coarse-texture (high proportion of sand), and, (b) sampled from varying habitat-type, i.e., 

cultivated vineyards or adjacent hedgerows mainly constituted of oak (Quercus spp. 

Linnaeus, Fagaceae) and pine trees (Pinus spp. Linnaeus, Pinaceae); and (c) either treated 

with herbicides or remained untreated. 

Statistical modeling has been useful in entomology and related studies [13,14]. 

Generalized linear mixed model (GLMM) is a widely known tool in ecology for count data 

[15]. In terms of IPF, count data is of great relevance, however, investigations 

implementing GLMM to study IPF occurrences are limited to a few [16].  

The objectives of this work were: (a) to understand the effects of soil chemical 

properties on IPF F. oxysporum occurrences in the soils; and, (b) to demonstrate the 

usefulness of GLMM in studying the abundance of microbial pathogens, for example, IPF. 

This study is a step further and provide newer prospective among the on-going efforts to 

utilize microbial entomopathogenicity in insect-pests biological control within 



 

270 

agroecosystems. To the best of our knowledge, this is the first report on the effects of the 

soil chemical properties with respect to inter-kingdom host pathogen F. oxysporum. 

9.3 RESULTS 

9.3.1 INFECTION FREQUENCIES 

A total of 80 soils were selected to access the occurrence of entomopathogenic F. 

oxysporum in terms of their chemical properties (Table 9-1). Out of which, 48 samples 

were found positive for the fungus, i.e., 60%±5.47%. A total of 93 F. oxysporum strains 

were isolated and found insect-pathogenic, after testing 1280 insect larvae in total, i.e., 16 

larvae each in 80 soils. The frequency of infection among baited larvae by F. oxysporum 

was 7.26%±0.72%.  
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Table 9-1: Soil physicochemical properties of the collected samples and the numbers of entomopathogenic Fusarium oxysporum encountered.  

Farm   type 

Soil      

type 

Herbicide 

Usage 

Rapid 

Texture Collection site OM P K Ca2+ Mg2+ K+ Na+ 

ECE

C N TA pH C:N DBS 

Fusarium 

oxysporum count 

Carvalhas Vineyards 0 Medium nh1mCa1A 6.31 22 139 7.94 1.55 0.68 0.10 10.36 3.01 0.10 5.9 12.155174 99 1 

Carvalhas Vineyards 0 Medium nh1mCa2C 4.57 6 90 4.27 1.20 0.33 0.03 5.83 2.45 0.00 6.3 10.819543 100 3 

Carvalhas Vineyards 1 Medium hmCa3B 2.21 221 197 3.89 0.69 0.63 0.01 5.78 1.38 0.55 5.2 9.2963577 90 2 

Carvalhas Vineyards 1 Medium hmCa4A 1.43 46 60 3.47 1.76 0.26 0.08 6.55 0.93 0.98 5.5 8.934769 85 1 

Carvalhas Vineyards 1 Medium hmCa5A 1.39 45 56 4.94 1.17 0.19 0.18 6.71 0.90 0.23 5.8 8.9326187 97 1 

Carvalhas Vineyards 1 Gross hgCa6B 4.15 96 84 1.09 0.37 0.26 0.03 4.15 2.21 2.40 4.4 10.895056 42 2 

Carvalhas Vineyards 1 Medium hmCa7 1.24 91 92 4.10 1.07 0.28 0.03 6.22 0.89 0.75 5.3 8.0555353 88 0 

Carvalhas Vineyards 1 Medium hmCa8 3.17 81 147 5.06 0.91 0.48 0.06 6.99 2.04 0.50 5.2 9.0237878 93 0 

Carvalhas Vineyards 1 Medium hmCa9 1.76 106 118 3.33 0.67 0.40 0.02 5.72 1.22 1.30 4.9 8.3599869 77 0 

Carvalhas Vineyards 1 Medium hmCa10 2.78 56 74 3.68 1.24 0.27 0.06 6.22 1.81 0.98 5.0 8.894316 84 0 

Carvalhas Vineyards 1 Medium hmCa11A 2.57 70 108 3.50 0.80 0.41 0.10 6.36 1.69 1.55 4.6 8.8276961 76 1 

Carvalhas Vineyards 1 Medium hmCa12A 2.74 64 104 6.24 1.49 0.36 0.03 8.70 1.79 0.58 5.3 8.8875571 93 1 

Carvalhas Hedgerows 0 Medium nh2mCaM1B 5.71 14 86 8.17 1.43 0.37 0.07 10.25 2.90 0.00 6.4 11.438218 100 2 

Carvalhas Hedgerows 0 Medium nh2mCaM2D 5.74 15 90 8.14 1.60 0.39 0.06 10.19 2.83 0.00 6.2 11.758777 100 4 

São Luiz Vineyards 1 Medium hmSl11 4.38 174 82 2.41 1.87 0.30 0.10 4.93 2.22 0.25 5.5 11.44503 95 0 

São Luiz Vineyards 0 Medium nh1mSl12 1.54 37 40 4.27 1.04 0.13 0.08 5.53 0.80 0.00 6.1 11.161607 100 0 

São Luiz Vineyards 1 Medium hmSl21 6.38 34 72 6.09 1.71 0.25 0.05 8.09 2.96 0.00 6.2 12.492244 100 0 

São Luiz Vineyards 0 Medium nh1mSl22A 3.41 28 68 3.78 0.83 0.21 0.03 4.85 1.85 0.00 6.3 10.680227 100 1 

São Luiz Vineyards 1 Medium hmSl3A 2.09 56 50 8.10 1.65 0.14 0.08 9.96 1.21 0.00 6.8 9.9992 100 1 

São Luiz Vineyards 1 Medium hmSl41A 1.26 26 58 3.46 1.09 0.14 0.06 4.74 0.79 0.00 5.9 9.2397671 100 1 

São Luiz Vineyards 0 Medium nh1mSl42 2.93 43 108 3.81 1.17 0.32 0.06 5.35 1.82 0.00 6.1 9.3399121 100 0 

São Luiz Vineyards 1 Medium hmSl51 6.84 45 74 1.34 0.69 0.24 0.06 2.74 2.98 0.40 5.6 13.314371 85 0 

São Luiz Vineyards 0 Medium nh1mSl52 3.77 25 70 3.37 0.40 0.21 0.06 4.04 2.12 0.00 6.3 10.310496 100 0 

São Luiz Vineyards 1 Medium hmSl61B 4.04 28 46 3.12 2.61 0.18 0.17 6.14 1.94 0.05 5.8 12.086662 99 2 

São Luiz Vineyards 0 Medium nh1mSl62B 3.13 23 42 4.30 2.29 0.17 0.24 7.06 1.46 0.05 5.9 12.44421 99 2 

São Luiz Vineyards 1 Medium hmSl71A 2.48 14 48 2.85 2.56 0.16 0.15 5.79 1.23 0.08 5.3 11.690122 99 1 

São Luiz Vineyards 0 Medium nh1mSl72 2.07 6 52 2.45 2.56 0.15 0.13 5.36 1.11 0.08 5.5 10.809946 99 0 

São Luiz Vineyards 1 Medium hmSl81A 1.59 38 76 2.58 1.36 0.19 0.06 4.18 1.01 0 6.4 9.1081822 100 1 

São Luiz Vineyards 0 Medium nh1mSl82 1.90 53 108 1.76 0.85 0.23 0.12 2.96 1.1 0 6.0 9.9992 100 0 

São Luiz Vineyards 1 Medium hmSl91 1.29 42 70 1.44 0.43 0.15 0.03 2.18 0.71 0.13 5.9 10.562535 94 0 

São Luiz Vineyards 0 Medium nh1mSl92 1.71 51 54 1.86 0.43 0.15 0.05 2.48 0.93 0 6.2 10.64431 100 0 
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São Luiz Vineyards 1 Medium hmSl101 2.18 29 74 2.43 0.67 0.22 0.06 3.38 1.19 0 6.4 10.629402 100 0 

São Luiz Vineyards 0 Medium nh1mSl102 4.02 20 92 3.76 0.77 0.25 0.03 4.82 1.93 0 6.3 12.081935 100 0 

São Luiz Vineyards 1 Medium hmSl111B 2.31 10 66 7.18 1.39 0.15 0.07 8.79 1.29 0 6.6 10.386766 100 2 

São Luiz Vineyards 0 Medium nh1mSl112A 2.88 45 60 8.14 1.23 0.16 0.08 9.61 1.52 0 6.7 10.985963 100 1 

São Luiz Vineyards 0 Medium nh1mSl112 4.22 7 70 11.23 1.36 0.16 0.15 12.91 2.61 0 6.8 9.3862222 100 0 

