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RESUMO 

FRANZIN, Mayara Loss, D.Sc., Universidade Federal de Viçosa, July, 2021. Potencial do 
Metarhizium presente no solo e rizosfera de sistema de café diversificado na supressão de 
insetos e seu efeito indireto sobre praga do café através da associação endofítica. 
Orientadora: Madelaine Venzon. Coorientadores: Simon Luke Elliot, Marcos Antonio Matiello 
Fadini e Camila Costa Moreira. 

 

Sistemas de cultivo diversificados potencializam o serviço ecossistêmico de controle biológico 

de pragas, via atração e manutenção de inimigos naturais e melhoram as características 

químicas e biológicas do solo. Os fungos entomopatogênicos no solo, como o gênero 

Metarhizium, também são favorecidos pelos sistemas diversificados, por promoverem solos 

com menor incidência solar direta e maior umidade. Os fungos deste gênero são importantes 

agentes de controle microbiano de insetos-praga, o que os torna uma importante ferramenta 

para o manejo de pragas. Além disso, este gênero também é considerado como endofítico, 

colonizando raízes de plantas e podendo atuar no crescimento vegetal e na proteção indireta 

contra pragas. Neste trabalho, implantamos no Cerrado de Minas Gerais, parcelas de café 

diversificado, através da associação de plantas que atraem e mantém inimigos naturais, e 

investigamos o efeito dessa diversificação na conservação de Metarhizium spp. no solo. O café 

foi associado a árvores de Inga edulis (Fabaceae), Senna macranthera (Fabaceae) e a arbustos 

perenes de Varronia curassavica (Cordiaceae). Plantas espontâneas foram mantidas entre as 

linhas de café, por fornecerem recursos alimentares para predadores e parasitoides, exceto 

durante a colheita. Como parcelas controle utilizamos monocultivo de café convencional, com 

utilização de pesticidas. No Capítulo 1, avaliamos a atividade e a densidade de Metarhizium no 

solo, as características químicas e a atividade enzimática do solo dos sistemas diversificado e 

convencional, ao longo do tempo. Além disso, avaliamos a produção do café nos dois sistemas 

através do volume em litros de frutos produzidos por planta e o peso médio de 100 frutos. A 

avaliação da produção foi feita a partir da colheita de 2020. A atividade e densidade de 

Metarhizium spp. foram avaliadas usando a técnica de sobrevivência do inseto-isca Tenebrio 

molitor (Coleoptera: Tenebrionidae) e plaqueamento de suspensões de solo em meio de cultura 

seletivo sólido para contagem de unidades formadoras de colônias (UFC), respectivamente. 

Doze meses após o início do experimento, os insetos-isca morreram duas vezes mais rápido no 

sistema diversificado do que no convencional, além da densidade de Metarhizium spp. também 

ter sido maior. A atividade da enzima beta-glicosidase foi maior no sistema de café 

diversificado, indicando maior decomposição da matéria orgânica e ciclo do carbono neste 



 

 

sistema. Além disso, não houve diferença de volume de frutos por plantas entre os dois sistemas 

de café, porém, em 2021, mas o peso de 100 frutos foi maior no sistema diversificado. No 

Capítulo 2, foi investigada a associação de Metarhizium spp. à rizosfera das plantas dos sistemas 

de café diversificado e convencional. Foram usados os mesmos protocolos do Capítulo 1 para 

avaliar a atividade e densidade de Metarhizium. A atividade e a densidade de Metarhizium spp. 

em amostras de solo e raízes foram maiores no sistema de café diversificado do que no 

convencional. Metarhizium spp. foi isolado das raízes de I. edulis, V. Curassavica, S. 

macranthera, Gnaphalium spicatum, Conyza bonariensis, Solanum Americanum, Ageratum 

conyzoides, Bidens pilosa, Sida cordifolia e café no sistema diversificado. No Capítulo 3, 

investigamos se Metarhizium robertsii e Metarhizium brunneum, isolados de raízes de café do 

sistema de café diversificado no Cerrado, afetam o crescimento de mudas de café e seu efeito 

sobre o ataque de bicho-mineiro do café Leucoptera coffeella (Lepidoptera: Lyonetiidae). 

Metarhizium spp. foi isolado da maioria das raízes das mudas de café inoculadas, indicando que 

esses fungos podem colonizar as raízes do café via inoculação no substrato. Foi constatado que 

M. robertsii aumentou a área foliar das mudas de café. Além disso, as mudas de café que 

inoculadas com os dois isolados de Metarhizium tiveram menor porcentagem de área foliar 

minada e o tempo de desenvolvimento do bicho-mineiro foi maior nessas plantas. Portanto, 

nesta tese foi elucidado que a diversificação estratégica de cultivos de café aumenta a densidade 

e atividade de Metarhizium no solo ao longo do tempo, aumentando a produção de café. Além 

disso, as espécies M. brunneum e M. robertsii apresentam potencial para serem utilizadas como 

inoculantes de mudas de café, uma vez que as mudas onde estes foram inoculados apresentaram 

menores danos causados por bicho-mineiro. Portanto, a diversificação estratégica de cultivos 

de café pode ser uma alternativa para os monocultivos, melhorando a qualidade do solo e a 

produtividade do café.  

 

Palavras-chave: Cultivo diversificado. Café arábica. Fungo entomopatogênico. Fungo 

endofítico. Solo supressivo. 

  



 

 

ABSTRACT 

FRANZIN, Mayara Loss, D.Sc., Universidade Federal de Viçosa, July, 2021. Potential of 
Metarhizium from soils and rhizosphere of diversified coffee systems in insect suppression 
and its indirect effect on a coffee pest through endophytic association. Adviser: Madelaine 
Venzon. Co-advisers: Simon Luke Elliot, Marcos Antonio Matiello Fadini and Camila Costa 
Moreira. 

 

Diversified crop systems enhance ecosystem services, such as pest biological control, via 

attraction and maintenance of entomophagous, and improve soil chemical and biological 

characteristics. Soil entomopathogenic fungi, such as Metarhizium spp., are also benefit in 

diversified systems, because these systems reduce direct soil irradiation and increase soil 

humid. The fungi of this genera are important microbial control agents of insect pests, which 

made them an important tool to pest management. Besides, this genus is also considered as 

endophytic, colonizing roots of plants, increasing plant growth and promoting protection 

against pests. Here, we designed a strategic diversified coffee system in the Cerrado of Minas 

Gerais, by the associating coffee with plants that attract natural enemies, and investigated the 

effects of such diversification in the Metarhizium conservation in soil. Coffee was associated 

with trees of Inga edulis (Fabaceae) and Senna macranthera (Fabaceae) and perennial bushes 

of Varronia curassavica (Cordiaceae). Non-crop plants were maintained between coffee rows, 

except before the coffee harvesting, as they can provide food resources for predators and 

parasitoids. As control, we designed plots with conventional coffee monoculture, with the 

standard conventional use of pesticides. In Chapter 1, we evaluated Metarhizium activity and 

density, soil chemical characteristics and enzymatic activity from diversified and conventional 

soil of coffee systems over time. We estimated the coffee yield in both coffee systems by 

measuring the volume of coffee fruits per plant and the weight of 100 fruits. The activity and 

density of Metarhizium spp. was assessed using the bait survival technique with Tenebrio 

molitor (Coleoptera: Tenebrionidae) larvae as bait, and plating soil suspensions on to solid 

selective media for counts of colony-forming units (CFU), respectively. Twelve months after 

experiment starts, bait insects died two times faster due to Metarhizium spp. in the diversified 

than in the conventional coffee systems, while the density of Metarhizium spp. was also higher 

in the diversified. Beta-glycosidase activity was greater in the diversified coffee system, 

indicating more organic matter decomposition and carbon cycle in this coffee system. 

Furthermore, there was no difference of volume of fruit between coffee systems, however, the 

weight of 100 fruits was higher in diversified system in 2021. In Chapter 2, we investigated 



 

 

Metarhizium spp. rhizosphere association with plant roots from diversified and conventional 

coffee system. We used the same protocols of Chapter 1 to evaluated Metarhizium activity and 

density. Both were higher in soil and roots samples from diversified than conventional system. 

We isolated Metarhizium spp. from I. edulis, V. Curassavica, S. macranthera, Gnaphalium 

spicatum, Conyza bonariensis, Solanum Americanum, Ageratum conyzoides, Bidens pilosa, 

Sida cordifolia and coffee plants of diversified coffee system. In Chapter 3, we investigate 

whether Metarhizium robertsii and Metarhizium brunneum, isolated from coffee roots from 

diversified coffee system in Cerrado, improve coffee seedlings growth and indirectly protect 

them against the coffee leaf miner (CLM) Leucoptera coffeella (Lepidoptera: Lyonetiidae). We 

recovered Metarhizium spp. from most of coffee seedling roots, indicating that these fungi can 

colonize coffee roots by soil drench. We found that M. robertsii increased the leaf area of coffee 

seedlings. Besides, the plants inoculated with Metarhizium isolates had lower percentage of 

mined leaf area and the development time of CLM was higher in these plants. Therefore, in this 

thesis we showed that strategic plant diversification in coffee crops increases density and 

activity of Metarhizium, soil enzymatic activity and coffee yield over time. Besides, M. 

brunneum and M. robertsii have potential to use as inoculates of coffee seedlings, because the 

plants inoculated with them isolates showed lower CLM damage. Therefore, strategic plant 

diversification in coffee systems can be an alternative to monocultures, improving soil quality 

and coffee yield. 

 

Keywords: Diversified crop. Arabica coffee. Entomopathogenic fungal. Endophytic fungal. 

Supressive soil 
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GENERAL INTRODUCTION 

Hypocrealean entomopathogenic fungi are important microbial control agents of insect 

pests (Brunner-Mendoza et al., 2019; David, 1967; Jaramillo et al., 2015; Meyling and 

Eilenberg, 2007). The infection begins when hosts are exposed to the fungal conidia. They 

germinate by producing a germ tube and entry into the host body. Inside the host, the fungus 

multiplies, invades the host tissues, emerges from the host, and produces more conidia to 

continue the infection cycle (Alves, 1998). Fungal propagules can persist outside the host on 

soil and on phylloplane, which are reservoirs of these inoculum (Hesketh et al., 2010). Besides, 

soil is the habitat where much of the entomopathogenic fungi life cycle occurs, such as 

multiplication within hosts, saprophytic, endophytic and rhizosphere-competence growth 

(Elliot et al., 2000; Hesketh et al., 2010; Meyling and Eilenberg, 2007; Morgan et al., 2005; 

Pell et al., 2010). These fungi have been found to occur naturally in agricultural soils 

(Hernández-Domínguez et al., 2016; Kepler et al., 2015; Moreira et al., 2019; Sharma et al., 

2018) and may play natural regulation of many arthropods that spend some or all of their time 

in the soil (Pell et al., 2010; Townsend et al., 1995).  

