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RESUMO 
 

Produção de Purpureocillium lilacinum e Pochonia chlamydosporia por 
fermentação submersa, e seus efeitos em Tetranychus urticae e Heterodera 

glycines pela inoculação em sementes de feijoeiro 
 
Os fungos Pochonia chlamydosporia (Hypocreales: Clavicipitaceae) e 

Purpureocillium lilacinum (Hypocreales: Ophiocordycipitaceae) são normalmente 
encontrados no solo e nas plantas.  Os microescleródios são estruturas de resistência 
com potencial para serem usadas no tratamento de sementes, com a finalidade de 
controlar pragas e patógenos veiculados pelo solo, assim como auxiliar na promoção 
do crescimento de plantas. Neste estudo foi avaliada a capacidade de P. lilacinum e 
P. chlamydosporia promoverem crescimento de plantas de feijão (Phaseolus vulgaris) 
e de reduzirem as populações do ácaro rajado, Tetranychus urticae, e do nematoide 
de cistos da soja, Heterodera glycines, através do tratamento de sementes. 
Inicialmente, um screening com 37 isolados de P. lilacinum e 2 isolados de P. 
chlamydosporia foi conduzido, avaliando-se a produção de microescleródios em três 
meios de cultura. Todos os isolados de P. lilacinum e P. chlamydosporia produziram 
microescleródios e propágulos submersos, sendo que os isolados mais produtivos 
atingiram > 104 microescleródios ml-1. Além disso, observou-se a formação de 
elevadas quantidades de propágulos submerssos para a maioria dos isolados  (> 109 

propágulos ml-1). Os isolados P. lilacinum ESALQ1744, ESALQ2482 e ESALQ2593, e 
P. chlamydosporia ESALQ5405 e ESALQ5406 foram selecionados para os estudos 
em plantas. A inoculação com microescleródios de P. lilacinum e P. chlamydosporia 
não incrementou os parametros vegetativos dos feijoeiros, exceto pelo peso seco de 
raizes no segundo experimento, onde todos os isolados foram superiores ao controle 
não inoculado. A densidade de nematoide de cisto foi semelhante entre os 
tratamentos com fungos e as plantas não inoculadas, exceto no terceiro experimento, 
onde as plantas inoculadas com o isolado ESALQ5406 apresentaram menores 
densidades totais do que o controle e no segundo experimento onde a densidade de 
nematoides por grama de raíz, foi menor nos tratamentos com ESALQ5406 e 
ESALQ2593. As plantas tratadas com todos os isolados apresentaram menores 
populações do ácaro-rajado. Embora conídios aéreos de P. lilacinum e P. 
chlamydosporia sejam usado para o controle de nematóides, neste estudo, 
demonstrou-se que esses também apresentam potencial para o manejo de pragas da 
parte aérea através do tratamento de sementes de feijão com microescleródios. 

 
Palavras-chave: Fungos, Estruturas de resistência, Fermentação líquida, 

Fitonematoide, Ácaro-rajado 
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ABSTRACT 

Production of Purpureocillium lilacinum and Pochonia chlamydosporia by 
submerged fermentation, and their effects on Tetranychus urticae and 
Heterodera glycines through seed inoculation of common beans plants 

The filamentous fungi Pochonia chlamydosporia (Hypocreales: Clavicipitaceae) 
and Purpureocillium lilacinum (Hypocreales: Ophiocordycipitaceae) are commonly 
found in soils and vegetations. Microesclerotia is resistant structures with potential for 
use in seed treatments aiming to control aboveground diseases and pests, as well as 
improving plant growth. Thus, this study aimed to investigate the ability of P. lilacinum 
and P. chlamydosporia to promote common bean (Phaseolus vulgaris) growth and to 
suppress populations of Tetranychus urticae and Heterodera glycines, through seed 
treatment. Initially, a screening with 37 Brazilian isolates of P. lilacinum and 2 isolates 
of P. chlamydosporia was carried outto evaluate the microsclerotia production in three 
culture media. All isolates produced microsclerotia and submerged propagules. The 
best isolates produced > 104 microsclerotia ml-1. In addition, a high concentration of 
submerged propagules (conidia and blastospores) was observed for most isolates 
(above 109 propagules ml-1). The P. lilacinum isolates ESALQ1744, ESALQ2482, and 
ESALQ2593, and P. chlamydosporia ESALQ5405 and ESALQ5406 were selected for 
the studies on plants. Overall, common bean plants inoculated with P. lilacinum and P. 
chlamydosporia did not differ from non-inoculated plants regarding the vegetative 
parameters, except for the dry weight of roots in the second experiments, where all the 
isolates were superior to the non-inoculated control. The population density of cystoid 
nematodes was similar among the treated plants and the uninoculated ones, except 
for the third experiment in which the plants inoculated with isolate ESALQ5406 
presented lower densities than the control. However, for nematodes per root weight, it 
was observed lower population densities in fungal treated plants ESALQ5406 and 
ESALQ2593 at the second experiment. A reduction in populations of the two-spotted 
mite in fungi-treated plants was observed for all isolates. Although aerial conidia of P. 
lilacinum and P. chlamydosporia has been used for the control of nematodes, in this 
study it was demonstrated that these two fungal species also have the potential for the 
management of pests of the aerial part through bean seed treatment with 
microsclerotia. 

Keywords: Fungi, Resistant structure, Liquid fermentation, Plant nematode, Two-
spotted spider mite 
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1. INTRODUCTION 

Biological control aims the reduction of populations of agricultural pests and 

diseases through the use of natural enemies, and it presents a lower  risk to humans 

since it is based on the study of the relationships between living beings in the environment 

(EILENBERG et al., 2001; PARRA et al., 2002; PARRA, 2014). In 2019, the brazillian 

biopesticide market showed a 70% increase in the use of biological products for the 

control of important agricultural pests and diseases, a significant result that is a milestone 

in the history of the sector in Brazil (BRITO, 2019).  

The use of microbial control of insects is advantageous due to the specificity and 

selectivity. Many pathogens, such as fungi, viruses, and bacteria, are specific to insects 

and mites. Thus, they are able to decrease the risk of biological imbalance in the 

agroecosystem by not affecting non-target organisms (BORGES & HUSSEY, 1971; 

ALVES, 1998).  

Fungi of the order Hypocreales are potential control agents of important pests. 

Some, such as Purpureocillium lilacinum (Hypocreales: Ophiocordycipitaceae) and 

Pochonia chlamydosporia (Hypocreales: Clavicipitaceae), is already marketed as 

biocontrol agents. Currently, there are three products registered for use only against plant 

nematodes (two of P. lilacinum and one of P. chlamydosporia) in Brazil (AGROLINK, 

2019; DÍAZ-SILVEIRA & HERRERA, 1998). The potential of these fungi against insects 

and mites has also been demonstrated (ANGELO et al. 2012; MEDEIROS et al. 2018). 

The use of fungi for agricultural pest management is an old method, however, 

new researches and new fungal isolates with potential to control pests of high economic 

importance are presented every year, showing that the microbial control is still an 

emerging area. Overall, the use of fungi for the control of important pests, such as mites 

of the family Tetranychidae and plant nematodes of the genus Heterodera, has several 

advantages, including specificity and selectivity. In addition, when applied, these 

biocontrol agents have low risk to the environment, as they do not affect non-target 

organisms, a common fact when broad-spectrum insecticides and acaricides are used 

(ALVES, 1998; CARVALHO, 2006; GLARE et al., 2012; LACEY et al., 2015). 

Phytophagous mites are important pests found in many crops around the world. 

Spider mites are important pests worldwide, especially the two-spotted spider mite, 

Tetranychus urticae, which is polyphagous, attacking various crops (MORAES & 

FLECHTMANN, 2008; GRBIC et al., 2011). The species feeds on the cellular content of 
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plants, which justifies studies of possible resistance induced response mediated by the 

endophytic fungi (GARRIDO et al., 2015). 

In addition to their use as direct biocontrol agents, some fungi often promote 

several benefits for crops, as they colonize plants as endophytes. This interaction with 

the plants results in positive effects, such as growth improvement and induced resistance 

against pests and diseases. Recently, it has been observed that fungi of the order 

Hypocreales are able to colonize several crops, promoting many benefits, as 

aforementioned. However, there is still much to be explored in this association; the results 

available so far show the importance of this relation for yield gain and lower use of high 

toxicity and broad-spectrum insecticides (RUSSO et al., 2018; RONDOT & REINEKE, 

2018; KRELL et al., 2018).  

The filamentous fungi P. chlamydosporia and P. lilacinum (order Hypocreales), 

occur in various environments and are commonly found in soils and plants, and infecting 

phytonematodes,  insects and mites. They are mainly studied aiming the control of plant 

nematodes due to the production of enzymes that aid in the penetration in cysts and 

females of Heterodera spp. and Meloidogyne spp. The use of P. chlamydosporia and P. 

lilacinum as endophytes can have great advantages against soil-borne pests that attack 

below-ground parts, as these fungi modulate the plant defense response. They can also 

increase the growth rates of plants and compete with soil microbiota (MACIÁ-VICENTE 

et al., 2009b; KIRIGA et al., 2018). 

The production of fungal propagules can be accomplished through two main 

forms, solid and submerged fermentation. In the first one, a nutrient-poor substrate is 

used, no advanced technology is required for the production, and the final propagule of 

interest is conidia. The challenge of this type of production is mainly the time to produce 

propagules, a process that takes ten to fifteen days to achieve a high concentration. In 

production via submerged fermentation, it is possible to produce different types of fungal 

propagules in a shorter time; reaching high concentrations requires only a few days of 

production. The structures produced depend on the fungus species and may consist of 

microsclerotia, chlamydospores, blastospores, or even submerged conidia (LACEY et 

al., 2015; JARONSKI & MASCARIN, 2017). 

Microesclerotium is a resistance structure that can be produced by manipulating 

the liquid culture medium (MASCARIN et al., 2015). This propagule is an option to plant 

inoculation, aiming the endophytic colonization, as it is very stable under field conditions 

and may remain viable until conditions become suitable for their growth (JACKSON & 
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JARONSKI, 2009). Blastospores are yeast-like cells produced by budding, septation, and 

fragmentation of the hyphae after the host penetration (BIDOCHKA et al., 1987; 

HUMPHREYS et al., 1989; FENG et al., 1994). Submerged conidia (i.e., microcycle 

conidia) differ from aerial conidia only in superficial morphology; this propagule may be 

originated from both mycelial growth and blastospores and shows hydrophobic and 

hydrophilic physicochemical characteristics, an adaptation to a nutritionally limited 

environment (THOMAS, 1987; HEGEDUS et al., 1990; CHO et al., 2006). 