São Luiz Vineyards 1 Medium hmSl131B 2.79 50 104 2.19 0.69 0.28 0.05 3.22 1.31 0 6.1 12.334891 100 2 

São Luiz Vineyards 0 Medium nh1mSl132 2.13 49 94 3.33 0.59 0.26 0.03 4.21 1.07 0 6.3 11.531788 100 0 

São Luiz Vineyards 1 Medium hmSl141A 2.98 59 129 1.78 0.24 0.32 0.03 2.37 1.54 0 5.6 11.232868 100 1 

São Luiz Vineyards 0 Medium nh1mSl142A 3.05 52 368 2.42 0.59 0.51 0.06 3.57 1.59 0 6.2 11.131185 100 1 

São Luiz Vineyards 1 Gross hgSl151A 10.96 79 127 6.98 2.45 0.47 0.08 10.93 4.38 0.95 6.1 14.519386 91 1 

São Luiz Vineyards 0 Medium nh1mSl152 1.57 8 74 1.71 0.77 0.20 0.07 2.76 0.96 0 5.6 9.4784083 100 0 

São Luiz Vineyards 1 Gross hgSl241 16.37 152 767 6.12 3.73 0.88 0.13 10.87 6.22 0 6.3 15.262445 100 0 

São Luiz Vineyards 0 Medium nh1mSl242 5.16 51 171 5.39 1.36 0.43 0.03 7.22 2.56 0 6.3 11.694377 100 0 

São Luiz Vineyards 0 Medium nh1mSl26A 2.17 64 54 7.52 2.45 0.12 0.10 10.54 1.08 0.35 7.0 11.665733 97 1 

São Luiz Hedgerows 0 Gross nh2gSlM1A 9.02 4 48 3.12 1.36 0.14 0.10 4.72 4.15 0 5.4 12.601401 100 1 

São Luiz Hedgerows 0 Gross nh2gSlM2D 12.84 5 48 3.89 1.49 0.16 0.86 6.40 4.68 0 6.7 15.91753 100 4 

São Luiz Hedgerows 0 Gross nh2gSlM3B 8.55 2 52 3.18 1.39 0.29 0.14 5.50 3.86 0.50 6.0 12.848713 91 2 

São Luiz Hedgerows 0 Gross nh2gSlM4A 6.79 1 46 1.82 0.83 0.16 0.08 3.27 3.43 0.38 5.9 11.485962 89 1 

Granja Vineyards 1 Medium hmGr21 1.41 48 408 3.5 1.0 0.9 0.4 5.87 0.84 0.09 5.8 9.7611238 98 0 

Granja Vineyards 0 Medium nh1mGr22E 1.10 24 145 3.2 0.8 0.4 0.3 5.25 0.68 0.585 5.1 9.4110118 89 5 

Granja Vineyards 1 Medium hmGr31 1.19 6 133 2.4 1.0 0.3 0.3 4.30 0.76 0.315 4.6 9.0782211 93 0 

Granja Vineyards 0 Medium nh1mGr32C 0.98 11 60 3.6 0.8 0.2 0.3 5.28 0.69 0.338 4.6 8.2602087 94 3 

Granja Vineyards 1 Medium hmGr41 2.07 22 207 1.7 0.7 0.7 0.4 4.29 1.28 0.72 4.7 9.37425 83 0 

Granja Vineyards 0 Medium nh1mGr42C 2.57 32 209 1.7 0.7 0.7 0.3 3.90 1.43 0.563 5.0 10.418747 86 3 

Granja Vineyards 1 Medium hmGr51B 1.05 30 175 1.6 0.5 0.4 0.3 3.48 0.71 0.63 5.0 8.590862 82 2 

Granja Vineyards 0 Medium nh1mGr52D 1.40 25 195 1.4 0.4 0.6 0.3 3.32 0.89 0.608 5.0 9.1003955 82 4 

Granja Vineyards 1 Medium hmGr61 1.52 17 120 1.9 0.7 0.3 0.4 4.22 0.90 0.945 4.4 9.7769956 78 0 

Granja Vineyards 0 Medium nh1mGr62E 1.38 11 149 1.4 0.4 0.4 0.3 3.83 0.86 1.35 4.4 9.3015814 65 5 

Granja Vineyards 1 Medium hmGr71A 0.78 10 100 2.2 0.9 0.3 0.3 4.31 0.54 0.675 4.7 8.3326667 84 1 

Granja Vineyards 0 Medium nh1mGr72C 0.55 7 110 1.3 0.5 0.3 0.3 3.18 0.40 0.72 4.8 7.99936 77 3 

Aciprestes Vineyards 1 Medium hmAc11 1.35 100 100 4.19 0.85 0.16 0.13 5.33 0.96 0 7.2 8.1347658 100 2 

Aciprestes Vineyards 0 Medium nh1mAc12 2.08 96 108 4.48 1.36 0.21 0.03 6.08 1.13 0 7.0 10.68941 100 1 

Aciprestes Vineyards 1 Medium hmAc21 2.32 90 84 6.11 1.07 0.15 0.06 7.38 1.17 0 7.5 11.511899 100 3 

Aciprestes Vineyards 0 Medium nh1mAc22 3.04 106 72 6.54 1.71 0.13 0.15 8.53 1.54 0 7.3 11.453629 100 1 

Aciprestes Vineyards 1 Medium hmAc3 2.55 214 104 4.67 0.96 0.20 0.04 5.87 1.36 0 7.2 10.888835 100 1 

Aciprestes Vineyards 1 Medium hmAc41 1.31 66 66 3.90 1.20 0.11 0.09 5.31 0.68 0 7.3 11.160872 100 5 
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Aciprestes Vineyards 0 Medium nh1mAc42 1.24 83 46 6.4 1.1 0.1 0.4 7.96 0.86 0 6.9 8.3714233 100 0 

Aciprestes Vineyards 1 Medium hmAc51 0.51 17 127 3.94 1.55 0.09 0.11 5.68 0.33 0 7.3 8.9689794 100 0 

Aciprestes Vineyards 0 Medium nh1mAc52 0.88 28 48 4.8 1.3 0.2 0.3 6.67 0.55 0 6.7 9.2719855 100 3 

Aciprestes Vineyards 1 Medium hmAc61 0.99 91 76 5.84 1.44 0.12 0.09 7.49 0.69 0 7.0 8.3036835 100 0 

Aciprestes Vineyards 0 Medium nh1mAc61 2.16 100 58 6.9 1.9 0.2 0.5 9.49 1.29 0 6.7 9.6891473 100 1 

Aciprestes Vineyards 1 Medium hmAc71 1.46 59 96 4.78 1.44 0.11 0.06 6.40 0.93 0 7.2 9.0852946 100 0 

Aciprestes Vineyards 0 Medium nh1mAc72 0.62 34 48 4.4 1.2 0.1 0.1 5.92 0.41 0 6.9 8.7797854 100 1 

Aciprestes Vineyards 1 Medium hmAc81 1.98 206 159 6.18 1.33 0.13 0.07 7.71 1.27 0 7.3 9.0386469 100 0 

Aciprestes Vineyards 0 Medium nh1mAc82 1.19 73 80 7.9 1.5 0.2 0.4 9.95 0.77 0 6.9 8.9603221 100 0 

Aciprestes Hedgerows 0 Medium nh2mAcM1 2.62 12 92 4.08 1.44 0.18 0.06 5.77 1.27 0 6.8 11.9518 100 0 

Aciprestes Hedgerows 0 Gross nh2gAcM2 1.61 4 66 3.07 1.87 0.14 0.04 5.12 0.93 0 6.7 10.063711 100 2 

Aciprestes Hedgerows 0 Medium nh2mAcM3 1.75 20 123 3.39 1.28 0.23 0.03 4.93 0.91 0 6.7 11.130978 100 2 

Aciprestes Hedgerows 0 Medium nh2mAcM4 0.56 4 56 3.30 1.81 0.10 0.03 5.24 0.38 0 6.6 8.6045747 100 1 

-Note: Herbicide applied (1), no herbicide applied (0). Other representations are: organic matter % (OM), available phosphorous mg/kg (P), available potassium mg/kg (K), exchangeable 

calcium ions cmol/kg (Ca2+), exchangeable magnesium ions cmol/kg (Mg2+), exchangeable potassium ions cmol/kg (K+), exchangeable sodium ions cmol/kg (Na+), effective cation 

exchange capacity cmol/kg (ECEC), total nitrogen g/kg (N), total acidity (TA), degree of base saturation % (DBS). 
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9.3.2 EFFECT OF SOIL CHEMICAL PROPERTIES ON FUNGAL ABUNDANCE 