The fungal genera Metarhizium (Hypocreales: Clavicipitaceae) is the most abundant 

entomopathogenic fungi in crop soils (Botelho et al., 2019; Hernández-Domínguez et al., 2016; 

Moreira et al., 2019; Roberts and St. Leger, 2004; Sharma et al., 2018). They infect arthropods 

(Brunner-Mendoza et al., 2019; David, 1967; Jaramillo et al., 2015; Meyling and Eilenberg, 

2007) and also can colonize different plants (Behie et al., 2012; Behie and Bidochka, 2014; 

Fisher et al., 2011; Keyser et al., 2015; Krell et al., 2018). Metarhizium establishes mutualistic 

association with the host plant and colonizes their roots (Ahmad et al., 2020; Behie et al., 2015), 

stems and leaves (Ahmad et al., 2020; Batta, 2013), however, it is most common found in roots 

(Ahmad et al., 2020; Bamisile et al., 2018; Behie et al., 2012; Wyrebek et al., 2011). The 

association of Metarhizium with plant roots can be endophytic or rhizosphere-competent (Hu 
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and Leger, 2002) and both associations can promote plant growth and protection against pests 

(Behie et al., 2012; Behie and Bidochka, 2014; Jaber and Araj, 2018). Endophytic fungi 

colonize plant tissues without causing any symptoms of disease in the plant (Mantzoukas and 

Eliopoulos, 2020; Wilson, 1995). Rhizosphere-competent fungi did not colonize plant tissues 

internally, they grow in the rhizosphere (Morgan et al., 2005).  

Due to Metarhizium association with plant roots, diversified agriculture systems with 

plants that they can associated, benefit Metarhizium conservation in soil (Liao et al., 2014; Nishi 

and Sato, 2019; St. Leger, 2008), which root exudates may stimulate fungi growth and activity 

(Baker, 1991; St. Leger, 2008). Besides, diversified crops systems generally have soil with high 

humidity and low solar radiation, which improve fungi processes such as sporulation, 

germination and infection of hosts (Driesche et al., 2008). Nevertheless, diversified agricultures 

systems are not common. Brazil is the largest producer of coffee in the world (FAOSTAT, 

2019), where monocultures predominate and the use of pesticides is the most common control 

for coffee pests (Venzon, 2021). The municipality of Patrocínio, in the Cerrado of Minas Gerais 

region, is common extensive monoculture areas. This is the municipality that most produced 

coffee in Brazil, with 52,000 ha of plantation and a production approximately of 1,000,000 bags 

of green bean per year (Conab, 2021). Furthermore, monocultures commonly result in 

proliferation of pests and pathogens, with introduction of pesticides in intensively managed 

fields, which cause negative effects on soil biota (Brown et al., 2020), predators and parasitoids 

(Venzon, 2021).  

Diversified coffee crops are known to mediate ecosystem services, such as biological 

control by entomophagous, via attraction and provision of food to natural enemies from 

associated plants (Rezende et al., 2014; Venzon, 2021). It is also known that they correlate 

positively with abundance and suppressive potential of insect pests by entomopathogenic fungi 

(Moreira et al., 2019). The soil quality, as physical characteristics and chemical composition, 
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and enzyme activities (Barrios, 2007), such as arylsulfatase, β-glucosidase and acid 

phosphatase (Mendes et al., 2018) are also higher on diversified systems than in full sun 

monocultures (Barrios et al., 2012; Rigal et al., 2020). Evaluations of enzyme activity are 

efficient indicators of microbiological activity, because the enzymes participate as catalysts in 

intracellular metabolic reactions that occur in soil microbiota involved in nutrient cycling 

(Ladd, 1985; Mendes et al., 2018; Miguel et al., 2020). 

Thus, besides the attraction and provision of food to natural enemies (Rezende et al., 

2014; Venzon, 2021), strategic plant diversification has the potential of improving soil quality 

(Barrios et al., 2012; Rigal et al., 2020), and conserving soil fungi, such as Metarhizium spp. 

(Moreira et al., 2019). All these soil characteristics are important to improve coffee yield, as it 

contributes to nutrient availability for the plants (Behie et al., 2012; Pavinato and Rosolem, 

2008). Thereby, in this thesis we designed a strategic diversified coffee system without 

pesticides aiming to improve a conservation biological control of pests by predators, 

parasitoids, and Metarhizium spp. The latter is the object of our study. Ours system consisted 

of coffee associated with trees of Inga edulis (Fabaceae) (Rezende et al., 2014) and Senna 

macranthera (Fabaceae) (Marazzi et al., 2013, 2006) and perennial bushes of Varronia 

curassavica (Cordiaceae) (Venzon et al., 2018). Non-crop plants were maintained between 

coffee rows, as they can provide food resources for predators and parasitoids (Amaral et al., 

2013; Venzon et al., 2019). We compared this system to conventional coffee monoculture with 

the use of pesticides. 

In Chapter 1, we evaluated over time Metarhizium activity and density, chemical 

characteristics and enzymatic activity from soil of diversified and of conventional coffee 

systems. Additionally, we measured the coffee yield in both coffee systems by the volume of 

coffee fruits per plant and the weight of fruits. We assessed Metarhizium activity by using the 

bait survival technique (Moreira et al., 2019) with Tenebrio molitor (Coleoptera: 
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Tenebrionidae) larvae. We also measured Metarhizium spp. density by plating soil suspensions 

on to selective media for counts of colony-forming units (CFU). Our objective was investigated 

whether strategic plant diversification in coffee crops can improve the activity and density of 

Metarhizium and coffee yield over time, besides chemical and enzymatic activity, that 

determine the quality of soils (FAO, 2020). 

In Chapter 2, we investigated the rhizosphere association of Metarhizium spp. with plant 

roots from diversified and conventional coffee system. We used the same protocols of Chapter 

1 to evaluated Metarhizium activity and density. Our objective was investigated whether 

Metarhizium spp. colonize plants roots of diversified coffee system, thereby improving 

Metarhizium spp. activity and density in this coffee system.  

Based on Metarhizium spp. isolated in coffee roots of Chapter 2, we investigated in 

Chapter 3, whether Metarhizium spp. would improve the growth of coffee seedlings and would 

indirectly protect them from coffee leaf miner (CLM) Leucoptera coffeella (Lepidoptera: 

Lyonetiidae) damage. This pest causes damage to coffee plants since the nursery period, which 

reduces the seedlings quality through the reduction of leaf area and defoliation (Tomaz et al., 

2015). We performed a greenhouse experiment with inoculation of M. brunneum and M. 

robertsii on coffee seedlings by soil drench. Subsequently, we infested the seedlings with CLM 

adults and evaluated the colonization of Metarhizium spp., the CLM development and the 

seedling growth.  

Therefore, in this thesis we contributed to elucidate the benefits of strategic plant 

diversification of coffee crops in the Cerrado for Metarhizium soil conservation, soil quality 

and coffee yield, over time. Additionally, we showed the potential of M. brunneum and M. 

robertsii as inoculates of coffee seedlings. 
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1 Chapter formatted in the norms of Agriculture, Ecosystems & Environment 

Chapter I1 

Strategic plant diversification in coffee crops increases density and activity of 

Metarhizium spp. in soil and improve coffee yield 

Abstract 

Strategic plant diversification may reduce ecosystem disturbance and contribute to the 

maintenance of entomopathogenic fungi, such as Metarhizium spp. in the soil. We design a 

diversified coffee system, in the Cerrado of Minas Gerais, by associating trees of Inga edulis 

(Fabaceae) and Senna macranthera (Fabaceae), the perennial bush Varronia curassavica 

(Cordiaceae) and non-crop plants, without pesticides. These species were selected based on the 

attraction and provision of plant-based food for entomophagous insects. As control, we design 

plots with conventional monoculture coffee with the use of pesticides. We assessed the effect 

of such diversification on the entomopathogenic fungi Metarhizium. We collected soil one 

month after experiment installation and after 12 and 24 months. The activity and density of 

Metarhizium spp. in coffee crop soils was assessed by using the bait survival technique with 

Tenebrio molitor (Coleoptera: Tenebrionidae), and plating soil suspensions on to solid selective 

media for counts of colony-forming units (CFU), respectively. We evaluated soil chemical 

characteristics and enzyme activity and the coffee yield from 2020. Twelve months after 

experiment starts, bait insects died two times faster in soil from the diversified than from 

conventional systems. The density of Metarhizium spp. was also higher in diversified system. 

Beta-glycosidase activity was greater in the diversified system, indicating more organic matter 

decomposition in this system. Furthermore, there was no difference of volume of fruit between 

coffee systems, but the weight of fruits was higher in diversified system in 2021. This study 

revealed that diversified coffee can be used as strategy in coffee crops to increases density and 

activity of Metarhizium, improves beta-glycosidase activity and coffee yield.  

Keywords: Diversified coffee system; entomopathogenic fungi; ecosystem services; 
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1 Introduction  

Soil is a reservoir for biodiversity and fungi are one of the major constituents of 

biodiversity (Brown et al., 2020). They are responsible for many critical ecosystem processes, 

such as decomposition, carbon transformation, nutrient cycling and soil structure (Singh et al., 

2020). Among soil fungi, hypocrealean entomopathogens such as Metarhizium and Beauveria 

have been found to occur naturally in agricultural soils (Hernández-Domínguez et al., 2016; 

Kepler et al., 2015; Moreira et al., 2019; Sharma et al., 2018). These are important microbial 

control agents of insect pests, as almost all orders of insects are susceptible to them (David, 

1967). Besides soil being a reservoir environment in which hypocrealean entomopathogenic 

fungi persist, it is also the habitat in which much of their life cycle occurs, including 

multiplication within hosts, saprophytic, endophytic and rhizosphere-competent growth (Elliot 

et al., 2000; Hesketh et al., 2010; Meyling and Eilenberg, 2007; Morgan et al., 2005; Pell et al., 

2010). 

Habitat structure, composition and plant diversity are important factors influencing the 

activity of naturally occurring hypocrealean entomopathogenic fungi (Hesketh et al., 2010). 