So far, there are no published studies relating to the use of bean seed treatments 

with microsclerotia (MS) of P. chlamydosporia and P. lilacinum and their effect on the 

population reduction of T. urticae.  Tamai et al. (1999), Fregonesi et al. (2016), Martins 

(2016), Galzer & Filho (2016), and Barbosa et al. (2018) presented important results 

using biological fungal agents and bacteria to control the two-spotted spider mite. 

However, P. chlamydosporia and P. lilacinum is usually not explored for the control of 

mites.  

Hence, the goal of this research was to select strains of P. chlamydosporia and 

P. lilacinum based on production by submerged fermentation to evaluate their 

endophytic capability on Phaseolus vulgaris and their effects in T. urticae and 

Heterodera glycines. At first, (i) molecular characterization of the isolates of P. 

chlamydosporia and P. lilacinum was conducted, then their (ii) production potential via 

submerged fermentation was evaluated. Some isolates were selected to (iii) 

investigate their endophytic capacity in P. vulgaris, and finally, it was determined the 

(iv) effect of fungal inoculation in beans against T. urticae and H. glycines. 
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2. BIBLIOGRAPHIC REVIEW 

2.1. Plant growth-promoting fungi 

Plant growth-promoting fungi (PGPF) have different roles in natural and 

agricultural ecosystems. Not only they can act as pathogens of many species of insects 

and nematodes, but they can also act indirectly by endophytically colonizing important 

plant crops and, as a result of this interaction, promote interesting secondary effects. 

Among these benefits, PGPF can increase the absorption of minerals and nutrients 

from the soil, promote growth, control pests, and diseases, and even increase plant 

sensitivity against external effects (AZCÓN-AGUILAR & BAREA, 1997; PARNISKE, 

2008; AZCÓN-BONFANTE & GENRE, 2010; JABER & OWNLEY, 2018; RONDOT & 

REINEKE, 2018) The symbioses promoted by endophytic fungi with plants 

demonstrate that benefits can be also multifarious (SCHARDL et al., 2004). 

The term “endophytic” was proposed by DeBary (1866), which described any 

organism that can colonize living tissues of autotrophs without causing disease (BEHIE 

& BIDOCHKA, 2014). Although this concept was crafted more than 150 years ago, a 

novel trend among researchers is the use of some biological control agents, such as 

entomopathogenic fungi, as endophytes of plants, something whose importance is 

being demonstrated with each newly published work. Vega (2018) reported thirty-eight 

papers showing negative effects on insects due to the colonization of fungi in plants, 

and these effects were observed for thirty-three insect species, seventeen families, 

and eight orders. This shows that this emerging research area has been improving 

over time. 

Several genera of entomopathogenic fungi show endophytic potential. Fungi 

of the genera Metarhizium and Beauveria are able to endophytically colonize various 

parts of plants. It was already demonstrated that these fungi can translocate nitrogen 

from insects to the plant in exchange for carbon (BEHIE & BIDOCHKA, 2014). This 

association promotes plant survival in nitrogen-limited soil and increases the weight 

and the length of leaves and root (GARCÍA et al., 2011; BEHIE et al., 2012; BEHIE & 

BIDOCHKA, 2014; JABER & ENKERLI, 2017; RUSSO et al., 2018). 

Similar to these, other groups of fungi have been studied as endophytic agents. 

Lopez & Sword (2015) presented in their study the first report of growth promotion on 

cotton plants by the endophytic association of Purpureocillium lilacinum, pointing out 
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the lower attractiveness to Helicoverpa zea, an herbivorous insect. Other PGPF 

recently studied are Pochonia spp. The advantage of this fungus is that it can 

endophytically colonize a wide variety of plant species, such as Hordeum vulgare, 

Triticum aestivum, Solanum lycopersicum, Lactuca sativa and Pistacia vera 

(MONFORT et al., 2005; EBADI et al., 2009; DIAS-ARIEIRA et al., 2011; ESCUDERO 

& LOPEZ-LLORCA, 2012; MUKHTAR et al., 2013). 

Colonization of Pochonia causes a modification in the transcriptome of the 

plant, inducing the modulation of several stress responses, such as the biosynthesis 

of phenolic compounds and papillae formation; these described compounds have a 

structural hole and performance an important role in plant defense responses 

(BORDALLO et al., 2002; MACIÁ-VICENTE et al., 2009a; ESCUDERO & LOPEZ-

LLORCA, 2012; LARRIBA et al., 2015). 

Facing new agricultural challenges, such as higher human food consumption 

and chemicals reduction, endophytism can help to achieve a new and sustainable pest 

management model. With a holistic vision on control of agricultural pests, adding direct 

and indirect effects aforementioned, it can provide to farmers, healthy crops with good 

quality. The implementation of endophytic fungi in roots is interesting to establish a 

competition with nematodes and microorganisms that could cause damage to the plant 

(STIRLING, 2011). 

 

2.2. Purpureocillium lilacinum 

Purpureocillium lilacinum (= Sin. Paecilomyces lilacinus) (Thom) Samson 

(Hypocreales: Ophiocordycipitaceae) is a filamentous fungus, saprophytic, and 

ubiquitous in soil, vegetationand insects.Prasad et al (2015) analyzed the genome of 

P. lilacinum and was capable off identify the proteins that explain the multi-trophic 

characteristic of this fungus (i.e., saprophytic, egg-parasite, and plant-endophytic). 

Additionally, only a few isolates are capable to induce several infections on 

vertebrates, including humans (LUANGSA-ARD et al., 2011). This species is highly 

investigated to control plant-parasitic nematodes (ESSER & EL-GHOLL, 1993; 

ATKINS et al., 2005). Commercially, this fungus is currently registered and formulated 

to control nematodes. 

In 1910, fungi that belonged to the genus Purpureocillium were classified by 

Thom as Penicillium (RAPER & THOM, 1949), although, three years earlier, Bainier 
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(1907) had already isolated and described Paecilomyces lilacinus (BROWN & SMITH, 

1957). A few years after, Samson reclassified some species that belonged to the genus 

Penicillium as Paecilomyces (RAPER & THOM, 1949). Luangsa-ard et al. (2011) 

suggested, upon molecular tools, the division of the genus Paecilomyces to create a 

new genus, Purpureocillium, to accommodate species of Paecilomyces lilacinus and 

related species. Moreira et al. (2018) and Luangsa-ard et al. (2011), through genetic 

sequencing of strains of P. lilacinum, verified that it was not possible to discriminate 

between species harmful and helpful to humans. It was suggested that genetic 

differences exist and could be detected using other techniques (STIRLING, 2015). 

The fungus P. lilacinum is well known to control nematodes. Many reports are 

available and show the ability to suppress different plant-parasitic nematodes. Siddiqui 

et al. (2000) noticed that using an ethyl acetate extract of P. lilacinum, it was possible 

to kill Meloidogyne javanica (e.g. root-knot) in vitro, and, in field conditions, the fungus 

was able to suppress soil-borne root-infecting fungi and also the root-knot nematode. 

Kiewnick & Sikora (2006) showed that the inoculation of propagules of P. lilacinum in 

the soil before tomatoes transplantation resulted in a higher reduction of Meloidogyne 

incognita population and resulted in lower damage in infested plants. 

In accordance with Kiewnick & Sikora (2006), there are several mechanisms 

of action of P. lilacinum against nematodes, e.g., the infection in sedentary stages, 

especially in eggs and females. It is known as well the production of secondary 

metabolites and enzymes that help in the nematogenic action of this fungus, such as 

leukinotoxins, chitinases, and proteases (KHAN et al., 2003; PARK et al., 2004; 

KIEWNICK & SIKORA, 2006). 

Purpureocillium spp. have the capacity to control other important plant-

parasitic nematodes, such as Heterodera spp., Globodera spp., Meloidogyne spp., 

Radopholus spp. and Pratylenchus spp. (JATALA et al., 1979; SIDDIQUI et al., 2000, 

KIEWNICK et al., 2004; KEPENEKCI et al., 2018a, b). In a recent study, conducted by 

Hajji et al. (2017), P. lilacinum was capable of reducing the infection of M. javanica in 

potatoes up to 65%, and for the populations in soil, it was observed a rate of reduction 

of 46% to the same nematode. This was also shown on M. incognita control 

(KEPENEKCI et al., 2018a). 

The action of this fungus is not restricted to plant growth promotion or 

population decrease as an indirect effect (plant endophytic). It has also a direct effect 

on pest control, such as nematodes and arthropods in general. A recent study isolated 
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P. lilacinum from a cadaver of a citrus blackfly nymph, Aleurocanthus woglumi Ashby 

(Hemiptera: Aleyrodidae) (MEDEIROS et al. 2018). Furthermore, Angelo et al. (2012) 

reported the ability of P. lilacinum to control larvae of Rhipicephalus microplus through 

in vitro trials. P. lilacinum was also able to suppress ants of Acromyrmex spp., at the 

concentration of 106 conidia ml-1, with a TL50 of just 6 days (GOFFRÉ & FOLGARAIT, 

2015). 

It was also noticed the effect of P. lilacinum against larvae of Leptinotarsa 

decemlineata (Coleoptera: Chrysomelidae) and in larvae of Phthorimaea operculella 

(Lepidoptera: Gelechiidae), both important worldwide pests of potato crops 

(KEPENEKCI et al., 2013), and to the flour beetle Tribolium confusum (BARRA et al., 

2015). Hotaka et al. (2015), performing in vitro experiments, noticed 70% mortality of 

adult females of Thrips palmi Karny (Thysanoptera: Thripidae), caused by P. lilacinum. 

The same authors tested the virulence of this fungus on field conditions, applying in 

Dendrobium sp. orchid plants, and the number of individuals/orchids of T. palmi 

decreased after the first inoculation, whereas in the fourth inoculation the number of 

individuals reached zero. 

P. lilacinum it is not pathogenic against all insect orders but has the ability to 

modulate the behavior of some species. Studies conducted by Eberhard et al. (2017) 

demonstrated that P. lilacinum induced Edessa rugomarginata (Hemiptera: 

Pentatomidae) to perch certain parts of the plant, grabbing them with the legs, 

dispersing most effectively the aerial conidia. This same behavioral manipulation is 

observed on Zygomycetes fungi.  