Previously, a generalized linear model (GLM) was used to relate count data of F. 

oxysporum abundance with soil chemical properties, followed by the stepwise procedure 

for the deletion of non-significant variables. The only significant soil properties observed 

were the two log transformed variables, i.e., log C:N and log K
+
. This analysis was 

followed by a GLMM, only with log C:N and log K
+
, as the relevant soil properties, and the 

farm-type as a random effect. For GLMM, the global significance of the model was 

P<0.001 (Wald χ
2
=17.516, d.f.=2), and the AIC value was 228.7.   Higher log C:N 

significantly promoted, and higher exchangeable log K
+
 significantly inhibited the 

abundance of F. oxysporum mycoses in insect larvae, respectively (Fig. 9-1). The statistical 

values of significance for the log transformed variables were: log C:N (Wald χ
2 

= 15.468, 

d.f.=1, P<0.001), and log K
+ 

(Wald χ
2 

= 6.976, d.f.=1, P=0.008). Other relevant values for 

these significant variables were: log C:N (Estimate = 3.8238, standard error = 0.9722, Z 

value = 3.933), and log K
+
 (Estimate = -0.7271, standard error = 0.2753, Z-value = -2.641).  
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Figure 9-1: Variations in the number of insect larvae mycosed by Fusarium oxysporum with respect to 

the significant soil chemical variables. A) The trend of larval mycoses with respect to the soil 

variables. B) Scatter-plot of the number of larval mycoses by Fusarium oxysporum (mentioned as 

counts) at eighty soil sampling site with respect to the significant soil variables. 

9.4 DISCUSSION 

Biological communities in soils are likely to be the most complex. 

Microorganisms in the soils are extremely diverse and they contribute to numerous 

ecosystem services which are critical to the sustainable functioning of both natural as well 

as managed ecosystems [17]. Agroecosystems, for example, constantly loose nutrients 

through leaching, run-off, denitrification, removal of crop harvest and residues, and hence, 

are dependent on continuous external inputs of nutrients. Such losses are likely to affect 
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lower trophic levels and ultimately, influencing different ecosystems services, such as pest 

suppression [18]. Soil microbes can affect crop yield either (a) directly, for e.g. as crop 

pathogens, or (b) indirectly, by participating in soil structure modification, carbon and 

nutrient cycles and food web interactions. In either of the cases soil microbes ultimately 

influence crop productivity [17, 19, 20]. To bridge the gaps between these phenomena, the 

current study focuses on the soil chemical properties with respect to the abundance of IPF 

F. oxysporum. 

The most significant soil variable was the C:N, i.e., P<0.001, which promoted the 

abundance of mycoses in insect larvae. Nitrogen is essential to plant growth and added as 

fertilizers in soils, if necessary. However, it was noticed that addition of the NPK fertilizers 

eventually reduces the density of entomopathogens, for example, nematodes [21]. 

Moreover, fertilizing soils tend to reduce the internal biological control within 

agroecosystems [18]. Higher organic matter, and hence, the higher organic carbon, 

increases the cation-exchange capacity of the soils, which ultimately increases fungal 

conidia attachment [8]. Therefore, increase in C and a decrease in N, which lead to a higher 

C:N, eventually facilitated the abundances of IPF F. oxysporum in our study. 

Modeling has been an integral part in predicting phenomena in entomology. For 

example, it has been used previously to estimate flight phenology of worldwide famous 

insect-pests, such as European grapevine moth, Lobesia botrana (Denis and Schiffermüller) 

in the Douro vineyards [13]. Generalized linear mixed model, with a previous GLM 

stepwise deletion of non-significant variables, provide a better outlook towards finding the 

variables which are significantly affecting the data. The Stepwise GLM procedures allowed 

discarding effects that do not differ significantly from zero. A further usage of a lesser 

complex model such as GLMM, which is widely used in ecology [15], allowed improving 

the model and generalizing conclusions. 
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9.5 MATERIALS AND METHODS 

9.5.1 SAMPLING SITE 

Soils were initially collected in a previous study [1]. In the present study the four 

farms, i.e., Aciprestes (41°12'25.2"N 7°25'55.2"W), Carvalhas (41°11'12.9"N 

7°32'41.5"W), São Luiz (41°9′22′′N, 7°36′55′′W) and Granja (41°15'18"N 7°28'34"W) 

were considered. These farms are located in the ―Cima Cargo‖ region of Douro vineyards 

of Portugal. The mean annual rainfall and temperature in the farms São Luiz, Carvalhas and 

Aciprestes ranges between 800-1000 mm and 14-16 ºC, respectively. The farm Granja 

records 1000-1200 mm mean annual rainfall and temperatures ranging between 12-14 ºC. 

Information on any chemical treatments of the soils is provided in supplementary 

information Table 8-S3. 

9.5.2 FUNGAL ISOLATION, IDENTIFICATION AND SCREENING 

Soils were brought within the campus and approximately one kg of it was air dried 

and preserved for physicochemical analyses. For isolation of the entomopathogenic F. 

oxysporum, remaining soil portions were equilibrated for moisture overnight, and then 

baited with insects, i.e., eight late-instar larvae of G. mellonella, and eight late-instar larvae 

of Tenebrio molitor Linnaeus (Coleoptera: Tenebrionidae), within 24 hours, as described in 

a previous study [1].In brief, two sets of four insect larvae of each bait-insect were used. To 

reduce the tendency of silk web formation, the larvae of G. mellonella were given a heat 

shock in the water bath at 56 °C prior to baiting. Soils were kept at a temperature of 22 °C 

and a relative humidity of 85%, in dark inside an environmental chamber (Panasonic MLR-

352H-PE). Bowls were frequently agitated and inverted to maximize larval reach for fungal 

spores in soils. The total incubation period was three weeks. Insect cadavers were 

frequently monitored every second day to retrieve mycosed larvae, and to discard cadavers 

which were infected by entomopathogenic nematodes. Cadavers with foul smell were also 

constantly discarded. These schedules were monitored rigorously. Insect cadavers which 
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were suspected mycosed by the fungus were then washed for three minutes with 

1% NaOCl, followed by three distinct washes with 100 ml of sterilized water.  Subsequent 

culturing on potato dextrose agar was made until pure cultures were obtained. Insects were 

procured as described in another study [2]. Fusarium oxysporum have diverse ecological 

roles and therefore, insect baiting seemed a better approach than soil suspension culture or a 

DNA based approach for the accurate functional annotation of the obtained F. oxysporum 

isolate. Fungus was identified using morphological and molecular techniques as described 

previously [1]. Infectivity of the isolated fungi were further confirmed by Koch‘s postulates 

as previously described [1, 22, 23]. Only the fungi found pathogenic after confirming 

Koch‘s postulates were further considered in the study. A total of 80 samples were tested 

for the presence and abundance of entomopathogenic F. oxysporum.  

9.5.3 SOIL ANALYSES AND CALCULATIONS 

Soil pH was determined one hour after preparing soil-water suspension. Organic 

matter content was determined using a total organic-carbon analyzer (Primacs
SNC-100

, Skalar 

Analytical, The Netherlands). Total nitrogen was assessed by the Kjeldahl method, and the 

quantification was done using molecular absorption spectrophotometry [24]. Egnér-Riehm 

method was used to extract P and K, and a spectrophotometer and a flame emission 

photometer (iCE™ 3300 AAS, Thermo Scientific
TM

, The Netherlands) was used for their 

respective determination. Exchangeable cations, or exchangeable bases, were measured by 

atomic absorption spectrophotometry, following the ammonium acetate extraction at a pH 

of 7.0 [25]. Titration method described in Thomas (1996) was used to determine 

exchangeable acidity [26]. Effective cation exchange capacity was calculated by summing 

exchangeable bases and exchangeable acidity. Degree of base saturation was measured by 

summing the exchangeable bases, and dividing it by ECEC, and then multiplying by 100. 

9.5.4 DATA ANALYSES 

The abundances of the infected insects were analyzed using generalized liner 

mixed model (GLMM) assuming a Poisson distribution for count data with log link 
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function. Model assumptions were inspected by visualizing residual plots. Soil properties 

were used as independent variables, herbicide application was considered as the fixed 

effect, and the farm type was considered as a random effect. The analysis started fitting the 

full model that included all independent variables, followed by the stepwise procedure to 

remove non-significant variables [27]. The significance of the model was obtained using a 

Wald test generated by the likelihood ratio tests of the full model with and without the 

explanatory variable. The analyses were performed in R (version 3.2.2) using the ―MASS‖ 

package [28] and the ―lme4‖ package [29]. 