Processes such as sporulation, germination and infection of hosts require a microenvironment 

with high humidity (Driesche et al., 2008). Meanwhile, solar radiation is detrimental to 

persistence of the fungi (de Castro et al., 2013). However, agriculture intensification results in 

extensive areas of simplified monocultures that commonly result in proliferation of pests and 

pathogens, with the use of pesticides in intensively managed fields. These have largely 

unpredictable effects on soil biota (Brown et al., 2020), reducing soil biodiversity and causing 

imbalance in the ecosystem, with an oversimplification of the species (Winding et al., 2020).  

Increasing plant diversification in agricultural systems can be an alternative strategy to 

monocultures (Barrios et al., 2018, 2012; Togni et al., 2019a, 2019b; Venzon et al., 2019). Plant 

diversification in agricultural systems can decrease direct solar radiation on soil, increase 
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microclimatic stability, promote shaded soil, conserve moisture and reduce ecosystem 

disturbance (Jose, 2009), which might contribute to the maintenance of the viability and 

virulence of soil hypocrealean entomopathogenic fungi (Moreira et al., 2019). Moreover, 

hypocrealean entomopathogenic fungi, especially species of Metarhizium, can be endophytic 

and associate with plant tissues such as root, stem and leaf (Ahmad et al., 2020; Bamisile et al., 

2018; Batta, 2013; Behie et al., 2015, 2012; Wyrebek et al., 2011). Metarhizium has a 

cosmopolitan distribution in soils and it is a natural enemy of a wide range of arthropods 

(Roberts and St. Leger, 2004). Therefore, strategic diversification with plants with which 

Metarhizium is able to associate may improve its abundance and potentially increase the 

ecosystem services offered by these fungi to agricultural system, such as biological control 

(Roberts and St. Leger, 2004) and indirect protection against pest (Ahmad et al., 2020; Jaber 

and Araj, 2018). 

A review by Vega (2018) reported several studies presenting the endophytic association 

of Metarhizium with species of trees, leguminous and grasses in several countries, including 

Brazil. Moreira et al. (2019) showed that bait insects exposed to soils collected in coffee 

agroforestry systems died faster than bait insects exposed to soils collected from coffee 

cultivated under full‐sun. They isolated Metarhizium spp. from the dead bait insects in soil 

samples, indicating suppressive potential of pest by entomopathogenic fungi in agroforestry 

coffee systems and this led them to propose this methodology as way to access the ecosystem 

service provided by these fungi. Diversified coffee systems are common in small farms 

produced by family farmers in agroforestry (Ferreira, 1996). However, in most Brazilian coffee 

production regions, diversified coffee systems are not common, instead, are common 

monocultures with reduce biodiversity (Venzon, 2021). Cerrado of Minas Gerais is an 

important producing region of arabica coffee in Brazil, responsible for 15% of its production in 

the country (Conab, 2021). Patrocínio, in the Cerrado of Minas Gerais, is the municipality that 
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most produce coffee in Brazil, with 52,000 ha of plantation and a production of approximately 

1,000,000 bags of green bean per year (Conab, 2021), but commonly in extensive areas of 

monoculture. Coffee was established in this region because climatic and topographical factors 

showed high compatibility with the crop. The flat topography contributes to intensification and 

technification of the coffee crop, resulting in extensive areas of full-sun monoculture 

agroecosystems. This scenario has potential to cause considerable biodiversity loss, 

microclimatic instability, soil disturbance (Jose, 2009) and decay of ecosystem services of pest 

control (Venzon, 2021). Therefore, these cultivated areas face considerable problems related to 

pests (Venzon, 2021) and can reduces Metarhizium spp. in soil (Moreira et al., 2019). 

Considering the extensive use of monoculture coffee in the Cerrado and the largely 

negative effects of this on soil biota (Brown et al., 2020), our objective was to investigate 

whether strategic plant diversification in coffee crops can improve Metarhizium activity and 

density in the Cerrado of Minas Gerais. We assessed Metarhizium activity by using the bait 

survival technique (Moreira et al., 2019) with Tenebrio molitor (Coleoptera: Tenebrionidae) 

larvae. We also assessed Metarhizium spp. density by plating soil suspensions on to solid 

selective media for counts of colony-forming units (CFU). We design a diversified system with 

plants that are known to attract and provide food for natural enemies of coffee pests. Thereby, 

we proposed a strategic diversified coffee system for Metarhizium conservation. The plant 

species were selected based on the attraction and provision of plant-based food for 

entomophagous insects. Our system consisted of coffee associated with trees of Inga edulis 

(Fabaceae) (Rezende et al., 2014) and Senna macranthera (Fabaceae), (Marazzi et al., 2013, 

2006) and perennial bushes of Varronia curassavica (Cordiaceae) (Venzon et al., 2018). Non-

crop plants were maintained between coffee rows as they can provide food resources for 

predators and parasitoids (Amaral et al., 2013; Venzon et al., 2019). 
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Besides activity and abundance of Metarhizium spp., we also assessed soil chemicals 

characteristic and microbiological activity of soils by quantification of arylsulfatase, β-

glucosidase and acid phosphatase (Mendes et al., 2018). Enzyme activity is an efficient 

indicator of microbiological activity, as they participate as catalysts in intracellular metabolic 

reactions that occur in soil microbiota, involved in nutrient cycling (Ladd, 1985; Mendes et al., 

2018; Miguel et al., 2020). Our objective was to evaluate whether strategic plant diversification 

on coffee crops improves these chemical and biological parameters that determine the quality 

of soils (FAO, 2020). We also estimated the coffee yield by volume of fruits per plant and 

weight of 100 fruits to evaluated if diversified system improves coffee yield. We hypothesize 

that the diversified coffee system improves (a) activity of Metarhizium in soil over time; (b) 

density of Metarhizium in soil over time; (c) soil enzymatic activity; (d) soil chemical 

characteristics over time and (e) coffee yield. 

 

2 Material and Methods 

2.1 Study area 

The experiment was conducted between December 2018 and June 2021 in a non-irrigated 

coffee plantation at the Experimental Research Station of Agriculture and Livestock Research 

Enterprise of Minas Gerais (EPAMIG), in the municipality of Patrocínio, state of Minas Gerais, 

Brazil (18º59’48’’S and 46º59’00’’W, elevation ~ 950 m). The terrain is flat to gently rolling, 

with an average slope of 3% and the soil is classified as a Red-Yellow Latosol according to the 

Brazilian Soil Classification System (Kamimura et al., 2020). The region is located in the 

Cerrado biome, the Brazilian tropical savannah. The climate is Aw, according to the Köppen 

classification, with two distinct seasons, dry winter and rainy summer, with a mean annual 

rainfall, on the least three years, of 1,684 mm (Inmet, 2021). 
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The experiment was installed in December 2018 with three blocks of two plots, 

diversified and conventional coffee system (Figure 1A). Each plot measured 1,080 m² (30 m x 

36 m) (Figure 1B and 1C). The plots were separated from each other by 200 m and the distance 

between blocks was at least 500 m. Blocks One and Two had Coffea arabica, variety “Catuaí 

Vermelho IAC 99”, and block Three, the variety “Acaiá IAC 474 - 19”. Each plot in the 

diversified coffee system had four I. edulis trees, two S. macranthera trees and 12 V. 

curassavica perennial bushes (Figure 1B). Non-crop plants were maintained between rows and 

mechanical suppression was done whenever their height exceeded 50 cm. One week before the 

coffee harvesting, non-crop plants were mechanically suppressed up to 10 cm, to facilitate post-

harvesting treatment in the crop. No pesticides were used in the diversified coffee system., but 

all agronomic practices with mineral fertilization were maintained under standard coffee 

management of the Cerrado (Appendix 1). The plots under coffee conventional system were 

arranged only with coffee plants (Figure 1C). These plots were conventionally managed, 

implying that fertilizers and pesticides are used under standard of coffee management the 

Cerrado (Appendix 1). 

 

2.2 Soil sampling 

We collected soil samples in one quadrant per plot in each year to assess the activity of 

entomopathogenic fungi and their abundance in the two coffee systems. The arrangement of 

the plants associated with coffee in the diversified plots allowed the division of each plot into 

four quadrats, with the same number of coffee and associated plants. We collect the samples in 

the first quadrant (Q1) in January 2019 (one month after the experiment installation), in the 

fourth quadrant (Q4) in January 2020 (12 months after the experiment installation), and in the 

second quadrant (Q2) in January 2021 (24 months after the experiment installation) (Figure 1). 

In both systems, sampling was done 75 cm away from the coffee plant trunk, just beneath the 
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canopy, with a core soil sampler to 20 cm depth (Moreira et al., 2019). We collected 15 soil 

samples per plot in each year, totally 90 samples per year. Sampling was done similarly in the 

conventional plot following the described distances. The core soil sampler was rinsed in water, 

70% ethanol and distilled water between each sample. Each soil sample was immediately 

transferred to individual polyethylene bag. The bags were maintained in a cold chamber at 10 

ºC until transportation to the Laboratory of Entomology at EPAMIG, in Viçosa, state of Minas 

Gerais, Brazil.  

 

2.3 Assessment of Metarhizium activity 

Healthy mealworm larvae Tenebrio molitor (Coleoptera: Tenebrionidae) were used as 

bait insects. This method assesses the entomopathogenic activity of fungi present in the soil in 

killing the bait insects (Moreira et al., 2019). The insect larvae were obtained from a stock 

rearing maintained on wheat bran, chayote, carrot and potato at Laboratory of Entomology in 

EPAMIG, in Viçosa.  

From each soil sample, a subsample of soil was transferred to a 200 ml transparent 

plastic pot sterilized in UV light for 15 minutes and covered with a plastic lid with four holes 

for ventilation. We selected five two-month-old larvae of similar size (1.3–1.5 cm) and 

introduced them to each plastic pot containing soil. The pots were incubated in a climate room 

at 25±5 ºC and 12:12 (L:D), daily shaken, inverted and left upside down to force the insects to 

traverse the substrate during the first 10 days. Every two days, the mortality of T. molitor was 

assessed by inspecting the pots, for 35 days. Live larvae were kept in the pots for later 

assessments. The pots were open next to a flame to ensure a sterile microenvironment. The 

samples were inspected with a sterile tweezer. Dead larvae were sterilized by immersion in 70% 

alcohol, 5% sodium hypochlorite, rinsed in distilled water and dried on sterile filter paper. After 

that, the larvae were incubated in sterile humidity chambers, made of microtubes with 
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moistened cotton wool soaked in distilled water, kept in a climate chamber (25±5 ºC) to 

promote fungal growth. 

Incubated larvae were inspected daily for the presence of external fungal growth. All 

fungi detected were isolated on plates with PDA with 0.05 g/l chloramphenicol and incubated 

at 25 ºC. Under a microscope (40x objective), we prepared slides of the isolates’ reproductive 

structures for morphological identification. After, we calculated the proportion of bait insect 

infected by Metarhizium per soil sample and the survival of bait insect.  