The pathogenicity of P. lilacinum to mites, including T. urticae has already been 

reported, Fiedler & Sosnowka (2007) achieved 50% of control of the two-spotted mite 

with only 106 conidia ml-1 within two days after inoculation, and Mustu et al. (2016), 

using 108 conidia ml-1, achieved 85% of T. urticae control. On the other hand, Yesilayer 

(2018), with the same concentration, controlled only 45% of two-spotted mites within 

seven days after inoculation. Similarly, to P. chlamydosporia, P. lilacinum presents the 

ability to effectively control helminths that cause gastrointestinal disease, such as 

Fasciola hepatica (NAJAFI et al., 2017). 

As a downside, P. lilacinum can have negative effects on insect predators, 

Yoder et al. (2018) noticed the mortality of predator mite Balaustium murorum 

(Parasitengona: Erythraeidae) in the field and in laboratory conditions. Mustu et al. 
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(2016), through in vitro tests, demonstrated the action of this fungus against the 

predator mite Neoseiulus californicus (Acari: Phytoseiidae). 

 

2.3. Pochonia chlamydosporia 

The fungus Pochonia chlamydosporia (Goddard) (Hypocreales: 

Clavicipitaceae) was described by Zare & Gams. It was previously classified as 

Verticillium chlamydosporium, with the teleomorphic phase being Metacordyceps 

chlamydosporia (ZARE et al., 2001; SUNG et al., 2007). This fungus is well known by 

the formation of chlamydospores, which are multicellular resistance structures 

produced during its life cycle. P. chlamydosporia differs also by varieties, such as 

chlamydosporia, catenulate, and catenulate biotype A variety (ATKINS et al., 2003). 

The genus Verticillium holds approximately 190 species described that shares 

several morphological structures well characterized (ZARE et al., 2004). With the 

advance of biotechnology, several fungi that belonged to the genus Verticillium were 

reclassified, based on their differences in ecology and molecular features (REHNER & 

SAMUELS, 1995; GAMS & ZARE, 2002). Thereby, fungi like Lecanicillium spp. and 

Pochonia spp. were separated and characterized as new genera (ZARE & GAMS, 

2001a; ZARE et al., 2001). The species are widespread worldwide, belonging to the 

family Clavicipitaceae (Ascomycota: Pezizomycotina: Sordariomycetes: Hypocreales) 

(LIN et al., 2015) 

Therefore, in this new classification, the anamorph stage of Pochonia is 

included in the clade A of the family Clavicipitaceae, which also comprises Aschersonia 

spp. (Mont.), Metarhizium spp., Nomuraea spp. (now Metarhizium) (Maublanc) and 

Paecilomyces spp. (s.I.) genus (SUNG et al., 2007). 

Larriba et al. (2014) identified the portion of the genome of P. chlamydosporia 

related to pathogenicity against their hosts (e.g., nematodes). It was observed that 81 

genes encode proteins related to relations between pathogen or symbiont organisms, 

47 of which have already been identified as pathogenicity genes. 

P. chlamydosporia acts mainly against important phytonematodes, notably 

Heterodera spp., Meloidogyne spp., Globodera spp., Nacobbus spp. and 

Rotylenchulus spp., acting as a nematodes suppressor, and as a natural antagonist of 

soil microbiota (LARRIBA et al., 2014). 



18 

Pochonia is saprophytic, facultative parasites of invertebrates (DALLEMOLE-

GIARETTA et al., 2015) and are well known for the parasitism of cysts and mature 

nematode females due to the capacity of this fungus to produce chitinases and other 

proteolytic enzymes during the infection process, which degrades the chitin layers, 

increasing the pathogenicity against nematodes (BATISTA & FONSECA, 1965; 

LOPEZ-LLORCA & ROBERTSON, 1992; TIKHONOV et al., 2002; ESCUDERO & 

LOPEZ-LLORCA, 2012; ROSSO et al., 2011; MANZANILLA-LÓPEZ et al., 2013; 

ARANDA-MARTINEZ et al., 2018;  LIN et al., 2018). According to Lopez-Llorca et al. 

(2002), the infection of these fungi in eggs of nematodes occurs by adhesion, 

appressoria formation, and finally the penetration. Escudero & Lopez-Llorca (2012) 

reported that the penetration in eggs of M. javanica is held early by appressoria and 

later by penetration of the hyphae. 

Apart from the action against nematodes, P. chlamydosporia shows potential 

to control gastrointestinal parasites, due to direct action in eggs, with chitinases 

secretion. Braga et al. (2007, 2009 and 2010), Araújo et al. (2009), Fereira et al. (2011), 

and Dias et al. (2012) have already demonstrated the capacity of this fungus to control 

helminths, such as Taenia spp., Ascaris lumbricoides, Enterobius vermicularis, and 

Fasciola spp. It was also reported infections by Pochonia spp. in eggs of snails and 

Coleoptera (ZARE & GAMS, 2004). 

 

2.4. Submerged fermentation 

Submerged fermentation is an efficient technique to produce fungi. It can be 

classified into two categories: (i) submerged liquid fermentation, where the fungus is 

constantly agitated and the propagules produced are blastospores, submerged conidia 

and microsclerotia; and (ii) stationary liquid fermentation, where there is no agitation 

and the only propagule is aerial conidia (JARONSKI & MASCARIN, 2017). 

Many fungi require specific culture media to be cultivated that provides the 

nutrients necessary to grow and to develop and, consequently, to produce the 

propagule for future use. This production is most commonly carried out by using solid 

media (grains) since no advanced production technology is required and it is a simple 

method using a relatively poor nutrient medium, whereas the conidia are the main 

propagule formed in this method (ALVES, 1998; JARONSKI & JACKSON, 2012; 

JARONSKI & MASCARIN, 2017). 
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Submerged fermentation allows the production of several fungal propagules, 

e.g., blastospores, submerged conidia, and microsclerotia (ALVES, 1998; JARONSKI 

& JACKSON, 2012; JARONSKI & MASCARIN, 2017). The production of different 

propagules is only achieved by the manipulation of the media, which, differently from 

solid media, requires a diversity of nutrients, salts, and vitamins, making the culture 

medium extremely rich (JARONSKI & MASCARIN, 2017). According to Jaronski & 

Jackson (2012), the utilization of these liquid media confers new insights on the use of 

entomopathogenic fungi to promote control of different targets in different parts of 

plants, such as aerial and soil portion.  

Although the liquid media present several salts and vitamins that perform an 

important role in the development or even in the productivity of the fungi, the presence 

of carbon, nitrogen, and oxygen is fundamental to obtain the propagule at high 

concentrations. These three compounds are the most abundant in the cell and provide 

the fungal culture with energy supply, mainly used for growth. The carbon: nitrogen 

ratio is very important, if it is too low it will result in lower development. However, at a 

higher rate, it will result in conidiogenesis, i.e., induce conidia production (JACKSON 

&SCHISLER, 1995; MIRANDA, 2006; JACKSON &JARONSKI, 2009; MASCARIN et 

al., 2015). 

From an economic point of view, it is necessary to understand that the costs 

of the submerged fermentation are higher than those of a solid fermentation, the main 

reasons being the cost of equipment. The cost-benefit of liquid fermentation should be 

evaluated since this method allows the production in a shorter time and high 

concentration, making it in the long term cheaper than solid fermentation (JACKSON, 

1997; JARONSKI & JACKSON, 2012; MASCARIN et al., 2010). 

 

2.5. Bean crop 

Phaseolus vulgaris L. (Fabaceae) or common bean is an annual herbaceous 

plant. It grows and is cultivated worldwide with Brazil, India, United States, and Mexico 

is the largest producers (FAOSTAT, 2020). The common bean is the third-largest grain 

crop in Brazil, lower only to soybean and corn crops (CONAB, 2019). According to the 

Food and Agriculture Organization of the United Nations (FAOSTAT, 2020), in 2017, 

Brazil was responsible for the production of 3,000 tons of beans, which represents 80% 

of the South American production and 9% of the world production. 
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Several soil pests are major threats to common bean crops, notably Delia 

platura (seeds larvae), Heterodera glycines and Elasmopalpus lignosellus; regarding 

pests from the aerial portion, the major ones are Diabrotica speciosa, Tetranychus 

urticae (two-spotted spider mite), Bemisia tabaci biotypes A and B (whitefly), 

Euschistus heros (brown stink bug), Heliothis spp. and Thecla jebus (QUINTELA, 

2001; OLIVEIRA et al., 2018). 

 

2.6. Tetranychus urticae (Koch, 1836)  

Tetranychus urticae adults' colors range from yellow-green to dark green, with 

dark stains in the back (BOTTON & NAVA, 2019). This mite is cosmopolitan and 

polyphagous, causing damage in diverse crops, e.g., strawberry, tomato, cotton, 

peach, pineapple, avocado, cocoa, soybean. Due to the feeding, when an intense 

infestation occurs, it can be noted speckling bronzed or silvery marks in the leaves, a 

sign of decreased photosynthetic ability, leading to their death (LOURENÇÃO et al., 

2000; AGUIAR-MENEZES et al., 2007; MORAES & FLECHTMANN, 2008; 

AGROLINK; ROGGIA & SOSA-GOMEZ, 2012). 

The economic damages caused by this pest are alarming. According to 

Suekane et al. (2012), the damages caused by the two-spotted mite in soybean crop 

result in an increase in the final costs of the production, with 15.8% applied just to 

control this pest. When not controlled, T. urticae reduced 80% of strawberry 

production, and in higher densities, it has the capacity to shorten the cycle of the crop 

(RIBEIRO et al., 2019). 

The main control strategy used in crops of P. vulgaris is still through the use of 

chemical pesticides, being pyrethroids and phenylthiourea the active ingredients most 

used in Brazil (MEYER, 2003; WHALON et al., 2008; AGROFIT, 2020). According to 

reports of the Insecticide Resistance Action Committee (IRAC) and other researchers, 

T. urticae has shown resistance to 95 active ingredients (TANG et al., 2014; 

MONTEIRO et al., 2015; SATO et al., 2016). It is well known that the intensive use of 

chemicals leads to the selection of resistant pest populations, causes impacts on 

populations of natural enemies, leaves residues on fruits, and also contaminates the 

environment (ATTIA et al., 2013).  

In Brazil, the biocontrol agents commercially available are two predatory mites 

(Neoseiulus californicus and Phytoseiulus macropilis [Acari: Phytoseiidae]) and one 
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entomopathogenic fungus (Beauveria bassiana [Hypocreales: Cordycipitaceae]) 

(GARRIDO et al., 2015; AGROLINK, 2020). Biological control is the key to protect 

biodiversity and to preserve local natural enemies (WAJNBERG et al., 1999). 