9.6 CONCLUSION 

Interactions between plants and microbes are quite complex, and it is necessary to 

move forward from a simplistic view of an individual plant-microbe interaction to all 

factors influencing agroecosystems. Soil, its microbes, and the plant all work in coherence 

and influence various exchanges contributing to plant health and productivity [30]. Soil 

provides fundamental ecosystems services which include control of pests and diseases, 

nutrient cycling, and transformation of toxic materials and organic compounds. Microbes 

play a critical role in most of the soil processes. In this study, soil chemical properties 

affecting the presences of IPF F. oxysporum were investigated and few significant findings 

could be made. Overall, it was noticed that entomopathogenic F. oxysporum is robust to 

most of the agricultural disturbances, although higher C:N and lesser exchangeable K
+
 

might facilitate their natural abundance. This study suggests that IPF F. oxysporum can 

survive effectively in different soils, which further highlights its capabilities as an excellent 

soil saprophyte in the absence of host-insects, as hinted previously [5]. This kind of 

approach can be extended to other beneficial soil microbes. Predicting soil microbial 

quality based on soil chemical properties could be a promising approach in the 

development of the methods for sustainable agriculture. Authors also suggest the use of 

GLMM in similar studies focusing on count-data profile, while accessing the factors 

affecting the abundances of microbes of interests.  
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10.1  PROPOSING TEF1 AS THE DNA BARCODE FOR THE 

IDENTIFICATION AND TAXONOMY OF ASCOMYCETOUS FUNGI: 

A CASE STUDY ON ENTOMOPATHOGENIC FUNGI FROM 

PORTUGAL  

Abstract: Nuclear internal transcribed spacer (nrITS) is a universal fungal DNA 

barcode, however, its discriminatory power and amplification successes among fungal 

groups are debatable. Furthermore, the presence of multiple copies of nrITS sometimes 

causes ambiguities for DNA sequence information. Regions of translation elongation-factor 

1-α subunit (TEF1) and the largest subunit of RNA polymerase II (RPB1) genes are often 

used as complementary barcodes. Here, the applicability of these markers was tested among 

ascomycetous fungi using the sequences obtained in a previous study (Biocontrol Sci. 

Technol. 2018; 28(2) 122-141). Amplification and subsequent sequencing successes of 

nrITS or RPB1 using the primer set ITS1+ITS4 and RPB1-Af+RPB1-Cr were significantly 

lower than that of the TEF1 by the primers 983F+2218R, i.e., (P=0.021) and (P=0.001), 

respectively. TEF1 and nrITS were equally successful and significantly better in distinct 

fungal identifications than RPB1 (P=0.029). Furthermore, TEF1 tree topology was more 

robust than that of the nrITS, and depicted ascomycetous evolution alike previous 

multigene phylogenies, with Saccharomycetes at the basal position, and Eurotiomycetes 

and Sordariomycetes as late diverging lineages. Overall, TEF1 is proposed as the DNA 

barcode marker for ascomycota and the primer set 983F+2218R is suggested to identify any 

random ascomycetous fungi.  

Keywords: Ascomycetes - Fungal barcoding - Internal transcribed spacer - Fungal 

identification - Fungal Taxonomy 
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10.2  INTRODUCTION 

Molecular identification has proved to be more reliable and precise than 

microscopic identification in fungi [1]. Internal transcribed spacer (nrITS), ITS1-5.8S 

rRNA gene-ITS2 region, was identified as a universal fungal DNA barcode [2], however, 

the use of nrITS in the identification of Ascomycetes is erroneous. Weighted mean 

intraspecific nrITS variability for Ascomycota is 1.96% approximately, comparing to 

3.33% in Basidiomycota [3]. Moreover, the length of nrITS region for some ascomycetous 

genera, for example, Cladosporium, Penicillium and Fusarium is less than 500 bp, i.e., 

below the optimal lower limit designated for an effective barcode marker. Quite often, 

nrITS region fails to clearly discriminate species belonging to these genera and hence, the 

use of an additional barcode marker is advocated [4].   

Protein-coding genes are widely used for fungal species identification and are 

found superior to rRNA in resolving relationships among many fungal taxonomic groups. 

Genes, for example, the largest subunit of RNA polymerase II are ubiquitous, slow-

evolving and single copy. A fragment of the gene encoding the largest subunit of RNA 

polymerase II (RPB1) was included for the Assembling the Fungal Tree of Life (AFToL) 

project and was further used for the AFTOL2 project [2]. Schoch et al. (2012) compared 

RPB1 and nrITS for their potential as a single DNA barcode marker for fungi and found 

contrasting results. While the amplification success rate for nrITS was higher than that of 

the RPB1, the identification success was lower in the case of the former [2].  

Recently, another gene i.e., a fragment of the gene encoding translation elongation 

factor 1-α (TEF1) was proposed as an additional secondary DNA barcode for fungi as it 

exhibits a higher resolution to that of the nrITS [5]. Besides, considering genomic searches, 

TEF1 was found to be the only protein-coding gene suitable to be a universal fungal 

barcode [5]. Interestingly, despite of numerous reports on the use of TEF1 and/or RPB1, 

alone or along with nrITS for precise identification and phylogeny of fungi, none of these 

studies, Schoch et al. (2012) or Stielow et al. (2015), compared all three DNA barcodes, 
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nrITS, TEF1 and RPB1 together [2,5]. Hence, the understanding of the best DNA barcode 

marker locus for identifying a random fungus is lacking. Furthermore, the use of different 

regions of TEF1 and RPB1 genes hampers the standardisation of a particular locus within 

these genes. Therefore, the use of a one set of primers for one locus per gene would help in 

choosing the most effective barcode locus in terms of further data building.  

Phylogenetic relationship of taxa is another important criterion which cannot be 

neglected while choosing the best DNA barcode. nrITS, RPB1 and TEF1 have distinct 

lengths and varying numbers of polymorphic and parsimony informative sites, which leads 

to different phylogenetic trees. Therefore, the best DNA barcode locus would be the one 

that produces more robust phylogenies depicting reliable evolutionary processes, besides 

other attributes, such as ease of amplification, length ranging between 500-1000 bp and 

sufficiently available GenBank and other public sequence data. 

In a previous study, entomopathogenic fungi from vine mealybug Planococcus 

ficus (Signoret) (Hemiptera: Pseudococcidae) were cultured and 22 fungi were isolated [6]. 

These fungi belonged to three major ascomycetous families, i.e., Saccharomycetes, 

Eurotiomycetes and Sordariomycetes and hence, this work also provided an opportunity to 

test the applicability of different DNA barcodes on the ascomycetous fungi. The main 

objective of this work is to evaluate the effectiveness of three DNA barcode markers, i.e., 

nrITS, TEF1 and RPB1 for their (a) ease of successful amplification and subsequent 

successful sequencing using only one primer pair per locus, (b) the ability to distinctly 

identify the strain using information available on public databases, and (c) the best two 

barcodes were further tested for their respective reliability of the phylogenetic 

reconstruction. 



 

292 

 

10.3  MATERIALS AND METHODS 

10.3.1  DATA ANALYSES  

Sequences generated in the previous study [6] were analyzed for their ability to 

identify fungal isolates distinctly. A considerably strict criterion was set to estimate the 

success of identification of different barcodes. An identification was considered 

unsuccessful if the closest pairwise alignment match using BLASTn on the available 

GenBank sequences was <= 98%. In addition, the resolution of a barcode locus was 

rendered insufficient if the GenBank hits suggested the possibilities of different, more than 

one species, or in other words, if the best GenBank hit could not discriminate among the 

two or more species. Statistical data processing was done using IBM SPSS Statistics 22, 

and the data were treated using Fisher's exact test as mentioned in a previous study [7]. 

Results were considered significant if P<0.05 alike Goble et al. (2010) [8].  

10.3.2  PHYLOGENETIC ANALYSES 

Obtained DNA sequences were aligned using MAFFT (version 7) [9]. The 

alignment was curated by GBlocks (version 0.91b) online server using default parameters 

[10]. Maximum likelihood trees were made using RAxML-HPC2 on XSEDE (version 

8.2.8) [11] at CIPRES web-server [12] using GTR+G nucleotide substitution model and 

GTRGAMMA option for bootstrapping phase with 1000 bootstrap replicates.
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Table 10-1. GenBank accession numbers used in this study as generated in Sharma et al. 2018a [6]. 