 

2.4 Assessment of Metarhizium density 

To evaluate the densities of Metarhizium spp., fungal isolation from sampled soil was 

done for counts of colony-forming units (CFU). We used a selective media that favors the 

growth of Hypocrealean fungi and we evaluated the total CFU, which is the number of CFU of 

all fungi grow up in the plates. Besides, we evaluated only the number of CFU of Metarhizium 

spp. For each soil sample, 5 g of soil was diluted in 45 ml of sterile distilled water solution of 

Tween 0.01% in a Falcon® tube. Tubes were rotated for one hour in a rotary shaker at 150 rpm 

(Lacey, 2012). The suspensions were vortexed for 15 s and plated on to selective culture media. 

We used a selective medium with 10 g peptone, 20 g dextrose, 15 g agar per litter of distilled 

water. After sterilizing the medium, we added 0.05 g/l of cycloheximide and tetracycline, 0.6 

g/l streptomycin and 0.175 g/l CTAB (cetyltrimethylammonium bromide) (Kepler et al., 2015). 

One hundred microliters from each suspension were plated in three Petri dishes (9 cm diameter) 

and spread with a sterile Drigalski spatula. Plates were kept in the dark at 25 °C for 14 days 

until CFU counts could be done. The densities of CFU per gram of soil were calculated by 

multiplying the number of CFU (mean of three plates) by 100, as 100 μl of the soil suspension 

corresponds to 0.01 g soil. From the 2020 field collection, each Metarhizium colony detected 

was morphologically identified and counted. 
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2.5 Enzymatic analyses 

We collected 20 soil samples to 10 cm depth per plot in January 2021. The sampling 

was done randomly throughout the whole plot, between rows and beneath the canopy. The 20 

samples were mixed for a composite sample per plot, totalizing six samples, one per plot. We 

send the samples to Laboratory of Genomic Analysis and Biotechnology where the 

quantification of Arylsulfatase, β-glycosidase and Acid phosphatase were done.  

 

2.6 Soil chemical and texture analysis 

We collected five soil samples (75 cm away from the coffee plant trunk, just beneath 

the canopy, with a core soil sampler to 20 cm depth) per plot in January 2019, January 2020 

and January 2021. The five samples were mixed for a composite sample per plot, totaling six 

samples each year. Soil texture, chemical and organic matter were analyzed at the Soil, 

Vegetable Tissue and Fertilizer Laboratory of Federal University of Viçosa (Table 1). Soil 

texture analysis was done one month after the experiment was installed, just to know the 

characteristics of the experimental plots, because clay, silt and sand content do not change with 

different managements (Van Lier, 2010). 

 

2.7 Coffee yield 

The harvest was carried out in June 2020 and May 2021. We did not use de yield of 2019, 

because conventional agronomic practices were maintained in the experimental area until 

December 2018, when we installed the experiment. In this period occurred the bloom and coffee 

fruit formation., therefore, the coffee production in 2019 was influenced by 2018 management. 

We collected all fruits from 24 coffee plants per plot in each year to measure the volume of 

coffee fruits of each plant with a graduated bucket. We also weighed 100 fruits from each plant 

to estimate the weight of the fruits (g/100 fruits).  
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2.8 Statistical analyses 

Analyses were performed using the R statistical software (R Core Team, 2017). We used 

system (i.e., diversified and conventional coffee systems) and year (i.e., 2019, 2020 and 2021) 

as explanatory variables to investigate how strategic diversification affects abundance and 

activity of Metarhizium spp. and enzymatic activity in coffee crops. Survival analyses was 

carried out to test time to death of T. molitor larvae bait in soil samples from diversified and 

conventional coffee systems. We included solely the dead insects killed by Metarhizium spp. 

We used the R software package “frailtypack” (Rondeu et al., 2019) to added a penalization in 

the models, with gamma distributions. The penalization was added to fit a joint frailty model 

of the five insects in same soil sample. Analyses were ANOVA with χ2 tests.  To examine the 

proportion of Metarhizium spp. found in bait insects, we used proportion of larvae infected per 

soil sample and used a generalized linear model (GLM) with binomial distribution, appropriate 

for proportion data,and analyzed by ANOVA with χ2 tests (Crawley, 2015). To test the numbers 

of total CFU and Metarhizium spp. CFU, we used a GLM with Poisson distributions and 

analyzed by ANOVA with χ2 tests. For enzymatic activity, we used Analysis of Deviance. Soil 

chemicals were classified according to Ribeiro et al. (1999) and texture characteristic were 

classified by soil textural triangle (Ribeiro et al., 1999). Because the soil chemical and texture 

characteristics classification of all soil samples was in the same pattern, we did not perform 

statistical analysis to compared the coffee systems and years. We analyzed volume of fruits per 

plant and weight of fruits by Analysis of Deviance. 

 

3 Results 

3.1 Survival of bait insects 

The survival of bait insects was influenced by coffee systems (χ2 =15.91, p<0.001) and 

years (χ2 =109.22, p<0.001). In 2019, one month after the experiment starts, the survival was 
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similar between the coffee systems (t=2.02, p=0.32, Figure 2). However, 12 months after 

experiment establishment, bait insects died two times faster due to Metarhizium spp. in soil 

from the diversified, than in soil from the conventional coffee systems. After 35 days in 2020, 

47.11 ±3.33% of bait insects were dead by Metarhizium spp. in the soil from diversified system, 

whereas 28.88±3.02% were dead in the conventional 2020 (t=3.96, p=0.0011, Figure 2). In 

2021, 36.88±3.19 of bait insects were dead by Metarhizium spp. in the soil from diversified 

system, whereas 20.44±2.67% were dead in the conventional (t=3.62, p=0.0041, Figure 2). 

Over time, the survival of bait insect decreased in 2020 compared to 2019 in both coffee systems 

(conventional: t=4.14, p<0.001; diversified: t=8.19, p<0.001). However, the survival did not 

differ between 2020 and 2021 in both systems (conventional: t=2.40, p=0.15; diversified: 

t=2.80, p=0.05). In 2021 the survival decreased in the diversified (t=6.45, p<0.001) and did not 

differ in the conventional coffee system (t=1.88, p=0.414), compared to 2019.  

 

3.2 Proportion of Metarhizium spp. 

The proportion of bait insects infected by Metarhizium spp. was influenced by the coffee 

systems (χ2 =18.49, p=0.001) and years (χ2 =96.28, p<0.001). It was similar one month after the 

experiment starts in both coffee systems (conventional vs diversified coffee system: 0.14±0.03 

vs 0.088±0.02; z=1.35, p=0.75, Figure 3). However, one year (conventional vs diversified 

coffee system: 0.28±0.04 vs 0.47±0.05; z=3.171, p=0.01) and two years later (conventional vs 

diversified coffee system: 0.19±0.03 vs 0.33±0.03; z=2.92, p<0.01) after, the proportion was 

higher in the diversified coffee system (Figure 3). Over time, the proportion was similar in the 

conventional coffee system (2019 vs 2020: z=2.66, p=0.082; 2020 vs 2021: z=1.98, p=0.35; 

2019 vs 2021: z=0.73, p=0.97), but it increased in 2020 (z=6.20, p<0.001) and 2021 (z=4.42, 

p<0.001), compared to 2019, in the diversified system. There was no difference in the 

diversified coffee system between 2020 and 2021 (z=2.40, p=0.15). 
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3.3 Fungi density 

Metarhizium spp. density, measured as CFU of Metarhizium spp. per gram of soil, was 

influenced by systems (χ2=48132, p<0.001) and years (χ2=479057, p<0.001, Figure 4A). CFU 

of Metarhizium spp. was significantly higher in diversified coffee system in 2020 (conventional 

vs diversified coffee system: 3385.81±755.83 vs 6357.77±911.73 CFU/g soil; z=3.23, 

p=0.0066, Figure 4A) and 2021 (conventional vs diversified coffee system: 57.77±24.76 vs 

351.11± 92.54 CFU/g soil; z= 2.82, p=0.0059, Figure 4A), than conventional coffee system. 

Over time, Metarhizium spp. CFU decreases in 2021 compared to 2020 in both coffee systems 

(conventional: z=3.35, p=0.004, diversified: z=5.77, p<0.001). 

Total fungi density, measured as CFU total per gram of soil, was not influenced by the 

coffee systems (χ2=2.10, p=0.14), but it was influenced by the years (χ2=432.11, p<0.001, 

Figure 4B). The total CFU increases in 2020 compared to 2019 in both conventional (2019 vs 

2020: 1455.55±341.20 vs 15591.11±1866.75 CFU/g soil; z=14.60, p<0.001) and diversified 

coffee system (2019 vs 2020: 1194.81±251.70 vs 12954.07±1569.65 CFU/g soil; z= 14.60, 

p<0.001). However, the total CFU decreases in 2021 compared to 2020 in both systems 

(conventional vs diversified coffee system: 331.85±37.84 vs 613.33±99.42 CFU/ g soil; 

z=21.085 p<0.001). Also, the total CFU decreases in 2021 compared to 2019 in both coffee 

systems (z=6.48, p<0.001). 

 

3.4 Enzymatic quantification 

Beta-glucosidase activity was greater in the soil of diversified than in the conventional 

coffee system (conventional vs diversified coffee system= 684.10±23.32 vs 794.79±18.01 μg 

PNG. g-1 soil. h-1; F=23.02, p<0.01, Figure 5). The acid phosphatase (conventional vs 

diversified coffee system: 735.74±4.64 vs 731.18±8.32 01 μg PNP. g-1 soil. h-1; F=0.215, 
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p=0.650 and arylsulfatase (conventional vs diversified coffee system: 413.86±14.03 vs 

424.99±19.74 μg PNS. g-1 soil. h-1; F=0.222, p=0.644) were the same in both coffee systems.  

 

3.5 Soil chemical and texture characteristics 

All the samples had similar soil chemical and texture characteristics in the three years, 

with lower pH (4.44-5.78), medium organic matter (3.59%-4.96%), and high clay contents 

(>67%) in the three years (Table 1). 