According to Strong & Pemberton (1999), biological control provides maintenance and 

preservation of the ecosystem. 

 

2.7. Heterodera glycines   

Heterodera glycines belong to the Family Hoplolaimidae, where the genera 

Helicotylenchus, Rotylenchulus, Scutellonema, and Globodera are also placed (LUC 

et al., 2005; AGRIOS, 2005; FERRAZ& BROWN, 2016). The life cycle of nematodes 

includes the egg, four juvenile states (J1 remains in the egg and hatch occurs with J2) 

and adults, separated into male and female (young females are small and white, older 

females are larger and yellow or brown). Unlike females, which feed in sexual maturity 

and oviposit (each female produces 300 to 600 eggs), males have a shorter life cycle 

and a minor role in the disease process, as they do not parasitize plants; instead, they 

contribute only to the genetic diversity of the population. H. glycines juveniles (females 

in third and fourth stages) alter their body shape and become sedentary. The optimal 

life cycle generally lasts three to four weeks (SCHMITT & RIGGS, 1989; YOUNG, 

1992; LUC et al., 2005; AGRIOS, 2005; FERRAZ & BROWN, 2016). 

After the egg hatches, the second-stage juvenile (J2) penetrates the roots and 

Heterodera spp. initiate their cycle, by penetrating the tips of young primary roots or 

the apical meristems of secondary roots of the host plant, piercing with the stylets into 

feeding off cells of the cortex, causing the enlargement of these cells (e.g. syncytia, 

nutritious cells for the nematode), thus hindering the absorption of water and nutrients 

at first, and then reducing the size of the plants. Hence, the infection symptoms can 

appear at patches, though if the soil is in good condition the infection may become 

asymptomatic in the aerial part (GRUNDLER et al., 1998; DIAS et al., 2010). When 

heavily infested the yield could be reduced in 30 to 75% (AGRIOS, 2005).  

In Brazil, two important events are reported: in 1970, there was the first report 

of Heterodera fici in fig trees in the Rio Grande do Sul, and in the 1990s, H. glycines, 

the most feared phytonematode species by farmers was reported in the country (LIMA 

et al., 1992; LORDELLO et al., 1992; MONTEIRO & MORAIS, 1992; FERRAZ & 

BROWN, 2016). The dissemination of H. glycines in the country took place so rapidly 
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due to several biotic and abiotic factors acting together, such as irrigation, agricultural 

machinery/tools, and animals that helped it to spread over short and long distances 

(AGRIOS, 2005; EMBRAPA, 2010). 

The cyst nematode has the ability to parasitize several hosts, the main one 

being soybeans (RIGGS, 1992). However, H. glycines are considered a major threat 

to P. vulgaris if it is rotated with soybeans (LUC et al. 2005). The main control strategy 

is based on soil fumigation, although it is not economically viable. Another control tactic 

that is showing its potential is the use of biological control agents, such as fungi and 

predator nematodes (AGRIOS, 2005). 
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3. MATERIAL AND METHODS 

3.1. Reactivation of isolates 

The P. chlamydosporia and P. lilacinum isolates were grown inside Petri 

dishes, containing PDA medium (Difco®), kept in chambers (25°C±1 °C and 12:12h 

L:D) for 10 days. After growth, conidial suspensions were prepared, serial diluted to 

1x103 conidia ml-1, then aliquots of 100 μl of each dilution were transferred to Petri 

dishes containing PDA and, with a Drigalsky spatula, they were spread across the plate 

to homogenize them.  

The plates were stored in a growth chamber (at 25 ± 1°C, 12:12h L:D 

photoperiod) for three days or until initial colony development was achieved. 

Subsequently, one colony plug (classified as one conidium) was removed from the 

culture medium, characterizing the culture or monosporic colony. The isolates were 

preserved in cryogenic tubes containing 10% glycerol and stored in a -80°C freezer 

(JARONSKI & JACKSON, 2012). All experiments were performed by using the 

preservation obtained for each isolate. 

 

3.2. Characterization of Pochonia chlamydosporia and Purpureocillium 

lilacinum isolates 

The isolates used (Table 1) in this study belong to the Collection of 

Entomopathogenic Microorganisms “Prof. Sérgio Batista Alves” of the Laboratory of 

Pathology and Microbial Control of Insects, at the Department of Entomology and 

Acarology of the University of São Paulo (ESALQ-USP). Species identification of the 

Purpurecillium lilacinum and Pochonia chlamydosporia isolates were confirmed 

morphologically and molecularly in this study. 

 

Table 1. Isolate code, a substrate of origin, and sample location of the selected isolates 

of Purpureocillium lilacinum and Pochonia chlamydosporia screened. 

 
Isolate code Species Origin 

1 ESALQ489 P. lilacinum Hemileucidae 

2 ESALQ668 P. lilacinum Solenopsis sp 

3 ESALQ774 P. lilacinum Soil 
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4 ESALQ1744 P. lilacinum Soil 

5 ESALQ1749 P. lilacinum Soil 

6 ESALQ1766 P. lilacinum Soil 

7 ESALQ1771 P. lilacinum Soil 

8 ESALQ1906 P. lilacinum Galleriamellonella 

9 ESALQ1907 P. lilacinum G. mellonella 

10 ESALQ1908 P. lilacinum G. mellonella 

11 ESALQ1909 P. lilacinum G. mellonella 

12 ESALQ1994 P. lilacinum Soil  

13 ESALQ1995 P. lilacinum Tenebrio molitor 

14 ESALQ1996 P. lilacinum T. molitor 

15 ESALQ2077 P. lilacinum G. mellonella 

16 ESALQ2078 P. lilacinum G. mellonella 

17 ESALQ2164 P. lilacinum Soil 

18 ESALQ2165 P. lilacinum Soil 

19 ESALQ2166 P. lilacinum Soil 

20 ESALQ2167 P. lilacinum Soil 

21 ESALQ2482 P. lilacinum T. molitor 

22 ESALQ2509 P. lilacinum T. molitor 

23 ESALQ2593 P. lilacinum Soil 

24 ESALQ2599 P. lilacinum Soil 

25 ESALQ2645 P. lilacinum Soil 

26 ESALQ2715 P. lilacinum Soil 

27 ESALQ2716 P. lilacinum Soil 

28 ESALQ2718 P. lilacinum Soil 

29 ESALQ2765 P. lilacinum Soil 

30 ESALQ2774 P. lilacinum Soil 

31 ESALQ2776 P. lilacinum Soil 

32 ESALQ2780 P. lilacinum Soil 

33 ESALQ2832 P. lilacinum Soil 

34 ESALQ2833 P. lilacinum Soil 

35 ESALQ2847 P. lilacinum Soil 

36 ESALQ3599 P. lilacinum Toxoptera citricida 

37 ESALQ3600 P. lilacinum Soil 

38 ESALQ3602 P. lilacinum Soil 

39 ESALQ3603 P. lilacinum Soil 

40 ESALQ3605 P. lilacinum Soil 

41 ESALQ5405 P. chlamydosporia Soil 

42 ESALQ5406 P. chlamydosporia Soil 
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3.2.1. Morphological analyses 

The isolates of P. chlamydosporia and P. lilacinum were cultivated in Petri 

dishes (diameter = 9 cm) with potato dextrose agar medium – PDA (Difco®). The fungi 

were maintained in an incubation growth chamber (25°C±1 °C, 12:12h L:D) until the 

beginning of sporulation. Glass slides were prepared, with the aid of a platinum handle, 

it was removed a small amount of mycelium from the plate, added in glass slides and 

drops of the blue lactic dye (Lactophenol Blue), for the observation of conidiophores 

under the microscope (DM4000B, Leica® Microsystems, Wetzlar, Germany), and the 

morphological identification was carried out based upon the classification key of 

Humber (2012). 

 

3.2.2. Molecular identification 

DNA extraction and PCR analyses 

The DNA from the isolates was extracted according to a protocol adapted from 

Dellaporta et al. (1983). Fungal samples were harvested and kept in Eppendorf tubes 

(1.5 ml), in which 300 µl of extraction buffer was added to each sample. The isolates 

were macerated using L-Beader 24 (Loccus Biotechnology), with three cycles of the 

30s at 4,000 rpm, with a pause of 10 seconds between each cycle. 

Subsequently, 200 µl of extraction buffer and 35 µl of SDS 20% solution were 

added, the samples were stirred for homogenization and heated in a water bath at 

65°C for 10 minutes. Then, it was added 160 µl of potassium acetate (CH3CO2K) to 

each tube, followed by agitation and centrifugation for 10 minutes at 14,000 rpm. After 

the pellet formation, the supernatant of each sample was transferred to new sterilized 

tubes contained 500 µl of isopropanol, and they were centrifuged again for 10 minutes 

at 14,000 rpm.  

The supernatants were discarded and 500 µl of ethanol 70% were added. 

Once again, the tubes were centrifuged for 5 minutes at 14,000 rpm. The supernatants 

were disposed and 50 µl of sterile Milli-Q® water was added. The DNA concentration 

values were measured with the aid of the BioDrop® apparatus.  

Amplification reactions were performed with the selected primers: ITS5 (5’- G 

AAG AAC CGT AGT AAA AGT GGA) and ITS4 (5’- GC TAT TGA TAT GCT TCC TCC) 

(O’DONNELL et al., 1998; DODD et al., 2002; MORTON et al., 2003; MEDINA-
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CANALES et al., 2014; SEQUEIRA et al., 2017). Polymerase chain reactions (PCRs) 

were conducted with 25 µl of total volume, which contained milli-Q®water (9.5 µl), 1X 

Taq Mix® Reaction Buffer (12.5 μl), diluted primers at 25 pmol/μl (1 μl each) and DNA 

(1 μl). The samples were amplified using a thermocycler (Equipment MyCycleTM 

Thermal Cycler Bio-Rad, USA) with an initial cycle of denaturation at 95°C for 5 min, 

followed by 35 cycles of denaturation at 95°C for 45s, annealing of 56°C for the 30s 

and polymerization at 72°C for 60s, and ending with a final extension at 72°C for 5 min 

and cooling at 70°C for 2 min (modified from MEDINA-CANALES et al., 2014).  