     
Species Strain GenBank accession numbers 

       
nrITS TEF1 RPB1 

Phylum: Ascomycetes 
    

 
Subphylum: Pezizomycotina 

    

  
Class: Sordariomycetes 

    

   
Order: Hypocreales 

    

    
Family: incertae sedis 

    

     
Sarocladium kiliense (Grütz) Summerbell MB07 LT615283 LT615303 - 

     
S. kiliense MB17B1 - LT615310 - 

     
S. kiliense MB20A1 - LT615314 LT615328 

     
Sarocladium strictum (Gams) Summerbell MB05B - LT615301 LT615320 

    
Family: Nectriaceae 

    

     
Fusarium fujikuroi (Hsieh, Smith & Snyder) MB19B1 -  LT615312 LT615326 

     
Fusarium solani (Mart.) Sacc. MB04 LT615281 LT615299 LT615319 

     
F. solani MB10A LT615285 LT615305 LT615323 

     
Pseudocosmospora rogersonii Herrera & Chaverri MB09C LT615284 LT615304 LT615322 

    
Family: Ophiocordycipitaceae 

    

     
Purpureocillium lilacinum Luangsa-ard, Houbraken, Hywel-Jones & Samson MB01F - LT615295 - 

     
P. lilacinum MB10B LT615286 LT615306 LT615324 

     
P. lilacinum MB18 LT615290 LT615311 LT615325 

          

   
Order: Microascales 

    

    
Family: Microascaceae 

    

     
Graphium penicillioides Corda MB02A LT615278 LT615296 LT615317 

     
G. penicillioides MB06 - LT615302 LT615321 
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Class: Eurotiomycetes 

    

   
Order: Eurotiales 

    

    
Family: Trichocomaceae 

    

     
Aspergillus sclerotiorum Huber MB15A2 LT615289 LT615309 - 

     
Penicillium sp. MBY01 LT615293 LT615315 - 

     
Penicillium griseofulvum Dierckx MB14B2 LT615288 LT615308 - 

     
P. griseofulvum MB19C1 LT615292 LT615313 LT615326 

          

 
Subphylum: Saccharomycotina  

    

  
Class: Saccharomycetes 

    

   
Order: Saccharomycetales 

    

    
Family: Saccharomycetaceae 

    

     
Meyerozyma guilliermondii (Wick.) Kurtzman & Suzuki MB02B LT615279 LT615297 LT615318 

     
M. guilliermondii MB03A LT615280 LT615298 - 

     
M. guilliermondii MB05A LT615282 LT615300 - 

     
M. guilliermondii MB14B1 LT615287 LT615307 - 
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10.4 . RESULTS 

10.4.1  SUCCESSFUL LOCUS AMPLIFICATION AND SUBSEQUENT SUCCESSFUL 

SEQUENCING 

All the tested 21 ascomycetous strains resulted in amplification and successful 

sequencing of TEF1 with primers 983F and 2218R. For nrITS region, only 15 strains yielded 

amplification using primers ITS1 and ITS4, and got sequenced successfully using respective 

primers. Only 12 strains could yield positive amplification and sequencing in case of RPB1 

(Table 10-1). The differences in the number of successful amplification as well as sequencing 

between TEF1 and nrITS, or between TEF1 and RPB1 were significant, i.e., (P=0.021) and 

(P=0.001), respectively. However, in the case of nrITS and RPB1, the difference was not 

significant (P=0.520) (Fig. 10-1a). Particularly, among Hypocreales, the number of successes 

for TEF1, nrITS and RPB1 were 11, 6 and 8, respectively and the difference between TEF1 

and nrITS was significant among Hypocreales, i.e., (P=0.035), compared to other marker loci 

(TEF1 (N=11) vs. RPB1 (N=8), (P=0.214)) or (RPB1 (N=8) vs. nrITS (N=6), (P=0.659)) (Fig. 

10-1a). 

10.4.2  SUCCESSFUL FUNGAL IDENTIFICATIONS USING PUBLIC DATABASE 

In this study, the ability of a particular DNA barcode marker locus to positively 

identify the strain, using sequence information available at GenBank, was compared 

according to the criteria described in the Materials and Methods section. Among 

Ascomycetes, both TEF1 and nrITS led to distinct identifications of 14 isolates each, 

compared to just 6 isolates by RPB1, and the difference was significantly high, i.e., (P=0.029) 

(Fig. 10-1b). Particularly among Hypocreales, the numbers of successful identifications were 

higher for TEF1 (N=10) when compared to nrITS (N=6) or RPB1 (N=5), however, the results 

were not significant, i.e., (P=0.149) and (P=0.063), respectively (Fig. 10-1b). 
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Figure 10-1: Barcode marker loci comparisons in terms of amplifications and sequencings, and distinct 

identifications‘ successes. a) Percentage frequency of successful locus amplifications and subsequent 

sequencings. b) Percentage frequency of successful fungal identifications using information at GenBank. 

Differences are shown with an asterisk (*) are significant, i.e., (P<0.05). 

10.4.3  RELIABILITY OF PHYLOGENETIC RECONSTRUCTION 

Respective phylogenies for obtained strains are given in Fig. 10-2. In nrITS 

phylogeny, Sordariomycetes is the early diverging lineage followed by Eurotiomycetes and 

Saccharomycetes (Fig. 10-2a). However, in TEF1 phylogeny, Saccharomycetes is the early 

diverging lineage, and Eurotiomycetes and Sordariomycetes diverged late (Fig. 10-2b). 

Monophyly of all three classes is evident in both phylogenies, except for G. penicillioides in 

both cases. Considering the robustness of the trees obtained, the bootstrap support (BS) values 

at the internal nodes separating different classes are quite low for nrITS tree when compared 

with fairly high BS values for TEF1 tree (Fig. 10-2).  
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Figure 10-2: Phylogeny of obtained nrITS and TEF1 sequences. (a) RAxML tree with 1000 bootstrap 

iterations based on nrITS sequences, and, (b) based on TEF1 sequences of fungal strains used in this 

study. Both trees are rooted to their respective sequences of Basidiomycetes Rhodotorula subericola CBS 

10442 and Holtermannia corniformis CBS 6979.  Representative sequences taken from GenBank are 

shown with their accession numbers and are underlined. The placement of Graphium penicillioides is 

marked with a black circle and that of isolated Penicillium sp. was mentioned in bold. Type strain 

sequences are marked as (T). 
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10.5  DISCUSSION  

10.5.1   SUCCESSFUL LOCUS AMPLIFICATION AND SUBSEQUENT SEQUENCING 

DNA region for TEF1 was found to have higher rates of successful amplifications 

and sequencings when compared to nrITS or RPB1, and the results were significant (Fig. 10-

1a). In a previous study, the primers designed for TEF1 in a study on dermatophytes lead to 

the successful amplification of all strains considered within [13]. Locus amplification and 

sequencing success largely depend on the primer sets used. Bellemain et al. (2010) found that 

the use of forward primers ITS1 preferentially amplified basidiomycetous fungi, and another 

forward primer ITS3 should be used to amplify ascomycetous fungi, or new primers should 

be designed to remove this primer bias [14]. Schoch et al. (2012) found lesser amplification 

successes for RPB1 using primers RPB1-Af and RPB1-Cr when compared with nrITS region 

and its respective primers [2]. Similar results were observed in the current study (Fig. 10-1a). 

Fungal nuclear ribosomal RNA genes can have different copies. Thus, multiple peaks which 

originate within the chromatogram could lead to ambiguity and hence, reduced sequencing 

success even after a successful PCR amplification [15]. Multiple peaks for nrITS, even after 

only one band in the gel, were also noticed in this study in some strains from S. kiliense, S. 

strictum and F. fujikuroi resulting in a failed sequencing attempt (Table 10-1). 

10.5.2  IDENTIFICATIONS USING PUBLIC SEQUENCE DATABASE 

Both DNA barcodes, i.e., nrITS region and TEF1, were equally good in identifying 

the fungal strains using homology matches at GenBank sequence data (Fig. 10-1b). TEF1 was 

recently proposed as an additional secondary barcode for the Kingdom Fungi [5]. However, 

the information available at GenBank is not sufficient to utilise its true potential when 

compared to the nrITS sequence data. Different regions of TEF1 gene, other than the region 

covered by primer sets 983F and 2218R, are also considered in some studies, for example, 

Stielow et al. (2015) [5]. This results in lesser information about a particular TEF1 gene locus 

and therefore, limited GenBank data. For RPB1, lesser amplification success, as noticed by 

Schoch et al. (2012) [2], is another reason for the limited GenBank information besides the 

targeted gene locus. nrITS was proposed as a universal DNA barcode marker locus for fungi 

[2], and in the last decade, it has been sequenced for numerous fungi. In practice, nrITS 

region is used as the first choice for fungal molecular identification considering the enormous 
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information available in GenBank. However, its use to differentiate ascomycetous fungi is 

debatable. Intraspecific nucleotide variability of nrITS for Ascomycota is just 1.96% 

compared to 3.33% among Basidiomycota [3]. nrITS region gave a higher number of correct 

identifications for Basidiomycota than Ascomycota [2]. The length of the nrITS region, which 

is <500 bp for some ascomycetous fungi, also limits its resolution [16]. For example, in this 

study, nrITS was unable to resolve Penicillium sp. (Table 10-1). Hence, TEF1, if sequenced 

regularly, can be a better DNA barcode marker than nrITS at least for Ascomycota. 