 

3.6 Coffee yield 

The volume of coffee fruits per plant did not differ between diversified and conventional 

systems in both years (2020: F=1.343, p=0.249; 2021: F=3.809, p=0.0530, Figure 6A). In 2020, 

the volume was 7.98±0.58 l/plant in the conventional and 7.12±0.45 l/plant in the diversified 

coffee system. In 2021, the volume was 11.49±0.99 l/plant in the conventional and 9.09±0.79 

l/plant in the diversified coffee system. In 2020, the weight of 100 fruits was higher in 

conventional system (conventional vs diversified: 13.04±2.45 vs 107.19±1.92 g/100 fruits; 

F=5.608, p=0.0193, Figure 6B). However, the weight of 100 fruits was higher in diversified 

system in 2021 (conventional vs diversified: 118.86±2.37 vs 125.15±2.08 g/100 fruits; F=7.081, 

p=0.0087, Figure 6B). 

 

4 Discussion 

Our findings show that strategic diversification of coffee crops with I. edulis, S. 

macranthera, V. curassavica and non-crop plants improve the maintenance and virulence of 

Metarhizium spp. in coffee crop soil. Possibly, the presence of these plants decreased solar 

radiation incidence on soil and, consequently, increased soil humidity in the diversified coffee 
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systems, two important environmental factors that affect the action of entomopathogens in the 

field (Braga et al., 2001; Driesche et al., 2008; Lovett and St. Leger, 2015). Solar radiation is 

detrimental to the fungi (de Castro et al., 2013). Besides, the germination, infection, and 

sporulation of fungi requires a microenvironment with high humidity (Driesche et al., 2008). 

Metarhizium spp. are more common entomopathogenic fungi in agricultural soils 

(Botelho et al., 2019; Moreira et al., 2019) and are natural enemies of a wide range of arthropods 

(Brunner-Mendoza et al., 2019; David, 1967; Jaramillo et al., 2015; Meyling and Eilenberg, 

2007; Wraight et al., 2018). However, sustainable agriculture systems, such as diversified and 

organic systems increase the occurrence of Metarhizium (Clifton et al., 2015). Moreira et al. 

(2019) found that Metarhizium spp. Activity is greater in soil samples from organic agroforestry 

coffee systems than full-sun coffee systems in Araponga, Zona da Mata Mineira region, within 

the Atlantic Coastal Rainforest biome. The region is characterized by agroforestry with a 

tropical highland climate with mean temperature and precipitation of 18°C and 1,500 mm 

(Inmet, 2021). We found similar results when coffee was diversified, but in a different biome, 

Cerrado, with high-altitude humid subtropical, with mean temperature of 21.4°C and 1,684 mm 

(Inmet, 2021). Therefore, designing strategic diversified coffee system at Cerrado can increases 

microclimatic stability within the crop, thus improving soil microbiota. 

The genus Metarhizium tolerates a periodic absence of arthropods due to colonization in 

different plants (Behie et al., 2012; Behie and Bidochka, 2014; Fisher et al., 2011; Keyser et 

al., 2015; Krell et al., 2018; Morgan et al., 2005), besides the conidia ability to resist the harmful 

influence of abiotic factors and/or biodegradation in the soil (Vänninen, 1996). When 

endophytically colonize plants, Metarhizium can promote plant growth and protection against 

pests (Behie et al., 2012; Behie and Bidochka, 2014; Jaber and Araj, 2018). It is also able to 

improve plant nutrient acquisition when associated with plant roots (Behie et al., 2012; Behie 

and Bidochka, 2014). In 2020, the weight of fruits was higher in conventional system, but one 
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year later the weight was higher in diversified system. These results suggest that over time, the 

strategic diversification can improve coffee yield. Rezende et al. (2021) found higher coffee 

production on coffee plants closer to the Inga trees, which is one of the plants that we associated 

with coffee plants. It is possible that the higher density of Metarhizium spp. in the diversified 

system contributed with plant nutrient acquisition, consequently, increasing the coffee yield 

over time. Accordingly, the adoption of coffee systems which improve the maintenance of 

Metarhizium spp. can contribute to natural control of soil pests, promotes plant growth and 

protection against pests.  

Metarhizium spp. density, survival of bait insects and proportion of bait insect infected 

by Metarhizium spp. oscillated between the years in both diversified and conventional systems. 

This can be partially explained by the difference in the rainfall regime between years. Three 

months before the soil was collected, in January 2019, the precipitation was 693 mm, whereas 

it was 893.08 mm in the same period in 2020, and 441.26 mm in 2021 (Inmet, 2021). The fungi 

require a microenvironment with high humidity (Driesche et al., 2008), therefore, the higher 

precipitation level in 2020 can explained more fungi abundance and activity than 2021. Though 

these factors oscillated between years in both systems, from 2020 the Metarhizium spp. 

abundance and proportion of bait insect infected by Metarhizium spp. was higher in the 

diversified coffee system. Besides, the survival of bait insect was lower in the diversified than 

conventional coffee system, showing that the strategic diversification benefits the maintenance 

of them both in the rainy periods as in drought period. 

Besides Metarhizium spp. activity and density, in the diversified coffee system we found 

more beta-glucosidase enzyme activity than in the conventional coffee system. Soil enzyme 

activity is closely related to soil nutrient cycling and respond rapidly to soil changes (Cui et al., 

2019), and beta-glucosidase is involved to organic matter decomposition and carbon cycle 

(Bandick and Dick, 1999). A meta-analysis about soil quality indicators carried out by Gil-
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Sotres et al. (2005) showed that this enzyme is considered as indicator and discriminator for 

differentiating soil quality. Therefore, the higher beta-glucosidase enzyme activity in the 

diversified coffee system indicate that the strategic plant diversification improves the soil 

quality, benefits organic matter decomposition and, consequently, soil nutrient availability 

(Pavinato and Rosolem, 2008). Possibly, higher activity of beta-glycosidase together with the 

higher density of Metarhizium in soil have contributed to increase in coffee yield. 

Soil texture and chemical factors influence the occurrence of entomopathogenic fungi 

(Clifton et al., 2015; Quesada-moraga et al., 2007). The proportion of silt positively correlates 

with Metarhizium spp. abundance (Clifton et al., 2015). Also, Metarhizium spp. have positive 

correlation with higher levels of organic matter (Quesada-moraga et al., 2007). In our study, 

the soil properties did not show variation between conventional and diversified coffee systems. 

All the samples had lower pH, medium organic matter and high clay contents for coffee crop 

(Ribeiro et al., 1999). Therefore, there was not specific relation to soil properties in the 

occurrence of Metarhizium spp. Besides, these results indicating that our strategic 

diversification did not interfere in the soil chemical factors until now. Chemical factors, such 

as soil organic matter, change very slowly, therefore, many years may be required to measure 

changes resulting from restauration (Dick, 1992). Possibly, there was not sufficient time to 

strategic diversification improves soil chemical factors. However, enzymatic analyses which 

respond rapidly to soil changes (Cui et al., 2019) indicating that diversified coffee system can 

improve soil chemical factors over time.  

Our study showed high density and activity of Metarhizium spp., beta-glucosidase 

activity and coffee yield in diversified coffee system. Our strategic diversification was designed 

with plants that are known to mediate important ecosystem services. Inga edulis is a 

Leguminosae tree that fix nitrogen in soil (Tully et al., 2012). Besides, this tree has extrafloral 

nectaries which improve the maintenance of natural enemies of coffee pests (Rezende et al., 
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2014, 2021). Senna macranthera is found associated with coffee in agroforestry systems (Souza 

et al., 2010) and it also Leguminosae tree that fix nitrogen in soil and has extrafloral nectaries 

(Marazzi et al., 2013). Varronia currasavica blooms all year round, providing a constant source 

of pollen and nectar which serve as food to natural enemies (Venzon et al., 2018). The 

maintenance of non-crop plants also provides alternative food and refuge for natural enemies 

(Amaral et al., 2013; Togni et al., 2019b; Venzon et al., 2019). Thus, together with other 

ecosystem services, such as pollination and biological control by entomophagous (Amaral et 

al., 2016; Fiedler et al., 2008; Rezende et al., 2014; Togni et al., 2019b, 2019a; Venzon et al., 

2019), plant diversification can conserve Metarhizium spp. on soil and increases coffee yield  
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Table 

 

Table 1 Soil chemical and texture analyses in the plots with diversified and conventional coffee 

systems in the Experimental Research Station of EPAMIG Patrocínio, Cerrado of Minas Gerais, 

Brazil  

Soil properties Year 
Diversified coffee system Conventional coffee system 

B1² B2 B3 B1 B2 B3 

pH (H20) 
2019 5.27 4.48 4.96 4.75 4.89 4.72 

2020 4.45 4.59 4.79 5.13 4.84 4.44 

 2021 5.00 4.79 4.59 5.78 4.67 4.94 

MO¹ 
2019 4.30 4.70 4.30 4.96 4.56 4.70 

2020 3.95 3.69 3.95 3.82 4.21 3.82 

 2021 3.99 4.12 3.99 3.59 4.12 4.26 

Sand (%) 2019 14.8 10.2 9.6 13 10.9 10.4 

Silt (%) 2019 17.4 13.8 20.5 18.8 17.8 17.4 

Clay (%) 2019 67.8 76 69.9 68.2 71.3 72.2 

Classification 2019 
very 

clayey 

very 

clayey 

very 

clayey 

very 

clayey 

very 

clayey 

very 

clayey 

¹ MO: organic matter 

² B: blocks 
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Figures 

 

Figure 1. Sketch of the experimental design. (A) Location of plots in the Experimental Research 

Station of EPAMIG Patrocínio, Cerrado of Minas Gerais, Brazil. Red squares represented plots 

with diversified coffee system and yellow squares plots with conventional coffee system. (B) 

Plot with diversified coffee system. (C) plot with conventional coffee system. Each plot 

measured 1080 m². Brown square delimit four sampling quadrants. 
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Figure 2 Survivorship of T. molitor bait insect larvae in soils from conventional and diversified 

coffee systems in Patrocínio, Cerrado of Minas Gerais, Brazil. 2019: Collect in January 2019 - 

one month after experiment starts. 2020: Collect in January 2020 - one year after the experiment 

starts. 2021: Collect in January 2021 - two years after experiment starts. Mortality of bait insects 

was evaluated for 35 days. Survival analyses are presented in the text. *p<0.05, ns - not 

significant. 
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Figure 3 Proportion of bait insect T. molitor dead by Metarhizium spp. in soil samples (mean ± 

standard error) from conventional and diversified coffee systems in Patrocínio, Cerrado of 

Minas Gerais, Brazil. 2019: Collect in January 2019 - one month after experiment starts. 2020: 

Collect in January 2020 - one year after the experiment starts. 2021: Collect in January 2021 -

two years after experiment starts. Proportion analyses are presented in the text. *p<0.05, ns - 

not significant. 
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Figure 4 Number of colony-forming units (CFU) (mean ± standard error) in soil from 

conventional and diversified coffee systems in Patrocínio, Cerrado of Minas Gerais, Brazil. (A) 

Total CFU per g soil (B) CFU of Metarhizium spp. per g soil from conventional and diversified 

coffee systems in Patrocínio, Cerrado of Minas Gerais, Brazil. 2019: Collect in January 2019 - 

one month after experiment starts. 2020: Collect in January 2020 - one year after the experiment 

starts. 2021: Collect in January 2021 -two years after experiment starts. Density analyses are 

presented in the text. *p<0.05, ns - not significant. 
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Figure 5 Beta-glycosidase (µg PNG. g-1 solo. h-1) (mean ± standard error) in soil from 

conventional and diversified coffee systems in Patrocínio, Cerrado of Minas Gerais, Brazil. 