The quality and weight of the PCR products were analyzed on agarose gel (1% 

w/v), with 0.5X TBE. For the sequencing reactions, PCR products were purified using 

the EasyPure® PCR Purification Kit (Trans Gen Biotech), according to the 

manufacturer’s instructions. Only the primer ITS5 was used for sequencing. 

Sequences were edited and aligned using the ClustalW tool from BioEdit (version 

7.0.4.1) to obtain a consensus for each species (HALL, 1999). 

 

Phylogenetic tree 

 

Data from sequencing were analyzed through Maximum Likelihood Tree (ML) 

on MEGA (version 10.1.5), implementing the evolutive model Kimura 2-parameter with 

invariant sites (KIMURA, 1980). The analysis was conducted considering the gaps as 

complete deletions, and performing 1000 bootstrap replicates. In addition to the 

sequences obtained by the DNA sequencing, fourteen taxonomically authenticated 

reference sequences were included. The phylogenic trees were created and edited on 

MEGA (TAMURA et al., 2013; KUMAR et al., 2018). The obtained data were 

condensed when the bootstrap values were above 70% (BISCHOFF et al., 2006). 

 

3.3. Submerged fermentation of Pochonia chlamydosporia and 

Purpureocillium lilacinum 

Conidial suspensions were obtained by harvesting the plates containing 

sporulating fungi. Then, a 10 ml 0.004% aqueous solution of sorbitan monooleate 

(Tween® 80) was added, homogenized and the conidia counted. Then five ml of the 

suspensions standardized at 5 x 106 conidia ml-1 were added into baffled flasks (250 

ml) (Glass, Bellco®, Vineland, NJ, USA) containing 45 ml of the liquid media used in 
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submerged fermentation, totalizing 50 ml per vial. The flasks were placed on an orbital 

shaker table at 300 rpm and 28 ± 2°C, 12h L:D (MARCONI®, Model: MA 830) and 

shaken manually daily to prevent mycelial growth on the walls. 

Two liquid media used were an adaptation by IWANICKI et al (2018) of the 

media developed by Jackson & Jaronski (2012) and by Adámek (1965). The first 

medium used had a C: N ration of 10:1 (named Jackson 4), the carbon source used 

was glucose (45 g l-1 20% w/v) with yeast extract as the nitrogen source (45 g l-1); the 

second medium used had a C: N ratio 50:1 (Jackson 6) (glucose – 81 g l-1 and yeast 

extract – 9 g l-1). Both media contained salts, metals, and vitamins, which were 

composed of KH2PO4, 4.0 g l-1; CaCl2•2H2O, 0.8 g l-1; MgSO4•7H2O, 0.6 g l-1; 

FeSO4•7H2O, 0.1 g l-1; CoCl2•6H2O, 0.1 g l-1; MnSO4•H2O, 0.016 g l-1; ZnSO4•7H2O, 

0.014 g l-1; thiamine, riboflavin, pantothenate, niacin, pyrodoxamine, thioctic acid, 500 

µg l-1 each; and folic acid, biotin, vitamin B12, 50 µg l-1 each. The adapted Adamek 

medium had as carbon source glucose (40 g l-1) and yeast extract as a nitrogen source 

(80 g l-1) and corn steep liquor (40 g l-1). The source of salts with trace metals and 

vitamins was the same as the aforementioned. 

Two, three and four days after fungal transfer to the culture media, 1 mL 

samples were taken under aseptic conditions and diluted with distilled water + Tween® 

80 (1:10) to evaluate the concentration of microsclerotia produced under glass slides 

(25 x 75 mm) (using 50 µl of culture diluted samples) and analyzing the culture 

morphology. Only pigmented microsclerotia larger than 50 µm diameter were 

considered (JACKSON & JARONSKI, 2009). For the adapted Adamek medium, the 

concentration of blastospores and submerged conidia were also evaluated for all 

isolates. 

 

3.4. Experimental set up for the in vivo bioassays 

3.4.1. Slow drying of selected isolates 

Selected isolates were submitted to submerged fermentation for four days and 

then mixed with Diatomaceous earth (5% w/v) (Sigma-Aldrich, Co., St. Louis, MO). 

This mixture was filtrated in filter papers (70 mm, Unfil, Brazil) using a vacuum pump 

connected to a Büchner funnel and a Kitasato flask (Figure 1). The final material was 

transferred to Petri dishes (90x15 mm) and it was submitted to  slow drying in a drying 



28 

chamber for 20 hours at 50-60% of relative humidity (RH) and 1-2 hours at 15-20% RH 

until the samples reached the low water activity. After reaching water activity ≤ 0.2 

measured in the LabMaster-aw equipment (Novasina®, Lachen SZ, Switzerland), 

samples of 25 mg were obtained to evaluate the viability, and the remainder was stored 

inside of vacuum package in polyethylene bags at 5°C. 

 

 

Figure 1. Filtration of the mycelium mat obtained + Diatomaceous earth 5% w/v using a vacuum pump 

connected into a Büchner funnel and a Kitassato flask. 

 

3.4.2. Microesclerotia viability 

Twenty-five milligrams of microsclerotia + Diatomaceous earth (MS+TD) were 

sprinkled on Petri dishes with agar + water (2% w/v), which were incubated inside 

growth chambers at 28°C in the dark. After 24h, microsclerotia germination was 

evaluated, by counting the formation of hyphae outside the granules, with the aid of a 

phase-contrast microscope (DM4000B, Leica® Microsystems, Wetzlar, Germany) 

(JACKSON & JARONSKI, 2009; KOBORI et al., 2015). The plates were kept once 

again inside growth chambers (12h photophase) for seven days. To determine the 

production, of conidia spores were harvested and diluted in water + 0.04% Tween 80®. 

And the concentrations (conidia g-1 of MS+TD) were measured by counting in a 

Neubauer chamber. 

 

3.4.3. Seed treatment of common beans with P. lilacinum and P. 

chlamydosporia 
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The P. vulgaris cultivar used in all experiments was “IAC Milênio”. Before the 

MS+TD inoculation, the seeds were surface-sterilized for 45 seconds in 70% ethanol, 

followed by 1 minute in 1.5% of commercial sodium hypochlorite, 45 seconds on 70% 

ethanol, and washed three times with distilled water (adapted from AKUTSE et al., 

2013). 

The seeds of bean plants were covered by the combination of MS+TD of the 

selected isolates (P. lilacinum ESALQ1744, ESALQ2482, ESALQ2593, P. 

chlamydosporia ESALQ5405 and ESALQ5406). The MS concentrations were 

standardized by estimating the amount of microsclerotia required for the production of 

1012 conidia ha-1, according to the viabilities obtained for each sample. 0.5% w/v Gum 

arabic was added to the MS+TD to provide the adhesion on the seed surface. The 

control was based on common bean seeds treated only with gum arabic. The seeds 

were maintained in filter papers (70mm, Whatman®) in order to dry out the excess of 

suspension, then individually planted inside plastic pots (10 per treatment) filled with 

40% sand and 60% soil. The pots were kept in a greenhouse with daily irrigation and 

natural photophase and temperature.  

 

3.5. Effects of P. lilacinum and P. chlamydosporia on T. urticae fecundity 

One transparent plastic clip cage (4.5 cm high x 3.8 cm diameter) with a mesh 

at the top (0.09 mm mesh size) (Figure 2) was placed on each bean plant leafs in the 

V4 stage, approximately 21 days after seeding (CANASSA et al., 2019). Subsequently, 

one T. urticae female was individually transferred to each clip cage.  

The spider mite fecundity was estimated at the 7th day of infestation by 

counting the number of eggs and eventually, any emerged larvae. The treatments were 

subjected to a randomized block design with ten plants (replicates) per treatment. The 

experiments were repeated three times. 
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Figure 2. Experimental set up using clip cages to hold the spider mites. 

 

3.6. Effect of P. lilacinum and P. chlamydosporia in common bean  

Common bean seeds were treated with four P. lilacinum isolates, two P. 

chlamydosporia isolates, and control 0.5% w/v of Gum arabic. At the end of the study, 

after plant growth, the plants were removed from the pots and their roots washed to 

remove the soil. Measurements of the length of the aerial part (cm), the root (cm), and 

their fresh and dry weight (g) were determined.  

Three fragments of the roots, the stem, and the leaves were cut from each 

plant to assess fungal colonization. The samples were sterilized by the following steps: 

70% ethanol for 30 seconds, 1.25% commercial sodium hypochlorite for 60 seconds, 

70% ethanol for 30 seconds, rinsed in distilled water three times. Afterward, aliquots 

of 50 µL of the last rinsing were collected in the beginning and at the end of the 

sterilization process and plated into the PDA medium to confirm the success of the 

sterilization (BEHIE et al., 2015). 

Subsequently, the samples were maintained in filter papers to remove the 

excess of water. The fragments were plated in PDA medium with 0.5 g l-1 of 

cycloheximide, 0.2 g l-1 of chloramphenicol, 0.5 g l-1 of Dodine (65%), and 0.01 g l-1 of 

crystal violet (BEHIE et al., 2015). The plates were incubated in growth chambers for 

20 days.   

Fungal colonization was visually analyzed based on colony morphology and 

microscopical observations. For the soil analysis, suspensions with distilled water + 

0.05% Tween® 80 were prepared and 50 µl of the 100, 10-1, 10-2 and 10-3 dilutions 
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were plated in the same medium at 25 ± 1°C, 12:12h L:D. The colonies were visually 

observed in an optical microscope. 

 

3.7. Effects of P. lilacinum and P. chlamydosporia on H. glycines 

The nematode populations used in the experiments were provided by the 

Laboratory of Nematology located at the Department of Plant Pathology and 

Nematology from ESALQ/USP. The common bean plants, previously seed inoculated 

with the fungal isolates (ESALQ1744, ESALQ2482, ESALQ2593, ESALQ5405 and 

ESALQ5406), were inoculated with eggs and J2 of H. glycines race 3 on plants at the 

V4 stage (approximately 15 days after planting). By using a spatula, two holes were 

made close to the plant stem (2 and 4 cm of depth). The inoculum was homogenized 

by using a magnetic stirrer, and 1,000 eggs plus J2 individuals (initial population) were 

inoculated in each plant, and the holes were closed with vermiculite to avoid heat stress 

and humidity loss. The evaluations occurred 45 days after the inoculation, according 

to the nematode life cycle in the plant (NIBLACK, 2005). 