10.5.3  PHYLOGENETIC RELATIONSHIPS AMONG ASCOMYCETOUS FUNGI 

Due to numerous amplification failures in the case of RPB1, only nrITS and TEF1 

trees were compared for their respective phylogenies (Fig. 10-2). To have a similar approach 

for tree building, variables such as the nucleotide substitution model and the tree building 

method were kept the same for nrITS and TEF1 trees. The placement of Penicillium sp. away 

from other Penicillium isolates is not uncommon as Penicillium and Aspergillus are quite 

close phylogenetically, and their relationships hold many arguments which can only be clear 

with multigene phylogenies [17]. Except for the case of strangely placed G. penicillioides in 

both phylogenies, TEF1 tree was somewhat similar to the six genes fungal tree obtained by 

James et al. (2006) [18]. In that study, Saccharomycetes was at the basal position, and 

Eurotiomycetes and Sordariomycetes were the late diverging lineages. A similar topology was 

resulted in the present study using TEF1 but not in the case of nrITS. This could be explained 

as the nrITS tree had much lower BS values indicating the possibilities of many alternative 

topologies (Fig. 10-2a). Stielow et al. (2015) suggested that exonic regions of the protein-

coding genes, such as TEF1, evolve slowly and hence, are more suitable in deducing deep 

phylogenetic relationships. On the contrary, the locus which evolve more rapidly, such as 

nrITS, are better for understanding speciation in the recent past. Generally, intronic regions 

accommodate higher mutations and they can also be very effective to discriminate closely-

related taxa. The region of TEF1 gene amplified in this study by the primers 983F and 2218R 

generally accommodates one exon and one intron [5]. Although this number can change 

within different fungal groups, however, it makes TEF1 a good candidate for elucidating 

recent speciation events as well as deeper phylogenies. 



 

300 

 

 

10.6  CONCLUSIONS 

Sometimes different loci of a protein-coding gene are being used to discriminate 

closely related strains of a genus, for example, the upper region of translation elongation 

factor 1-α gene (5‘-TEF1), in case of Metarhizium [19].  Although, these different regions of a 

same gene have a superior resolution to the TEF1 region proposed by Stielow et al. (2015) [5] 

or the one proposed in the current study, their use is restricted to just one or a few genera, as 

they are too much polymorphic and are difficult to align. Also, different loci of a same gene 

which are too genera-specific cannot be used for an alignment in case of deep level 

phylogenies, and therefore, a standardisation of a gene locus is required. The ideal marker for 

a deep level phylogeny as well as to estimate recent speciation is not a locus which is too 

much polymorphic, but the one who is sufficiently conserved as well as equally polymorphic 

so that the distantly related fungal sequences can also be aligned. In this direction, different 

DNA barcode markers for fungi were tested for their utility for successful amplifications and 

sequencing following a quest to randomly identify any unknown ascomycetous fungi. 

Moreover, a primer pair which can demonstrate a higher identification success was also 

surveyed. Overall, three using well-known primer sets, i.e., ITS1+ITS4, 983F+2218R and 

RPB1-Af+RPB1-Cr, were tested for nrITS, TEF1 and RPB1, respectively. The applicabilities 

of these barcode loci for distinct identifications using public databases, for example, 

GenBank, and robust phylogenetic topologies were also tested. It was found that the 

performance of TEF1 was superior to that of nrITS region, which was further superior to that 

of RPB1.  

The primer pair 983F + 2218R, in a broader sense, have an exon as well as an intron 

[5], therefore it exhibits both the qualities. Moreover, the regions of TEF1 gene which were 

covered by the new primer pairs tested by Stielow et al. (2015) [5] only constitute an internal 

part of the bigger region covered by the primer pairs, 983F and 2218R. This confers TEF1 an 

enhanced discriminatory power. Hence, the use of TEF1 locus is proposed as a single DNA 

barcode marker among Ascomycota, and the amplification by primer pair 983F+2218R is 

suggested to proceed with the identification of any random ascomycetous fungus. 
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Interactions between insects, plants and microbes are quite complex, and it is 

necessary to move forward from a simplistic view of individual interactions such as insect-

plant, insect-microbe or plant-microbe, to all factors influencing agroecosystems. Soil 

provides fundamental ecosystem services, which include control of pests and diseases, 

nutrient cycling, and transformation of toxic materials and organic compounds. Microbes play 

a critical role in most of the soil processes. In this thesis, authors demonstrated that how soil 

microbes, especially entomopathogenic fungi (EPF), controls natural populations of insect-

pests such as vine mealybugs in vineyards, by causing natural mortalities through mycosis. At 

times, efficacy of the natural insect biological control by EPF can be higher than that of the 

parasitism by insect parasitoids, as found in the chapter 6.  

Many EPF from the fungal order Hypocreales spend a significant part of their life 

cycle in soils. Therefore, exploring the diversity and ecological constraints of EPF in soils is 

critical in understanding their functions. This information is necessary to manage an already 

existing biodiversity which can facilitate natural insect-pest biological control or the 

―conservation biological control of insect-pests‖. Different insect-pests are sometimes 

susceptible to distinct EPF and therefore, this information is also needed to elucidate specific 

preferences of various EPF within an agroecosystem. In this direction, Chapter 7 explores the 

presences of EPF in soils collected from varying habitat-types, which were baited with 

different bait-insects. It was noticed that different EPF, for e.g., Beauveria bassiana and 

Metarhizium robertsii, exhibit selective preferences for bait-insects Galleria mellonella and 

Tenebrio molitor, and hence, the old Galleria-bait method for EPF isolation was modified to 

Galleria-Tenebrio-bait method. Also, several habitat-type preferences were also observed. 

The higher recovery of Clonostachys rosea f. rosea from semi-natural habitats suggests its 

use in less disturbed soils. Moreover, hedgerow-specific isolation of Beauveria 

pseudobassiana points its inability to withstand harsher conditions in cultivated soils. The 

first isolation of Cordyceps cicadae as an EPF from Mediterranean soils supports its 

biocontrol potential in this climate, at-least in less-disturbed habitats. Therefore, these 

properties should be capitalised accordingly.  

The EPF diversity was further investigated with respect to the various 

physicochemical properties of soils, in Chapters 8 and 9. Properties such as higher soil pH 

and Ca-ions had contrasting effects on the presences of B. bassiana and M. robertsii. While 
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both these properties promoted B. bssiana, they inhibited M. robertsii. Moreover, different 

profiles were observed for each EPF. It was noticed that while soil organic matter content, 

total N, C:N, Mg-ions, and effective cation exchange capacity seemed to inhibit M. robertsii 

the most, the inhibition of B. bassiana was mainly noticed in soils with higher acidity, 

available K, available P, and K-ions. Hence, these chemical indicators can be used to predict 

the soil quality in terms of the EPF.  

Fusarium oxysporum Schlechtendahl, which is generalised as an opportunistic 

insect-pathogen, was convincingly argued for its entomopathogenicity, and it was noticed that 

entomopathogenic strains of F. oxysporum are robust to most of the agricultural disturbances, 

although higher C:N and lesser exchangeable K-ions might facilitate their natural abundance. 

Authors also suggested the use of generalised linear model and generalised linear mixed 

model for similar studies focusing on count-data profile, while accessing the factors affecting 

the abundances of microbes of interests. 

Correct identification, including significant resolution, and efficient amplification 

are, arguably, the most important criteria in accessing the molecular microbial diversity. In 

this work, a small study was performed in Chapter 10, and it was reported that region of the 

gene encoding for translational elongation factor 1-alpha subunit (TEF1-α) outperforms 

internal transcribed spacer of the nuclear ribosomal DNA (nrITS) and the regions of the gene 

encoding for largest subunit of RNA polymerase II (RPB1), in identifying a random 

ascomycetous fungus.  

Overall this thesis brings important insights into the microbial ecology of EPF and 

similar studies can be performed in the agroecosystems of interest. In future, culture-

independent techniques can be used in parallel to access the efficacy of the methodology 

applied in this research.  
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APPENDIX A: CULTURE MEDIUM  
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Common culture medium used for the isolation of entomopathogenic fungi. 