Samples collected in January 2021 -two years after experiment starts. Analyses are presented 

in the text. *p<0.05. 
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Figure 6. Coffee yield of diversified and conventional coffee systems in Patrocínio, Cerrado of 

Minas Gerais, Brazil. (A) Volume of fruits (l/plant). (B) Weight of fruits (g/100 fruits). 

Analyses are presented in the text. Analyses are presented in the text. *p<0.05, ns - not 

significant. 
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1 Chapter formatted in the norms of Ecology and Evolution 

Chapter II1 

Rhizosphere association of Metarhizium spp. in diversified coffee system  

 

Abstract  

The genus Metarhizium (Hypocreales: Clavicipitaceae) is the most abundant entomopathogenic 

fungi in crop soils. They are known to associate with plant roots, promoting plant growth and 

protection against pests, therefore, diversified systems with more abundance of plants that 

Metarhizium can associated benefit their maintenance in the soil. We designed a diversified 

coffee system by association with Inga edulis (Fabaceae), Senna macranthera (Fabaceae) trees, 

the perennial bush Varronia curassavica (Cordiaceae) and non-crop plants. Our objective was 

to investigate whether Metarhizium spp. colonize these plant roots, and if colonization change 

during the dry and rainy seasons. We assessed the activity of Metarhizium spp. using the bait 

survival technique with Tenebrio molitor (Coleoptera: Tenebrionidae) larvae. To assess 

density, we plated soil suspensions on to solid selective media for counts of colony-forming 

units (CFU). Soil and roots samples from diversified coffee systems had higher activity and 

density of Metarhizium spp. We isolated Metarhizium spp. from roots of all plant species in the 

diversified coffee system, showing that our strategic coffee system improves the maintenance 

of Metarhizium spp. in the coffee crop. Therefore, the diversified coffee system may be an 

alternative to conventional monoculture, improves activity of Metarhizium spp. in coffee roots, 

which may benefit the crop by promoting plant growth and protection against pests. 

 

KEYWORDS  

plant diversification, conservation biological control, soil suppressive, rhizosphere fungi.  
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1 ǀ INTRODUCTION  

 

Hypocrealean entomopathogenic fungi are important microbial control agents that cause 

fungal diseases in almost all orders of insect pests (David, 1967; Meyling & Eilenberg, 2007; 

Jaramillo et al., 2015; Brunner-Mendoza et al., 2019). They occur naturally in soils (Kepler et 

al., 2015; Hernández-Domínguez et al., 2016; Sharma et al., 2018; Moreira et al., 2019), where 

play major roles in the natural regulation arthropods that spend some or all of their life time in 

the soil (Townsend et al., 1995; Pell et al., 2010). The fungal genus Metarhizium (Hypocreales: 

Clavicipitaceae) has a cosmopolitan distribution in crop soils (Roberts & St. Leger, 2004; 

Hernández-Domínguez et al., 2016; Sharma et al., 2018; Botelho et al., 2019; Moreira et al., 

2019). Several species of this genus are able to associate with rhizospheres (Hu & Leger, 2002; 

Wyrebek et al., 2011; Behie et al., 2012; Bamisile et al., 2018; Ahmad et al., 2020a). This 

association can be endophytic, where the fungi develop within plant tissues without causing 

any noticeable symptoms of disease in the plant (Wilson, 1995; Mantzoukas & Eliopoulos, 

2020). Another association is rhizosphere-competence, where the fungi grow in the rhizosphere 

without colonize plant tissues (Morgan et al., 2005). In both, the fungi increase the root surface 

area, which improves the absorption of soil nutrients and enhances plant growth (Clark & Zeto, 

2000). Endophytic and rhizosphere-competent associations can also promote protection against 

herbivores (Roberts, 1981; Brotman et al., 2013; Golo et al., 2014; Resquín-Romero et al., 

2016; Ríos-Moreno et al., 2016; Garrido-Jurado et al., 2017; McKinnon et al., 2017). 

Due the capability of Metarhizium spp. to associate with plant roots, the presence of plants 

benefits their maintenance in soil (St. Leger, 2008; Liao et al., 2014; Iwanicki et al., 2019; Nishi 

& Sato, 2019). Root exudates may stimulate fungal populations and activities (Baker, 1991; St. 

Leger, 2008) and improve fungal persistence in the soil (Hu & Leger, 2002; Liao et al., 2014). 

However, agricultural systems with high plant diversity are not common. Brazil is the largest 
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producer of coffee in the world (FAOSTAT, 2019), where predominate monocultures and the 

use of pesticides is the most common control for coffee pests (Venzon, 2021). Cerrado of Minas 

Gerais, for example, is an important region producing region of arabica coffee in Brazil, 

responsible for 15% of its production in the country (Conab, 2021), where coffee crops are 

commonly in extensive areas of monoculture. Monocultures commonly result in proliferation 

of pests and pathogens, leading to the use of pesticides for pest control. These scenario causes 

negative effects on soil biota, reducing soil biodiversity (Brown et al., 2020; Winding et al., 

2020) and negatively affecting productivity (Nesper et al., 2017). Therefore, increasing plant 

diversification with plants which Metarhizium is able to associate can be a strategy to improve 

its abundance and ecosystem services in coffee systems. Besides this, diversified systems are 

known to provide ecosystem services, such as biological control, via attraction and provision 

of food of natural enemies (Fiedler et al., 2008; Rezende et al., 2014; Amaral et al., 2016; Togni 

et al., 2019a; 2019b; Venzon et al., 2019) 

We designed a diversified coffee system at Cerrado Mineiro with plants that are known 

to improve conservation biological control of pests by attraction and maintaining predators and 

parasitoids (Rezende et al., 2014; 2021; Venzon 2021; Amaral et al. 2013): Inga edulis 

(Fabaceae) Senna macranthera (Fabaceae) trees, (Marazzi et al., 2013), Varronia curassavica 

(Cordiaceae) perennial bush and non-crop plants. Our objective was to investigate whether 

Metarhizium spp. colonize plant roots of diversified coffee system in the dry and rainy seasons, 

improving Metarhizium spp. activity and density in this soil coffee system. We performed 

collections in these two seasons, because the soil humidity interferes in the Metarhizium 

conservation in soil (Driesche et al., 2008). Our hypotheses were: (a) soil and roots from 

diversified coffee system improves activity and density of Metarhizium spp.; (b) activity and 

density of Metarhizium spp. are increased in the rainy season; (c) Metarhizium spp. has 

rhizosphere association with I. edulis, V. curassavica, S. macranthera and non-crop plant; (d) 
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coffee roots in diversified systems have more activity and density of Metarhizium spp. than 

conventional coffee roots from conventional systems. 

 

2 ǀ MATERIALS AND METHODS 

 

2.1  ǀ Study area 

 

We installed a diversified coffee system, in December 2018 in a non-irrigated coffee 

plantation at Experimental Research Station of Agriculture and Livestock Research Enterprise 

of Minas Gerais (EPAMIG), Patrocínio, Minas Gerais, Brazil (18º59’48’’S and 46º59’00’’W, 

elevation ~ 950 m). The region is located in the Cerrado biome, the Brazilian tropical savannah. 

Patrocínio has Aw climate, according to the Köppen classification, with two distinct seasons, 

dry winter and rainy. The average annual rainfall is 1,684 mm (Inmet, 2021). The terrain is flat 

to gently rolling, with an average slope of 3% and the soil is classified as a Red-Yellow Latosol 

according to Brazilian Soil Classification System (Kamimura et al., 2020).  

The experiment was arranged in three blocks of two plots: conventional and diversified 

coffee system (Figure 1A) and the distance between blocks was at least 500 m. The blocks one 

and two had Coffea arabica, variety “Catuaí Vermelho IAC 99”, and the block three had variety 

“Acaiá IAC 474 - 19”. Each plot measured 1080 m² (30 x 36 m) (Figure 1) separated from each 

other by 200 m. The diversified coffee system plots had four I. edulis trees, 12 V. curassavica 

perennial bushes and two S. macranthera trees (Figure 1B). Non-crop plants were maintained 

between rows and mechanic suppression was done whenever the height exceeded 50 cm. In 

June, before coffee harvest, the non-crop plants were mechanic suppressed up to 10 cm to 

facilitate post-harvesting treatment in the crop. No pesticides were used in the diversified coffee 

system, but agronomic practices with mineral fertilization were maintained under standard 
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coffee management of the Cerrado (Appendix 1). The plots under coffee conventional system 

were arranged only with coffee plants (Figure 1C). These plots were conventionally managed, 

implying that fertilizers and pesticides are used under standard of coffee management the 

Cerrado (Appendix 1). 

 

2.2  ǀ Collection of roots and soil samples 

 

We collected soil and roots in the dry (September 2020) and in the rainy season (January 

2021), to investigate whether these seasons influence entomopathogenic fungi. In each season, 

we collected roots of eight coffee plants, four I. edulis and V. curassavica plants, two S. 

macranthera. In the dry season, we collected four Gnaphalium spicatum, Conyza bonariensis 

and Solanum Americanum. In the rainy season, we collected four Ageratum conyzoides, Bidens 

pilosa and Sida cordifolia. We collected these species because they were the most abundant 

non-crop plants species in the experimental area in each season. In each conventional coffee 

plot, we collected eight coffee plant roots. We collected the roots with hoe, removed the soil 

excess and placed them in plastic bags. We collected the entire root system of non-crop plants 

and lateral roots coming from large roots of coffee, V. curassavica, S. macranthera and I. edulis. 

For each non-crop plant, we take pictures and collected a foliage sample for further plant 

identification. The roots were refrigerated at 5°C for five days, when we finished processing 

them in the laboratory.  