The nematodes were extracted following the methodology described by 

Coolen & D’herde (1972). Roots were removed from in the pots, washed and cut in 1 

cm pieces, followed by blending with 1% commercial sodium hypochlorite, added to 

dissolve the egg masses present in the roots. The obtained suspension was poured 

on top of two sieves, the first of 60 “mesh” (0.260 mm – to retain the coarse particles) 

and the second of 500 “mesh (0.025 mm – to retain fine particles).  

The nematodes were collected in a beaker and centrifuged twice. First at 1,800 

rpm for 5 min, with kaolin. In the second, the supernatant was discarded, a sucrose 

solution (1.15 g ml-1) was added and centrifugation occurred at 1,800 rpm for 1 min. 

The nematodes were collected using a 500 “mesh” sieve. In order to maintain the 

nematodes integrity, 300 µl of formaldehyde was added.  

The number of nematodes was estimated based upon two 0.5 ml counts on 

Peters’ slide, under the microscope. Afterward, it was estimated the final population 

(FP), the number of nematodes per gram (Nem g-1) of root and the percentage of 

control, based on the population obtained in control plants. Measurements of the fresh 

and dry weight of aerial and root parts (g) and the weight of the pods (g) of P. vulgaris 

plants were taken to observe if the treatment had any effect on plant growth. 
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3.8. Statistical analyses 

The microsclerotia (MS) production of P. lilacinum and P. chlamydosporia 

were analyzed by generalized linear models (GLM) with Poisson distribution for errors 

and log-link function, in which fixed effects included experiment, isolate, day, medium 

and the interaction between isolate, day and medium, while random effects were 

attributed to the observational level and day per experimental unit, medium and isolate. 

A linear mixed model was fitted to the logarithm of the submerged propagules yield, 

including the effects of the experiment, isolate, day, and the interaction between isolate 

and day as fixed and random day effects per experimental unit in the linear predictor. 

In this case, we also modeled the variance as a function of isolate, to account for 

variance heterogeneity. The significance of the effects was assessed using likelihood-

ratio (LR) tests at P < 0.05. The quality and adjustment of the selected models 

(goodness-of-fit) were assessed using half-normal plots with simulation envelopes with 

the package ‘hnp’ (MORAL et al., 2017) in conjunction with the Akaike information 

criterion (AIC), in which the lowest AIC indicates the best adjustment. In another 

approach, we carried out an analysis that allowed to look at the marginal performance 

of fungal isolates, regardless of medium and day of fermentation, in which we were 

able to establish a ranking order from best to poorest producers of microsclerotia and 

submerged propagules. 

The cluster analysis was performed to MS or submerged propagules data for 

multiple fungal isolates. Predicted means derived from model fits were normalized prior 

to turning into distances based on the Euclidean method, a measure of similarity. 

Subsequently, Euclidean distances were subjected to a hierarchical clustering tree (in 

rows and columns) taking into account measurements for liquid media and fungal 

isolates using Ward’s method. The heat map was computed and described using a 

function of heatmap.2 in the ‘gplots’ package (WARNES et al., 2020). 

The female fecundity (number of eggs laid by each spider mite female up to 

seven days upon feeding on bean leaves) data were analyzed by fitting the Poisson 

model with the log link function. The additive effects of experiment and treatment were 

included in the linear predictor. The significance of the effects was assessed using Chi-

squared tests. Multiple comparisons were performed by obtaining the 95% confidence 

intervals for the estimated treatment effects and separated by the Tukey HSD method 

using the package ‘emmeans’ (LENTH, 2020). The number of nematodes as final 
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population size and the average number of nematodes per gram of root mass were 

analyzed using Negative Binomial (or overdispersed Poisson) and Gaussian models, 

respectively, and included the isolate in the linear predictor. The number of nematodes 

per gram was transformed using the square root transformation prior to analysis. 

Samples that exhibited value “zero” due to egg diapause in H. glycines were dropped 

from the analysis. When the treatment effect scored significantly, then multiple pairwise 

comparisons of means were performed with the Tukey HSD method at P < 0.05. 

All plant trait variables (plant responses to fungal isolates) were analyzed using 

linear models with Gaussian distribution for errors, including isolate, experiment, and 

their interaction term as fixed effects and replicate plants as a random effect in the 

linear predictor. Prior to analysis in order to meet normality assumptions, the response 

variables recorded after 45 days of bean plant growth in the greenhouse and 

encompassing aerial part length, root length, plant height, and root dry weight were all 

logarithm-transformed. The aerial part and whole plant dry weights did not require data 

transformation. We included isolate as a fixed effect and replicate plants as a random 

effect in the linear predictor, as the analysis was conducted within each experimental 

dataset. The significance of the effects was assessed by using F tests. Goodness-of-

fit was assessed using half-normal plots with simulation envelopes (MORAL et al., 

2017). Significant differences between treatments were determined by multiple 

comparisons based on contrast using the Tukey HSD method with 5% of significance 

with the package ‘emmeans’. All statistical analyses were performed in R (R CORE 

TEAM, 2020). 
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4. RESULTS 

4.1. Morphological and molecular analyses of Purpureocillium and Pochonia 

isolates 

The morphological analysis led to the identification of the selected isolates 

belonging to the genera Purpureocillium and Pochonia,  according to the characteristic 

from the classification key by Humber (2012). 

The molecular data confirmed that the presumed P. lilacinum isolates indeed 

belonged to this species, except for isolate ESALQ2726, that was phylogenetically 

closer to Cordyceps javanica. This isolate was then not included in the following 

studies. As to P. chlamydosporia, ESALQ5406 was confirmed as belonging to this 

species; however, ESALQ5405 aligned with P. chlamydosporia var. catenulate and P. 

gonioides, and even though its classification remains unclear, from this point on it will 

be referred to as P. chlamydosporia (Figure 3). 
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Figure 3. Evolutionary analysis by Maximum Likelihood method. Phylogenetic tree Kimura 2-parameter 

model with invariants sites. Performing 1000 bootstrap replicates.  
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4.2. Microsclerotia production 

All P. lilacinum and P. chlamydosporia isolate produced MS on the three 

different liquid culture media, modified Adamek, Jackson 6 (C: N ratio 50:1) and 

Jackson 4 (C: N 10:1), with exception of ESALQ1907 (did not produce on Jackson 4 

and 6), ESALQ1908 (did not produce on modified Adamek) and ESALQ2509 (did not 

produce on modified Adamek and Jackson 4) (Figures 4 and 5). The MS exhibited 

darker pigmentation when produced in modified Adamek medium, which is richer in 

nitrogen and iron phosphate concentration.  

The production of MS differed among the culture media, and the concentration 

varied among isolates. For the Jackson 4 medium, the production varied from 2x103 to 

1.7x104 MS ml-1; the most productive isolates in this medium were ESALQ1906, 

ESALQ1909, ESALQ2164, ESALQ2166, ESALQ2482, ESALQ2593, ESALQ2599 and 

ESALQ2765 (1.0 – 1.70 x 104 MS ml-1), and the ones with the lowest MS ml-1 

concentration being ESALQ668 and ESALQ2832 (2 x 103 MS ml-1). 

For the Jackson 6 medium, production ranged between 3 x 102 and 6 x 104 

MS ml-1, with the most productive isolates being ESALQ1744, ESALQ1771, 

ESALQ2164, ESALQ2599, ESALQ2645 (1.0 – 1.96 x 104 MS ml-1), ESALQ2482 (6.1 

x 104 MS ml-1) and ESALQ2593 (2.2 x 104 MS ml-1), and ESALQ5406 as the less 

productive (3.3 x 102 MS ml-1). 

In the modified Adamek medium, the MS concentration varied from 1 x 103 to 

2 x 104 MS ml-1 in the last day, with five isolates standing out: ESALQ2078, 

ESALQ2164, ESALQ 2509, ESALQ2593 and ESALQ2718 (1 – 1.16 x 104 MS ml-1). 

The lowest productions were from isolates ESALQ668, ESALQ1996, and ESALQ2776 

(1.66 x 103 MS ml-1). In addition, isolate ESALQ5406 did not produce any MS on the 

last day. 

Based on the estimated general mean of the ranking graph (Figure 4) for fungal 

isolates based on all media and time the three isolates that stood out were: 

ESALQ2482, ESALQ2164, and ESALQ2593. On the other hand, the three isolates 

considered the least productive were ESALQ5406, ESALQ5405 e ESALQ2776. All 

highlighted isolates were of P. lilacinum. P. chlamydosporia isolates did not stand out 

in any culture media, with productions ranging from 3.3 x 102 to 7 x 103 MS ml-1. 
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Figure 4.  Heatmaps from day 2 to 4 representing the estimated means of microsclerotia production 

across the 39 fungal isolates within Purpureocillium lilacinum and Pochonia chlamydosporia grown in 

three different liquid media (modified media: Adamek [A], Jackson-4 [B], and Jackson-6 [C]), as well as 

the ranking graph for fungal isolates based on the estimated general mean of the population (D). Scale 

from blue to red means that high MS are highlighted in red color, whereas low MS yields are assigned 

with blue color. 

 

D) Ranking from best to worst isolates

A) Heatmap for day 2 B) Heatmap for day 3 C) Heatmap for day 4

(-)

(+) E) Microsclerotia of P. lilacinum from day 4

Isolate Isolate Isolate

Liquid medium Liquid medium Liquid medium

ESALQ 1996 ESALQ 2165
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Figure 5. Microsclerotia production by the 39 fungal isolates of Purpureocillium lilacinum and Pochonia 

chlamydosporia grown in three different liquid media (Adamek, Jackson-4, and Jackson-6) recorded for 

day 4 of growth. Y-axis is shown in the log10-scale. Different symbols with distinct colors represent the 

mean values along with boxplots for each fungal isolate.  

 

4.3. Submerged propagules production 

In the modified Adamek medium, it was observed that other submerged 

propagules, similar to blastospores and submerged conidia, were produced in high 

concentration. However, the morphological and physicochemical evaluations of these 

structures were not performed in this study, therefore it was not possible to differentiate 

them, and consequently, the evaluation considered them all together, here referred to 

as submerged propagules. 

Looking at the marginal performance of isolates corrected by experiment and 

fermentation day (Figures 6 and 7), it was possible to rank from best to worst producers 

of submerged propagules among the isolates tested. In this regard, the two P. 

chlamydosporia, isolate ESALQ5405 followed by ESALQ5406, showed the overall 

highest production yields of submerged propagules, whilst the worst production was 

obtained with isolate ESALQ1909 of P. lilacinum. These results also corroborate with 

the heatmap output and facilitate the selection of best fungal isolates. 
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Figure 6. Heat map (A) and rank from best to worst isolates for predicted mean concentration of 

submerged propagules (submerged conidia + blastospores) of P. lilacinum and P. chlamydosporia on 

4th day of culture growth on modified Adamek medium. Scale from blue to red means that high 

submerged propagules are highlighted in red color, whereas low submerged propagules yields are 

assigned with blue color. 