 

1) Potato Dextrose agar (PDA) 

Reagents and chemicals Chemical formula 

(if applicable) 

Quantity 

Potato dextrose agar  39.0 g 

Distilled water H2O 1 L 

 

2) Sabouraud Dextrose agar (SDA) 

 

Reagents and chemicals Chemical formula 

(if applicable) 

Quantity 

Sabouraud dextrose agar  65.0 g 

Distilled water H2O 1 L 

 

3) Oatmeal Cetyl Trimethyl Ammonium Bromide (OM-CTAB) agar (Posadas et al. 2012). 

 

Reagents and chemicals Chemical formula 

(if applicable) 

Quantity 

Oatmeal (cooked in distilled water)  20.0 g 

Cetyl trimethyl ammonium bromide (CTAB) C19H42BrN 0.6 g 

Chloramphenicol C11H12Cl2N2O5 0.5 g 

Agar  20 g 

Distilled water H2O To make upto 1L 

 

4) Dichloran Rose-Bengal Chloramphenicol agar (DRBCA). 

 

Originally described by King et al. (1979), this medium is easily available as powder and sold by the majority of 

the culture media suppliers. 

 

Reagents and chemicals Chemical formula 

(if applicable) 

Quantity 

Dichloran Rose-Bengal Chloramphenicol agar  32.0 g 

Distilled water H2O 1 L 

 

5) Metarhizium Medium  

 

This medium for Metarhizium isolation was originally described by Veen and Ferron (1966) and was modified 

by Liu et al. (1993). 

 

Reagents and chemicals Chemical formula 

(if applicable) 

Quantity 

Glucose C6H12O6 10.0 g 

Peptone  10.0 g 

Oxgall  15.0 g 

Agar  35.0 g 

Dodine (N-dodecylguanidine monoacetate) C15H33N3O2 10 mg 

Cycloheximide C15H23NO4 250 mg 

Chloramphenicol C11H12Cl2N2O5 500 mg 
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Distilled water H2O 1 L 

-Note: Cyclohexamide is quite toxic and caution is needed while handling. 

 

6) Chloramphenicol Thiabendazole Cycloheximide (CTC) medium (Fernandes et al. 2010). 

 

Reagents and chemicals Chemical formula 

(if applicable) 

Quantity 

Potato dextrose agar  39.0 g 

Yeast extract  0.5 g 

Chloramphenicol C11H12Cl2N2O5 500 mg 

Thiabendazole C10H7N3S 1 mg 

Cycloheximide C15H23NO4 250 mg 

Distilled water H2O 1 L 

 

7) Oatmeal Dodine agar (ODA) (Chase et al. 1986). 

 

Reagents and chemicals Chemical formula 

(if applicable) 

Quantity 

Oatmeal infusion  20.0 g 

Dodine (N-dodecylguanidine monoacetate) C15H33N3O2 550 mg 

Chlortetracycline  C22H23ClN2O8 5 mg 

Crystal violet C25N3H30Cl 10 mg 

Agar  20.0 g 

Distilled water H2O 1 L 

 

8) Sabouraud-2-Glucose agar (S2GA) (Strasser et al. 1996). 

 

Reagents and chemicals Chemical formula 

(if applicable) 

Quantity 

Glucose C6H12O6 20.0 g 

Peptone  10.0 g 

Streptomycin sulphate   C42H84N14O36S3 600 mg 

Tetracycline C22H24N2O8 50 mg 

Dodine (N-dodecylguanidine monoacetate) C15H33N3O2 100 mg 

Agar  12.0 g 

Distilled water H2O 1 L 

 

9) Paecilomyces lilacinus medium (Mitchell et al. 1987).  

 

Reagents and chemicals Chemical formula 

(if applicable) 

Quantity 

Potato dextrose agar  39.0 g 

Sodium chloride NaCl 10-30 g 

Tergitol    1 g 

Pentachloronitrobenzene C6Cl5NO2 500 mg 

Benomyl C14H18N4O3 500 mg 

Streptomycin sulphate C42H84N14O36S3 100 mg 

Chlortetracycline hydrochloride C22H24Cl2N2O8 50 mg 

Distilled water H2O 1 L 

 

10) Lecanicillium-specific medium (Kope et al. 2006).  

 

Reagents and chemicals Chemical formula Quantity 
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(if applicable) 

L-sorbose C6H12O6 2 g 

L-asparagine C4H8N2O3 2 g 

Dipotassium phosphate K2HPO4 1 g 

Potassium chloride KCl 1 g 

Magnesium sulfate heptahydrate MgSO4.7H2O 0.5 g 

Ferric-sodium salt (FeNaEDTA) C10H12N2O8FeNa 0.01 g 

Agar  20 g 

Streptomycin sulphate C42H84N14O36S3 0.3 g 

Chlortetracycline hydrochloride C22H24Cl2N2O8 0.05 g 

Pentachloronitrobenzene C6Cl5NO2 0.8 g 

Borax NaB4O7.10H2O 1 g 

Distilled water  1 L 

-Note: Adjust the pH to 4.0 using 10% trihydrogen phosphate (H3PO4) before autoclaving. 
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SUPPLEMENTARY TABLES 
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Table 8-S1: Chemical properties and other details of the soils sampled. 

Insect-

pathogenic 

Fungal 

species  

Far

m 
Sample site 

Herb-

icide 

usage 

Habitat 
Rapid 

texture 

pH-

H2

O 

pH-

KC

l 

Organi

c 

matter 

(%) 

Available 

P (mg/kg) 

Available 

K (mg/kg) 

Ca-ions 

(cmol/kg) 

Mg-ions 

(cmol/kg) 

K-ions 

(cmol/kg) 

Na-ions 

(cmol/kg) 

Total 

acidity 

Cation 

exchange 

capacity 

(cmol/kg) 

Total 

N 
C:N 

Degree of base 

saturation (%) 

Bb SL hmSLBO 1 V medium 6.2 5.3 6.38 34 72 6.09 1.71 0.25 0.05 0.00 8.09 2.96 12.49224 100 

Bb SL nh2gSLBO 0 H gross 5.9 4.3 6.79 1 46 1.82 0.83 0.16 0.08 0.38 3.27 3.43 11.48596 89 

Bb SL nh1mSLBO 0 V medium 7.0 6.3 2.17 64 54 7.52 2.45 0.12 0.10 0.35 10.54 1.08 11.66573 97 

Bb Gr hmGrBO 1 V medium 5.0 3.9 1.05 30 175 1.6 0.5 0.4 0.3 0.63 3.48 0.71 8.590862 82 

Bb Gr hmGr1BO 1 V medium 4.6 4.1 1.19 6 133 2.4 1.0 0.3 0.3 0.315 4.30 0.76 9.078221 93 

Mr Gr hmGrMrO 1 V medium 4.7 3.8 0.78 10 100 2.2 0.9 0.3 0.3 0.675 4.31 0.54 8.332667 84 

Mr Gr hmGr1MrO 1 V medium 4.4 4.0 1.52 17 120 1.9 0.7 0.3 0.4 0.945 4.22 0.90 9.776996 78 

Pl SL hmSLPO 1 V medium 5.3 5.0 2.48 14 48 2.85 2.56 0.16 0.15 0.08 5.79 1.23 11.69012 99 

Cr SL nh1mSLCrO 0 V medium 6.7 5.7 2.88 45 60 8.14 1.23 0.16 0.08 0.00 9.61 1.52 10.98596 100 

Cr SL hmSlCrO 1 V medium 5.8 5.5 4.04 28 46 3.12 2.61 0.18 0.17 0.05 6.14 1.94 12.08666 99 

Cr SL nh2gSLCrO 0 H gross 5.4 4.3 9.02 4 48 3.12 1.36 0.14 0.10 0.00 4.72 4.15 12.6014 100 

Cr Cv hmCaCrO 1 V medium 5.2 3.3 2.21 221 197 3.89 0.69 0.63 0.01 0.55 5.78 1.38 9.296358 90 

Cr Cv hmCa2CrO 1 V medium 5.5 4.9 1.43 46 60 3.47 1.76 0.26 0.08 0.98 6.55 0.93 8.934769 85 

Cr Cv hmCa3CrO 1 V medium 5.8 3.9 1.39 45 56 4.94 1.17 0.19 0.18 0.23 6.71 0.90 8.932619 97 

Cr Cv hmCa4CrO 1 V medium 5.3 3.7 1.24 91 92 4.10 1.07 0.28 0.03 0.75 6.22 0.89 8.055535 88 

Cr Cv hmCa5CrO 1 V medium 5.2 3.8 3.17 81 147 5.06 0.91 0.48 0.06 0.50 6.99 2.04 9.023788 93 

Cr Cv hmCa6CrO 1 V medium 5.0 3.4 2.78 56 74 3.68 1.24 0.27 0.06 0.98 6.22 1.81 8.894316 84 