In both root collection, we also took soil samples near each plant sampled to evaluated 

the activity and abundance of Metarhizium spp. in soil, without roots. We took 18 soil samples 

in the diversified coffee system plot and 8 soil samples in the conventional coffee system plot, 

with a core soil sampler to 20 cm depth. We did not take soil samples near the non-crop plants, 

because it was impossible collect soil without roots. 
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2.3 ǀ Activity of Metarhizium spp. 

 

Healthy mealworm larvae Tenebrio molitor (Coleoptera: Tenebrionidae) were used as 

bait insects to assesses the entomopathogenic ability Metarhizium present in the soil and roots 

in killing the bait insects (Moreira et al., 2019). The insect larvae were obtained from a stock 

rearing maintained on wheat bran chayote, carrot and potato at Laboratory of Entomology in 

EPAMIG, in Viçosa. Each root sample were shaken in a standardized manner to remove non-

rhizosphere soil and the rhizosphere soil was defined as the soil still adhering to the roots after 

shaking. Five g from each root sample was placed into a 200 ml transparent plastic pot sterilized 

in UV light for 15 minutes and covered with a plastic lid that contained moistened filter paper. 

From each soil sample, a subsample of soil was transferred to a 200 ml transparent plastic pot 

sterilized in UV light for 15 minutes and covered with a plastic lid with four holes for 

ventilation. 

We selected five two-month-old larvae of similar size (1.3–1.5 cm) and introduced them 

to each plastic pot containing root or soil. The pots with root were incubated in a climate room 

at 25±5 ºC in complete darkness and the pots with soil were incubated in a climate room at 

25±5 ºC and 12:12 (L:D). We inverted and left upside down the pots with soil to force the 

insects to traverse the soil during the first 10 days. We check the mortality of T. molitor every 

two days, inspecting the pots with a sterile tweezer, for 35 days. The pots were open next to a 

flam for a sterile microenvironment and the live larvae were kept in the pots for later 

assessments. The dead larvae were sterilized by immersion in 70% alcohol, 5% sodium 

hypochlorite, rinsed in distillated water and dried on sterile filter paper. After that, the larvae 

were incubated in a sterile microtube with a moistened cotton wool with distilled water, kept in 

a climate chamber (25±5 ºC) to promote fungal growth. We inspected the incubated larvae daily 

for the presence of external fungi growth and all fungi detected were isolated in PDA with 0.05 
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g l-1 chloramphenicol and incubated at 25 ºC. We prepared slides for morphological 

identification in microscopy (40 x objective) with the isolates reproductive structures. We also 

calculated the proportion of bait insect infected by Metarhizium per soil sample and the survival 

of bait insect. 

 

2.4 ǀ Density of Metarhizium spp.  

 

We counted colony-forming units (CFU) of Metarhizium spp. in soil and roots samples. 

The roots were shaken by hand to remove soil particles and the soil directly adhered to the root 

after that, representative the rhizosphere. One gram of roots was ground with mortar and pestle 

and then diluted in 5 ml of sterile solution of Tween 0.01% in a Falcon® tube (15 ml). Tubes 

were rotated for one hour in a rotary shaker at 150 rpm (Lacey, 2012), vortexed for 15 s and 

then platted on to selective culture media. We used a selective medium with 10 g peptone, 20 

g dextrose, 15 g agar, and 1 l distilled water. After sterilizing the medium, we added 0.05 g/l of 

cycloheximide and tetracycline, 0.6 g/l streptomycin and 0.175 g/l CTAB 

(cetyltrimethylammonium bromide) (Kepler et al., 2015). One hundred microliters from each 

suspension were plated in three Petri dishes (9 cm diameter), and spread with a sterile Drigalski 

spatula. Plates were kept in the dark at 25 °C for 14 days until CFU counts could be done. For 

soil samples, 5g of the soil were diluted in 45 ml of sterile solution of Tween 0.01% and we 

performed the same procedure used for root. The concentration of CFU per gram of root was 

made by multiplying the number of CFU (medium from three Petri dishes) by 50, as 100 μl of 

the root suspension has 0.02 g root. The concentration of CFU per gram of soil was made by 

multiplying the number of CFU (medium from three Petri dishes) by 100, as 100 μl of the soil 

suspension has 0.01 g soil.  
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2.5 ǀ Statistical analyses 

 

Analyses were performed using the R statistical system (R Core Team, 2017). We used 

systems (conventional and diversified coffee systems), plants (I. edulis, V. curassavica, S. 

macranthera and non-crop plants) and seasons (dry and rainy season) as explanatory variables 

to investigate how diversified coffee system affect density and activity of Metarhizium spp. in 

the rhizosphere. Survival analyses was carried out solely the dead insects with Metarhizium 

spp. signs of infection to test time to death of T. molitor larvae bait in plant roots. We added the 

R software package “frailtypack” (Rondeau et al., 2019) in the models with gamma 

distributions, as a penalization to fit a joint frailty model of the five insects in same sample. 

Analyses were ANOVA with χ2 tests. We used generalized linear model (GLM) adjusted to 

binomial distribution and analyzed by ANOVA with χ2 tests to examine the proportion of 

Metarhizium spp. found in bait insects (Crawley, 2015). To test the numbers of total and 

Metarhizium spp. CFU, we GLM adjusted to Poisson distribution and analyzed by ANOVA 

with χ2 tests. 

 

3 ǀ RESULTS 

 

3.1 ǀ Activity of Metarhizium  

 

The survival of bait insects was used to measure the activity of Metarhizium spp. There 

was interaction of coffee systems (χ2=35.67, p<0.001), seasons (χ2=82.29, p<0.001) and plant 

species (χ2=77.03, p<0.001) in the survival of bait insects. In the dry season, the bait insect 

survival was similar between coffee systems (t=0.003, p=1.000, Figure 2A). However, in the 
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rainy season the bait insects died faster in the diversified than in the conventional coffee system 

roots (t=4.29, p<0.001, Figure 2B). The survival in conventional coffee system was similar 

between the seasons (t=2.270, p=0.1058). However, the survival in diversified coffee system 

decreased in the rainy season (t=7.95, p<0.001). When we evaluated the plant roots separately, 

there was no difference between coffee roots of conventional and diversified systems (dry 

season: t=2.76, p=0.29, Figure 3A; rainy season: t=2.21, p=0.68, Figure 3B). Bait insects died 

faster in roots of I. edulis than in coffee roots from conventional system, in both seasons (Tables 

1, 2 and Figure 3). Furthermore, bait insect survival was lower in roots of I. edulis, V. 

curassavica, S. macranthera and A. conyzoides than conventional coffee in the rainy season 

(Table 2, Figure 3). Also in the rainy season, bait insect survival was lower in roots of I. edulis 

and S. macranthera than in roots of coffee from diversified system. All other pairwise 

comparisons are in Tables 1, 2 and Figure 3. In soil samples, bait insects died faster in soil from 

diversified than conventional coffee system (dry season: t=4.67, p<0.001, Figure 2A; rainy 

season: t= 3.82, p=0.0034, Figure 2B). 

 

3.2 ǀ Proportion of Metarhizium spp. 

 

There was interaction of coffee systems (χ2=36.43, p<0.001) and seasons (χ2=39.23, 

p<0.001), but not of plant species (χ2=3.17, p=0.17) in the proportion of bait insects infected 

by Metarhizium spp. in roots. In both seasons, the proportion was higher in the roots of 

diversified than conventional coffee system (dry season: z=2.54, p=0.04, Figure 4A; rainy 

season: z=2.54, p=0.04, Figure 4B). There was no difference between the seasons in both 

conventional and diversified roots (z=2.25, p=0.10). In soil, the proportion of bait insects 

infected by Metarhizium spp. was higher in diversified than conventional coffee system (dry 

season: z=3.62, p=0.0071, Figure 4A; rainy season: z=2.41, p=0.0018, Figure 4B). 
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3.3 ǀ Density of Metarhizium spp. 

 

Metarhizium spp. density was influenced by the coffee systems (χ2=9236.70, p<0.001), 

the seasons (χ2=9366.10, p<0.001) and plant species (χ2=9444.10, p<0.001). In the dry season, 

the number of Metarhizium spp. CFU was similar between diversified and conventional coffee 

system roots (z=1.41, p=0.49, Figure 5A). However, in the rainy season, the number of 

Metarhizium spp. CFU was higher in the diversified than conventional coffee system roots 

(z=2.62, p=0.04, Figure 5B). Density of Metarhizium spp. in roots of conventional system was 

similar between the seasons (z=0.030, p=1.00). However, the density in roots of diversified 

system increased in rainy season (z=4.39, p<0.001). There was no difference between density 

of Metarhizium spp. in coffee roots in the diversified and in conventional system in the dry 

season (z=2.08, p=0.29, Figure 6A). However, in the rainy season, the abundance of 

Metarhizium spp. was higher in diversified than conventional coffee roots (z=3.41, p=0.01, 

Figure 6B). Besides, I. edulis had more CFU of Metarhizium spp. than conventional coffee in 

both seasons (dry: z=3.18, p=0.03, Figure 6A, rainy: z=3.694, p=0.005, Figure 6B). S. 

cordifolia also had more CFU of Metarhizium spp. than conventional coffee (z=4.40, p<0.001, 

Figure 6B). All other pairwise comparisons are in Tables 3, 4 and Figure 6. In the soil, the 

density of Metarhizium spp. in the dry season was similar between diversified and conventional 

coffee system (z=2.14, p=0.34, Figure 5A). However, in the rainy season, the density was 

higher in diversified and conventional coffee system (z=2.88, p=0.003, Figure 5B). 

 

4 ǀ DISCUSSION 

 

Our results showed that diversified coffee system is more favorable to maintenance of 

Metarhizium spp. than conventional coffee system, in both seasons where climatic conditions 



73 
 

 

are more favorable or more severe for fungi development. Diversified coffee system is known 

to correlate positively with abundance and persistence of propagules of Metarhizium spp. 

(Moreira et al., 2019). It can be explained by the ability of diversified systems promote shaded 

soil (Jose, 2009), increasing soil humidity within the plots, which improve fungi processes such 

as sporulation, germination and infection of hosts (Driesche et al., 2008). Additionally, the 

presence of more plants in diversified systems promotes more root exudates in soil, which may 

stimulate microbial populations and their activities (Baker, 1991; St. Leger, 2008). 