 

A) Heatmap for submerged propagule

production
B) Ranking from best to worst isolates
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Figure 7. Mean concentration of submerged propagules (submerged conidia + blastospores) 

Purpureocillium lilacinum and Pochonia chlamydosporia during four days (2th, 3th and 4th day) of culture 

growth on modified Adamek medium. Y-axis is presented in the log10-scale. Different symbols with 

distinct colors represent the mean values along with boxplots for each fungal isolate.  

 

4.4. Endophytic colonization and plant growth stimulation of P. lilacinum and 

P. chlamydosporia in P. vulgaris 

The colonization of bean plants by treatment of seeds with MS of ESALQ1744, 

ESALQ2482, ESALQ2593 (P. lilacinum), ESALQ5405, and ESALQ5406 (P. 

chlamydosporia) was lower than expected (Table 2). Fragments of roots, stems, and 

leaves were maintained on selective medium for 15 days, after which few P. lilacinum 

and P. chlamydosporia colonies were observed.  

Forty-five days after seeding (DAS), the only vegetative parameter that differed 

from the control group was the length of the aerial part, whereas the plants treated with 

the fungal isolates ESALQ2482, ESALQ5405 and ESALQ5406 exhibited shorter 

length of the aerial part (Table 2). While the root dry weight decreased with seed-

inoculated bean plants with ESALQ2593 and ESALQ5405. Nonetheless, there were 

no differences between treatments for the variables root length and dry weight of the 

aerial part of the plants. 
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 Table 2. Common bean plant traits (Phaseolus vulgaris) after seed treatment with 

different isolates of Purpureocillium lilacinum and Pochonia chlamydosporia after 45 

days of growth under greenhouse conditions.  

Treatment 

Length of the 

aerial part 

(cm) 

Root length 

(cm) 

Dry weight of 

the aerial 

part (g) 

Root dry 

weight (g) 

Control (no fungus) 20.6 ± 1.49 ab 
23.0 ± 0.76 

ns 

0.46 ± 0.043  

ns 

0.17 ± 0.03 

ab 

ESALQ1744 20.8 ± 1.42 ab 25.2 ± 0.99 0.49 ± 0.05 0.20 ± 0.02 a 

ESALQ2482 19.4 ± 1.55 bc 25.0 ± 0.97 0.41 ± 0.04 
0.18 ± 0.02 

ab 

ESALQ2593 21.2 ± 1.20 a 25.2 ± 1.18 0.37 ± 0.04 0.13 ± 0.02 b 

ESALQ5405 17.7 ± 1.27 c 25.6 ± 1.41 0.36 ± 0.05 0.13 ± 0.02 b 

ESALQ5406 19.2 ± 1.51 bc 26.7 ± 1.10 0.39 ± 0.06 
0.16 ± 0.01 

ab 

Treatment effect (linear 

model with Gaussian 

distribution) 

F = 5.47, df = 

5, 153, P = 

0.0001 

F = 1.27, df = 

5, 153, P = 

0.278 

F = 2.199, df 

= 5, 153, P = 

0. 06 

F = 3.63, df = 

5, 153, P = 

0.0039 

Means (± SE, n = 10 plants per treatment) of 3 independent experiments) of significant contrasts 

between means at P < 0.05, while no significance was indicated by “ns”. 

 

4.5. Effects of P. lilacinum and P. chlamydosporia on T. urticae fecundity 

The effect of fungal isolates through seed coating in grown common bean 

plants exposed to two-spotted spider mites was measured by the production of eggs 

and nymphs per leaf. As shown in Figure 8, the indirect fungal effect was significant to 

egg density as all fungal isolates tested, within P. chlamydosporia and P. lilacinum, 

induced a great reduction in egg numbers laid by spider mite females (χ2 = 257.97, df 

= 5, 113, P < 0.0001). These results indicate that the indirect effect modulated by fungal 
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treatment in common bean plants was pronounced against eggs as they may have 

negatively affected the fecundity of spider mite females. 

 

 

Figure 8.  The number of eggs laid (plus emerged larvae) by Tetranychus urticae after seven days of 

infestation in bean plants seed-inoculated with six treatments: control (0.5% w/v of Gum arabic), 

microsclerotia (1012 conidia ha-1) of the isolates ESALQ1744, ESALQ2482 and ESALQ2593 of 

Purpureocillium lilacinum, and isolates ESALQ5405 and ESALQ5406 of Pochonia chlamydosporia. 

Means (± 95% confidence interval, n = 20 biological replicates from 2 independent experiments) of 

spider mite counts of eggs and nymphs per leaf. Significant contrasts between means at P < 0.05”.  

 

4.6. Effects of P. lilacinum and P. chlamdydosporia on H. glycines 

The results of the three experiments carried out over time are presented 

separated as the analysis showed a significant effect of experimental replicates. For 

the first and second biological replicate (Figure 9), there was no significant difference 

among all the treatments (χ2 = 5.9909, df = 5, P > 0.0001). For the last replicate, the 

isolate P. chlamydosporia ESALQ5406 was able to decrease the final population of H. 

glycines in relation to the uninoculated control (χ2 = 13.643, df = 5, P < 0.0001). 
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According to the analysis the P. lilacinum ESALQ1744 had a higher nematode 

population than ESALQ5406 and ESALQ2593 only (P = 0.0223).  

 

 

Figure 9. The final population of the soybean cyst nematode (Heterodera glycines) challenged with 

seed-treated common bean plants with isolates of Purpureocillium lilacinum (P.l.) and Pochonia 

chlamydosporia (P.c.), after 45 days of growth under greenhouse conditions. Means with 95% 

confidence intervals (n = 10 plants per treatment and 3 independent experiments) followed by 

irrespective letters are significantly different from each other according to the Tukey HSD test (P < 0.05), 

while “NS” means no significance to the treatment effect within each experiment. Eggs in diapause were 

considered unviable and then dropped from the analysis.  

 

Meanwhile, regarding the data on nematodes per root gram (nem g-1), there 

was a significant effect of treatments on nematode density (F = 2.46, df = 5, 132, P = 

0.0364) (Figure 10). This result revealed that the fungal treatments P. chlamydosporia 

ESALQ5406 and P. lilacinum ESALQ2593 resulted in a lower nematode population 

per gram of roots in comparison with the control plants, only for the second greenhouse 

trial. 
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Figure 10. Soybean cyst nematode (Heterodera glycines) per root gram (based on fresh weight) 

challenged with seed-treated common bean plants with isolates of Purpureocillium lilacinum (P.l.) and 

Pochonia chlamydosporia (P.c.). After 45 days of growth under greenhouse conditions. Means with 95% 

confidence intervals (n = 10 plants per treatment and 3 independent experiments) followed by 

irrespective letters are significantly different from each other according to the Tukey HSD test (P < 0.05), 

while “NS” means no significance to the treatment effect within each experiment. Eggs in diapause were 

considered unviable and then dropped from the analysis.  
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5. DISCUSSION 

This study showed for the first time the high production of submerged 

propagules of P. lilacinum and P. chlamydosporia. Thus, this opens a new opportunity 

to explore these propagules in plant protection and growth promotion and perhaps 

replace the traditional aerial conidia as the active ingredient of fungal biopesticides. 

Nevertheless, further studies should be conducted to discriminate against those 

propagules and to evaluate their virulence against pests. Microesclerotia is pigmented 

resistance structures that are produced when submitted to stress conditions 

(JARONSKI & JACKSON, 2008). The formation of these structures has been 

intensively studied, especially with Beauveria and Metarhizium being the focus 

(JARONSKI, 2013; ZHOU et al., 2015; HUARTE-BONNER et al., 2019). However, 

these structures have never been observed in vivo conditions, only in vitro, in a liquid 

medium capable to induce the production (JARONSKI & JACKSON, 2009). 

Microesclerotia is an important structure for field application of fungi since they can 

resist low humidity (GARCIA et al., 2011), more resistant to ultraviolet radiation 

(FARGUES et al., 1997) and higher temperatures (MEYLING & EILENBERG, 2007). 

In the current study, the production of microsclerotia by Purpureocillium lilacinum and 

Pochonia chlamydosporia was explored by submerging fermentation. The data 

obtained in the experiments indicate that the highest MS production occurred under a 

high concentration of carbon, with the C: N ratio of 50:1 (Jackson 6 medium). It is 

known from other studies that media with a high concentration of carbon (> 25 g l-1) 

and appropriate amounts of nitrogen induce the production of MS, which leads to an 

increased concentration of aerial conidia (JACKSON, 1997; KOBORI et al., 2015). 

Jackson & Schisler (1995) and Jaronski & Jackson (2009) observed that the depletion 

of nitrogen regulates the aggregation of hyphae for the formation of MS, while the 

consumption of carbon induces the melanization process, confirming the results 

obtained in this work, wherein the medium with a higher C: N ratio, the production of 

MS was increased. In the media where the C: N ratio was lower, the MS had more 

melanized aspects (culture media Jackson 4 – 10:1 – and modified Adamek), although 

a lower concentration was obtained. Song et al. (2014) observed that, when submitting 

Metarhizium rileyi to a liquid culture media with a low (or non-existing) concentration of 

carbon and high of nitrogen, there was no formation of MS, suggesting that the 
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combination of the two nutrients is necessary, and it promotes nutritional stress in the 

fungus, thus inducing the formation of MS.  