Cr Cv hmCa7CrO 1 V medium 4.6 3.4 2.57 70 108 3.50 0.80 0.41 0.10 1.55 6.36 1.69 8.827696 76 

Cr Cv hmCa8CrO 1 V medium 5.3 3.7 2.74 64 104 6.24 1.49 0.36 0.03 0.58 8.70 1.79 8.887557 93 

Cr Cv nh1mCaCrO 0 V medium 6.3 4.9 4.57 6 90 4.27 1.20 0.33 0.03 0.00 5.83 2.45 10.81954 100 

Cr Cv nh2gCaCrO 0 H medium 6.2 5.0 5.74 15 90 8.14 1.60 0.39 0.06 0.00 10.19 2.83 11.75878 100 

Cr Gr nh1mGrCrO 0 V medium 4.4 3.9 1.38 11 149 1.4 0.4 0.4 0.3 1.35 3.83 0.86 9.301581 65 

Cr Gr nh1mGr1CrO 0 V medium 5.0 4.0 2.57 32 209 1.7 0.7 0.7 0.3 0.563 3.90 1.43 10.41875 86 

Bb + Cr SL nh2gSLBC 0 H gross 6.7 4.8 12.84 5 48 3.89 1.49 0.16 0.86 0.00 6.40 4.68 15.91753 100 

Bb + Cr Cv nh2mCaBC 0 H medium 6.4 4.7 5.71 14 86 8.17 1.43 0.37 0.07 0.00 10.25 2.90 11.43822 100 

Bb + Cr Gr nh1mGrBC 0 V medium 6.5 5.1 1.55 18 100 3.0 1.1 0.3 0.3 0 4.67 0.92 9.781826 100 

Bb + Pl SL hmSLBP 1 V medium 6.4 4.7 1.59 38 76 2.58 1.36 0.19 0.06 0.00 4.18 1.01 9.108182 100 

Bb + Pl SL hmSL1BP 1 V medium 6.6 5.5 2.31 10 66 7.18 1.39 0.15 0.07 0.00 8.79 1.29 10.38677 100 

Bb + Pl SL hmSL2BP 1 V medium 5.9 4.1 1.26 26 58 3.46 1.09 0.14 0.06 0.00 4.74 0.79 9.239767 100 

Bb + Mr + Cr SL nh1mSLBMC 0 V medium 6.8 6.0 4.22 7 70 11.23 1.36 0.16 0.15 0.00 12.91 2.61 9.386222 100 

Bb + Mr + Cr Gr nh1mGrBMC 0 V medium 4.6 4.0 0.98 11 60 3.6 0.8 0.2 0.3 0.338 5.28 0.69 8.260209 94 

Mr + Cr SL hmSLMC 1 V medium 5.6 4.4 2.98 59 129 1.78 0.24 0.32 0.03 0.00 2.37 1.54 11.23287 100 

Mr + Cr Gr nh1mGrMC 0 V medium 4.8 3.7 0.55 7 110 1.3 0.5 0.3 0.3 0.72 3.18 0.40 7.99936 77 

Mr + Pl + Cr Gr hmGrMPC 1 V medium 6.7 5.6 1.38 36 185 3.0 1.3 0.6 0.4 0 5.26 0.87 9.194667 100 
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Pl + Cr SL nh2gSLPC 0 H gross 6.0 4.4 8.55 2 52 3.18 1.39 0.29 0.14 0.50 5.50 3.86 12.84871 91 

No EPF SL hgSL1 1 V gross 6.3 5.2 16.37 152 767 6.12 3.73 0.88 0.13 0.00 10.87 6.22 15.26244 100 

No EPF SL nh1mSL 0 V medium 6.3 5.2 3.41 28 68 3.78 0.83 0.21 0.03 0.00 4.85 1.85 10.68023 100 

No EPF SL nh1mSL1 0 V medium 5.6 4.2 1.57 8 74 1.71 0.77 0.20 0.07 0.00 2.76 0.96 9.478408 100 

No EPF SL hmSL1 1 V medium 5.6 4.5 6.84 45 74 1.34 0.69 0.24 0.06 0.40 2.74 2.98 13.31437 85 

No EPF SL hmSL2 1 V medium 5.5 4.4 4.38 174 82 2.41 1.87 0.30 0.10 0.25 4.93 2.22 11.44503 95 

No EPF SL hmSL3 1 V medium 6.4 5.1 2.18 29 74 2.43 0.67 0.22 0.06 0.00 3.38 1.19 10.6294 100 

No EPF SL nh1mSL2 0 V medium 6.4 5.4 6.35 35 46 8.59 2.67 0.21 0.09 0.00 11.56 3.09 11.92785 100 

 

Note: Insect-pathogenic or entomopathogenic fungi (EPF) Bb, Pl, Mr and Cr represent Beauveria bassiana, Purpureocillium lilacinum, Metarhizium robertsii and Clonostachys 

rosea f. rosea. Farms SL, Cv and Gr represent Sao Luiz, Carvalhas and Granja. Herbicide usage 0 and 1 signifies absence and presence, respectively. Habitats sampled were either vineyards 

(V), or adjacent hedgerows (H).  
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Table 8-S2: Details of the principal component analysis. 

Eigenvalues: 
            

              
  F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 

 Eigenvalue 4.572 2.475 1.811 0.960 0.794 0.527 0.415 0.216 0.138 0.088 0.003 0.000 

 Variability 

(%) 38.100 20.625 15.091 8.003 6.615 4.395 3.461 1.796 1.154 0.737 0.022 0.000 

 Cumulative 

% 38.100 58.725 73.816 81.819 88.433 92.829 96.290 98.086 99.240 99.977 100.000 100.000 

 

              Factor loadings: 

   

Eigenvectors: 

   

Contribution of the variables (%): 

                F1 F2 F3 

 

  F1 F2 F3 

 

  F1 F2 F3 

pH_H2O 0.685 -0.490 -0.050 

 

pH_H2O 0.321 -0.312 -0.037 

 

pH_H2O 10.277 9.717 0.138 

OM 0.837 0.246 0.412 

 

OM 0.392 0.157 0.306 

 

OM 15.337 2.450 9.386 

P 0.196 0.601 -0.486 

 

P 0.092 0.382 -0.361 

 

P 0.838 14.597 13.067 

K 0.401 0.796 -0.093 

 

K 0.187 0.506 -0.069 

 

K 3.512 25.575 0.481 

Ca[+] 0.645 -0.381 -0.537 

 

Ca[+] 0.302 -0.242 -0.399 

 

Ca[+] 9.094 5.876 15.922 

Mg[+] 0.772 0.017 -0.156 

 

Mg[+] 0.361 0.011 -0.116 

 

Mg[+] 13.040 0.011 1.349 

K[+] 0.159 0.856 -0.194 

 

K[+] 0.074 0.544 -0.144 

 

K[+] 0.550 29.598 2.083 

Na[+] -0.116 0.110 0.614 

 

Na[+] -0.054 0.070 0.457 

 

Na[+] 0.296 0.491 20.849 

AT -0.562 0.447 -0.149 

 

AT -0.263 0.284 -0.110 

 

AT 6.901 8.063 1.220 

CEC 0.708 -0.215 -0.527 

 

CEC 0.331 -0.136 -0.391 

 

CEC 10.959 1.859 15.323 

N 0.839 0.204 0.333 

 

N 0.392 0.130 0.248 

 

N 15.394 1.683 6.140 

C:N 0.794 0.044 0.504 

 

C:N 0.371 0.028 0.375 

 

C:N 13.801 0.079 14.042 

Highest values are marked in bold. 
          Plus [+] sign represent the exchangeable ions 
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Table 8-S3. Chemicals and additives applied in the farms 

  

      

Farm Date of application 

Product name 

(B) 

Active substance 

(AS) Quantity of AS in B  Appliation dose 

      

São Luiz 01/03/2012-09/03/2012 

Goal Supreme Oxyfluorfen 48% p/v 2.5 L/ha 

Roundap Supra Glyphosate 37,7% p/p or 450 g/L 4L/ha 

Granja 01/03/2012-30/03/2012 

Fuego Oxyfluorfen 22,3% p/p or 240g/L 3L/ha 

Roundap Supra Glyphosate 37,7% p/p or 450 g/L 3L/ha 

Carvalhas 01/03/2012-26/03/2012 

Marqui Glyphosate 31% p/p or 360g/L 3L/ha 

Katana Flazasulfuron 25% p/p 0.2 kg/ha 

Topzina Terbuthylazine 45.7% p/p or 500g/L 3L/ha 

Note- No fertilizers were added for the year 2012 in any of these farms. 
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