Blastospores are yeast-like cells that can be produced from hyphae in the 

arthropods hemolymph (FENG et al., 1994), and submerged conidia are similar to 

aerial conidia except for the physicochemical characteristic (CHO et al., 2006). Both 

propagules can be produced in high concentrations in rich liquid medium. These types 

of cells are interesting because they germinate faster (CHO et al., 2006; JARONSKI & 

MASCARIN, 2017) than aerial conidia, shortening the time of infection and mortality of 

pest arthropods. The production of these structures has already been reported in 

several genera of fungi, e.g. Metarhizium (ISSALY et al., 2005; YPSILOS & MAGAN, 

2005; INGLIS et al., 2006; BERNARDO et al., 2018; CAROLINO et al., 2019), 

Beauveria (MASCARIN et al., 2015a, 2015b; BERNARDO et al., 2018), Cordyceps 

(VIDAL et al., 1998; ASAFF et al., 2006; MASCARIN et al., 2010; MASCARIN et al., 

2015b), Hirsutella (ROMERO-RANGEL et al., 2012) and Trichoderma (JAKUBÍAKOVÁ  

et al., 2006; SIMKOVIC et al., 2008; KOBORI et al., 2015). However, the production of 

these structures by P. lilacinum and P. chlamydosporia has yet to be reported. In this 

study, it was observed the production of blastospores-like and submerged conidia-like 

cells in the modified Adamek medium for the first time. This liquid medium promotes 

the formation of submerged propagules and intense biomass formation (KASSA et al., 

2004). The production of submerged conidia and blastospores can be related to the 

available concentrations of carbon and nitrogen (BIDOCHKA et al, 1987; HEGEDUS 

et al., 1990), characteristics present in high concentrations in the medium used. 

Twenty-two of the forty isolates yielded blastospores-like and submerged conidia-like 

above 109 submerged propagules ml-1 with only four days of fermentation, meaning 

high concentrations in a short time, compared to other studies: Romero-Rangel et al. 

(2012) obtained 3.8x107 blastospores ml-1 of Hirsutella sp. with a long incubation 

period (seven days); Jackson et al. (2003) reported the production of 1x109 

blastospores ml-1 for Cordyceps fumosorosea with four days of growth, changing only 

the nitrogen source; and study of Jackson et al. (1997), the maximum concentration of 

blastospores of C. fumosorosea was 6.8x108 blastospores ml-1, also with four days of 

growth. The manipulation of the liquid medium is an essential factor to obtain high 

concentrations of the desired propagule, in a short time and with the ability to resist the 

stabilization process (JARONSKI & MASCARIN, 2017). In just two days of growth, 
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Iwanicki et al. (2018) obtained a concentration of 5.8 x 108 blastospores ml-1 for an 

isolate of M. robertsii, which remained with high viability after the drying process. 

As for the production of submerged conidia, Kobori et al. (2015) obtained a 

maximum concentration of 9.5 x 108 submerged conidia ml-1 for Trichoderma 

harzianum after seven days of growth. The production of this type of propagules is 

highly related to the limitation or depletion of nitrogen sources present in the 

environment, and although the carbon source is not an extremely essential factor for 

the formation of these structures, the presence of glucose helps in the swelling, 

accelerating the germination process and resulting in the production of submerged 

conidia (JUNG et al., 2014). Even though, in the present study it was not possible to 

discriminate between submerged conidia and blastospores, both propagules are 

produced by P. lilacinum and P. chlamydosporia in the modified Adamek medium. 

Further studies, involving physicochemical and morphological analyses, are required 

to quantify each of these propagules. 

The low results observed for endophytic colonization of P. lilacinum and P. 

chlamydosporia in P. vulgaris may have been due to the effect of abiotic (low 

temperature) and biotic factors. The use of more efficient detection methods such as 

Green fluorescent protein (GFP) or PCR methodologies could improve the recovery 

rate. Similarly, Mutune et al. (2019) were unsuccessful in detecting M. anisopliae and 

B. bassiana in bean plants (seeds treated with fungal conidia), though, they observed 

a high rate of reduction in the population of Ophiomyia phaseoli.  Akutse et al. (2013) 

failed to detect the colonization of Metarhizium spp. on Vicia faba and P. vulgaris. The 

rate of recovery of fungi in host plants, whether by treating seed or soil, is closely 

related to the fungal species inoculated and the host, and it decreases over time 

(BROWNBRIDGE et al., 2012; AKUTSE et al., 2013; RUSSO et al., 2015; PARSA et 

al., 2016). Although the observation of the colonization failed, a successful reduction 

of populations of the two-spotted mite and cyst nematode was noticed, thus a 

hypothesis could be proposed: P. lilacinum and P. chlamydosporia could be inducing 

the plant to invest more in defense than promoting its growth, a process named ‘trade-

off’ (COLEY & BARONE, 1996). The trade-off strategy could be explained as the plant 

allocates more resources to a specific function, in detriment of others (BRIGGS & 

SCHILTZ, 1990; HERMS & MATTSON, 1992; WEINER et al., 2009). A trade-off was 

reported by Richmond et al. (2003) when Neotyphodium lolli colonized Lolium perenne 
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and Digitaria sanquinalis: the authors showes that the latter species allocated a higher 

proportion of resources for growth when competing with the former. 

In this study, common bean plants inoculated with P. lilacinum ESALQ1744, 

ESALQ2482 and ESALQ2593, and P. chlamydosporia ESALQ5405 and ESALQ5406 

significantly reduced T. urticae population fecundity. In a recent study, Canassa et al. 

(2019) observed negative effects on T. urticae population growth when P. vulgaris 

seeds were inoculated with M. robertsii, B. bassiana and a combination of both 

entomopathogenic fungi; it was reported significant population reduction, although 

there were no differences between fungal treatments, applied either individually or 

combined. After inoculating common bean seeds with B. bassiana, Lecanicillium 

lecanii, and C. fumosorosea, Dash et al. (2018) reported a decrease in population 

growth and reproduction of T. urticae. Endophytic fungi colonized Vicia faba 

(Beauveria spp., Hypocrea spp., Gibberella spp., Metarhizium spp., Trichoderma spp. 

and Fusarium spp.) and were capable of causing 100% mortality in adults of Liriomyza 

huidobrensis, and the isolates of Beauveria spp. and Hypocrea spp. stood out as the 

most virulent against this insect pest (AKSTUSE et al., 2013). Seed treatment of P. 

vulgaris with B. bassiana, Hypocrea lixii, M. anisopliae, T. asperellum, and T. atroviride 

negatively affected the oviposition of O. phaseoli (MUTUNE et al., 2016). Treatment of 

cotton seeds with P. lilacinum and B. bassiana revealed negative effects on the survival 

of Helicoverpa zea through the suppression of leaf-feeding by the caterpillars (LOPEZ 

& SWORD, 2015).  

For nematode bioassays, in this study, the plants treated with P. lilacinum and 

P. chlamydosporia showed variable results between the replicates. Despite these 

variable results, it was possible to observe a reduction in the population density of H. 

glycines only for some isolates in two out of three replicates. P. lilacinum was capable 

to suppress Pratylenchus thornei and further improved dry weights of shoots and roots 

of Triticum spp. (KEPENEKCI et al., 2018b). In Abelmoschus spp., the bacterium 

Pasteuria penetrans and P. lilacinum were effective in reducing the number of galls, 

egg masses, and nematode fecundity of M. incognita, resulting in a pronounced 

antagonism against the root-knot nematode (MUKHTAR et al., 2013). Tomato plants 

colonized by P. chlamydosporia presented the colonization of the fungi into galls and 

egg masses of M. javanica by the endophytic pathways (ESCUDERO & LOPEZ-

LLORCA, 2012). Similar results were recently obtained by Ghahremani et al. (2019), 

in which P. chlamydosporia was able to reduce the reproduction, female fecundity, and 
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the infection by M. incognita on tomato plants. These authors also observed systemic 

resistance against the root-knot nematode triggered by the fungus through an induced 

expression of salicylic acid. 

The result of the symbiotic relationship that endophytic fungi establish with their 

hosts can be demonstrated in several ways, such as growth promotion (PARSA et al., 

2016; RUSSO et al., 2018), nitrogen and carbon exchange (PARNISKE, 2008) and 

even repellency to pests, such as herbivorous insects, nematodes and 

phytopathogenic fungi (SCHARDL et al., 2004; JABER & OWNLEY, 2018), i.e., the 

fungi modify the plant fitness to increase stress tolerance, disease resistance and 

decrease herbivory (WHITHE et al., 2010; VIDAL & JABER, 2015). In Hordeum vulgare 

plants, P. chlamydosporia modifies the plant transcriptome, as it can induce the 

encoding of genes in the heat shock proteins (HSP) family, which are responsible to 

turn on various stress responses in the roots (LARRIBA et al., 2015). Proteins 

belonging to the HSP family are expressed when the plant senses unfavorable biotic 

and abiotic conditions, such as temperature changes, presence of pathogens or pests 

(SCHÖFFL et al., 1999; WANG et al., 2003; AL-WHAIBI, 2011). The colonization of P. 

chlamydosporia in barley (H. vulgare) and tomato plants (Solanum lycopersicum) 

induced the metabolism of jasmonic acid (JA), salicylic acid and the activation of 

effector-triggered immunity (ETI) and pattern-triggered immunity (PTI), increasing the 

defense response and the resistance to plant diseases (BOLLER & FELIX, 2009; 

DODDS & RATHJEN, 2010; LARRIBA et al., 2015; GHAHREMANI et al. 2019). The 

jasmonic acid and salicylic acid are known to mediate pathways that are related to 

plant resistance, inducing plant responses against external damage and pathogen 

infection (BARROS et al., 2010; RUAN et al., 2019). Escudero & Lopez-llorca (2012) 

suggested that the defence system manipulation by fungi (Pochonia or 

Purpureocillium) suppresses the development and reproduction of nematodes, 

although no studies proved the systemic resistance (GHAHREMANI et al., 2019). 

The mechanisms that induce these negative effects of endophytic fungi against 

pests are still unclear (WHITHE et al., 2010). However, studies indicate that this 

relationship leads to the production of secondary metabolites, production of 

superoxides (reactive oxygen radicals), change of the phytosterol profile in planta, or 

even an indirect effect translated by an induced systemic defense in plants. Alkaloids 

produced can affect neurotropic activities and feeding (being deterrent) of insects, and 

reduce parasitism of nematodes, while having an anti-nematode activity (SCHARDL et 
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al., 2004, 2007). The data obtained in this study raised the hypothesis that the 

production of secondary compounds could be affecting T. urticae females during 

oviposition and hatching of eggs, which resulted in lower eggs laid on the fungal 

treatments compared to the control.  

Common bean seeds coated with P. lilacinum and P. chlamydosporia resulted 

in the reduction of oviposition of the two-spotted spider mite T. urticae. The use of 

endophytic fungi could be a new approach to integrated pest management due to their 

potential in improving crop protection and production through different mechanisms 

(MORAGA, 2020). Although it was not possible to determine the colonization on P. 

vulgaris using selective culture medium, the use of other techniques, such as PCR and 

GLP, could be useful to identify the fungi on plants. These results bring a new 

perspective for the use of nematophagous fungi in seed treatment that might enhance 

plant protection and sanity.  
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