Metarhizium spp. can persist in soil when host insects are absent aboveground (Botelho 

et al., 2019; Moreira et al., 2019; Pell et al., 2010). Due their versatile lifestyle, they can persist 

in soil as saprotrophs (Hu and St Leger, 2002) or as rhizosphere colonizers (Sasan and 

Bidochka, 2012). Metarhizium spp. colonize different plants, such as bean Phaseolus vulgaris, 

switchgrass Panicum virgatum (Behie et al., 2012), perennial herbs, shrubs, coniferous trees 

(Fisher et al., 2011), oilseed rape Brassica napus, winter wheat Triticum aestivum, grass pasture 

(Keyser et al., 2015) sugarcane Saccharum spp. (Iwanick et al., 2019), potato (Krell et al., 2018) 

and many others. However, they generally colonize monocots better than dicots, which 

indicates some level of plant host specificity, but it is unknown whether the association is 

dictated by the plant and/or the fungus (Moonjely & Bidochka, 2019). We collected roots only 

from dicots, because they are the most abundant species in our experimental area and we 

isolated Metarhizium spp. in all dicots of diversified coffee system. 

The maintenance of fungi in soil depends of abiotic factors, because their germination, 

infection, and sporulation require soil moisture (Driesche et al., 2008) and low solar radiation 

(de Castro et al., 2013). We evaluated density and activity of Metarhizium spp. in plant roots in 

two seasons: dry - without rain in the last four months before root collect - and rainy - with 126 

mm of precipitation in the month of root collection (Inmet, 2021). In general, the activity and 

density of Metarhizium spp. in the diversified coffee system was higher in the rainy season than 
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in the dry. However, the season did not influence the activity and density of Metarhizium spp. 

in the conventional coffee system and they are always lower than in the diversified system. 

Despite the increase in soil moisture caused by rain, others factors such as use of pesticides and 

full‐sun managed soil in the conventional coffee system causes negative effects on soil biota 

(Brown et al., 2020). Applications of insecticides, fungicides and herbicides could impact 

entomopathogenic fungi in both soil and foliar environment by killing or inhibiting fungal 

propagules or removing hosts (Wekesa et al., 2008). Solar radiation is detrimental to the 

persistence of the fungi (de Castro et al., 2013). Therefore, even when soil moisture was higher, 

there was no improve Metarhizium spp. on conventional coffee system compared to dry season. 

Metarhizium spp. had more activity in roots of I. edulis and S. macranthera than on 

roots from coffee, either from conventional or from diversified systems. These species are both 

leguminous and others studies showed Metarhizium spp. more frequent in leguminous plants 

(Randhawa et al., 2018; Ahmad et al., 2020b). It may be due to the quantity or quality of root 

exudates, which may be better in leguminous (Biate et al., 2015). Besides, I. edulis and S. 

cordifolia roots had more density of Metarhizium spp. than conventional coffee roots. These 

results suggest that strategic plant diversification is favorable to conservation of Metarhizium 

spp. in coffee crops, mainly due to I. edulis, S. macranthera and S. cordifolia roots maintained 

in the diversified coffee system had more Metarhizium spp. than coffee plants. The root surface 

may provide a nutrient base for fungi and the fungi may assist the plant by solubilizing inorganic 

nutrients or as biocontrol agents against plant pathogens (St. Leger, 2008). Besides, the root 

exudates may stimulate or inhibit microbial populations and their activities (Baker, 1991; St. 

Leger, 2008). Also, diversified coffee roots had more CFU of Metarhizium spp. than 

conventional coffee roots in the rainy season, indicating that in diversified coffee system is 

more common to find Metarhizium spp. in the rhizosphere of coffee plants compared to 

conventional coffee system. Therefore, the benefits of Metarhizium roots association, such as 
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plant growth and protection against pests (Behie et al., 2012; Behie & Bidochka, 2014; Jaber 

& Araj, 2018) is more probably in coffee roots of diversified than conventional coffee system. 

The presence of Metarhizium spp. in the plant roots of diversified coffee system showed 

that our strategic coffee system improves the maintenance of Metarhizium spp. in the coffee 

crops. The associations of Metarhizium spp. with plant roots are known to improve fungal 

persistence in soils, in the absence of an insect hosts (Hu & Leger, 2002), playing important 

role in the persistence and stability of Metarhizium spp. in the field (Liao et al., 2014). 

Therefore, diversified coffee system may be an alternative to conventional monoculture, by 

improving the activity of Metarhizium spp. in coffee roots, which can benefit the crop such as 

promote plant growth and protection against pests (Behie et al., 2012; Behie & Bidochka, 2014; 

Jaber & Araj, 2018). Further studies are necessary to investigate these benefits in coffee crop. 
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Tables 

 

Table 1. Comparison of the survival of T. molitor in roots from diversified and conventional 

coffee systems. Collection was made in September 2020 (dry season). The statistical values 

represent the contrast analysis (t test) between plants roots. 

 
Contrast t ratio p value 

Conventional coffee versus Diversified coffee 2.080 0.2918 

Conventional coffee versus Inga edulis 2.852 0.0130 

Conventional coffee versus Varronia curassavica 0.7210 1.000 

Conventional coffee versus Senna macranthera 2.383 0.243 

Conventional coffee versus Gnaphalium spicatum 0.0266 1.000 

Conventional coffee versus Conyza bonariensis 0.0741 1.000 

Conventional coffee versus Solanum americano 15.705 1.000 

Diversified coffee versus Inga edulis 0.7722 0.6909 

Diversified coffee versus Varronia curassavica 1.359 0.9142 

Diversified coffee versus Senna macranthera 0.3028 1.000 

Diversified coffee versus Gnaphalium spicatum 2.826 0.2997 

Diversified coffee versus Conyza bonariensis 2.006 0.8554 

Diversified coffee versus Solanum americano 17.785 1.000 

Inga edulis versus Varronia curassavica 2.131 0.2372 

Inga edulis versus Senna macranthera 0.4694 0.999 

Inga edulis versus Gnaphalium spicatum 2.826 0.2997 

Inga edulis versus Conyza bonariensis 2.778 0.3288 

Inga edulis versus Solanum americano 1.855 1.000 

Varronia curassavica versus Senna macranthera 1.662 0.8324 

Varronia curassavica versus Gnaphalium spicatum 0.6944 1.000 

Varronia curassavica versus Conyza bonariensis 0.6469 1.000 

Varronia curassavica versus Solanum americano 16.426 1.000 

Senna macranthera versus Gnaphalium spicatum 2.356 0.7310 

Senna macranthera versus Conyza bonariensis 2.309 0.7599 

Senna macranthera versus Solanum americano 18.088 1.000 

Gnaphalium spicatum versus Conyza bonariensis 0.0475 1.000 

Gnaphalium spicatum versus Solanum americano 15.732 1.000 

 Conyza bonariensis versus Solanum americano 15.779 1.000 
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Table 2. Comparison of the survival of T. molitor in roots from diversified and conventional 

coffee systems. Collection was made in January 2021 (rainy season). The statistical values 

represent the contrast analysis (t test) between plants roots. 

Contrast t ratio p value 

Conventional coffee versus Diversified coffee 0.8699 0.688 

Conventional coffee versus Inga edulis 2.178 <0.001 

Conventional coffee versus Varronia curassavica 1.451 0.033 

Conventional coffee versus Senna macranthera 2.211 <0.001 

Conventional coffee versus Ageratum conyzoides 1.498 0.022 

Conventional coffee versus Bidens Pilosa 1.365 0.0601 

Conventional coffee versus Sida cordifolia 0.8177 0.9094 

Diversified coffee versus Inga edulis 1.308 0.0003 

Diversified coffee versus Varronia curassavica 0.5816 0.8981 

Diversified coffee versus Senna macranthera 1.341 0.0113 

Diversified coffee versus Ageratum conyzoides 0.6288 0.8981 

Diversified coffee versus Bidens pilosa 0.4958 0.9685 

Diversified coffee versus Sida cordifolia 0.0523 1.000 

Inga edulis versus Varronia curassavica 0.7272 0.5183 

Inga edulis versus Senna macranthera 0.0325 1.000 

Inga edulis versus Ageratum conyzoides 0.6800 0.5183 

Inga edulis versus Bidens pilosa 0.8130 0.2863 

Inga edulis versus Sida cordifolia 1.361 0.0114 

Varronia curassavica versus Senna macranthera 0.7596 0.7733 

Varronia curassavica versus Ageratum conyzoides 0.0472 1.000 

Varronia curassavica versus Bidens pilosa 0.0858 1.000 

Varronia curassavica versus Sida cordifolia 0.6339 0.9573 

Senna macranthera versus Ageratum conyzoides 0.7125 0.8480 

Senna macranthera versus Bidens pilosa 0.8455 0.5869 

Senna macranthera versus Sida cordifolia 1.393 0.0553 

Ageratum conyzoides versus Bidens pilosa 0.1330 1.000 

Ageratum conyzoides versus Sida cordifolia 0.6810 0.9234 

Bidens pilosa versus Sida cordifolia 0.5480 0.9877 
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Table 3. Comparison of the number of colony-forming units (CFU) of Metarhizium spp. of in 

roots from diversified and conventional coffee systems. Collection was made in September 

2020 (dry season). The statistical values represent the contrast analysis (z test) between plants 

roots. 

Contrast z ratio p value 

Conventional coffee versus Diversified coffee 0.857   0.9897  

Conventional coffee versus Inga edulis 3.180  0.0318 

Conventional coffee versus Varronia curassavica  0.863 0.1038 

Conventional coffee versus Senna macranthera 0.074   1.000 

Conventional coffee versus Gnaphalium spicatum  0.302 1.000 

Conventional coffee versus Conyza bonariensis 0.426 0.9999 

Conventional coffee versus Solanum americano 0.211   1.000 

Diversified coffee versus Inga edulis 3.104 0.0402  

Diversified coffee versus Varronia curassavica 2.502  0.1943 

Diversified coffee versus Senna macranthera 0.537  0.9995  

Diversified coffee versus Gnaphalium spicatum  0.857  0.9896  

Diversified coffee versus Conyza bonariensis 0.308 1.000 

Diversified coffee versus Solanum americano 0.494 0.9997  

Inga edulis versus Varronia curassavica 0.672  0.9977 

Inga edulis versus Senna macranthera 1.638  0.7269 

Inga edulis versus Gnaphalium spicatum 2.171 0.3695  

Inga edulis versus Conyza bonariensis 2.375 0.2536  

Inga edulis versus Solanum americano 2.364 0.2593  

Varronia curassavica versus Senna macranthera 1.456 0.8306 

Varronia curassavica versus Gnaphalium spicatum 1.952 0.5151 

Varronia curassavica versus Conyza bonariensis 2.012 0.4737  

Varronia curassavica versus Solanum americano 2.040 0.4543 

Senna macranthera versus Gnaphalium spicatum 0.160   1.000 

Senna macranthera versus Conyza bonariensis 0.336 1.000 

Senna macranthera versus Solanum americano 0.206  1.000 

Gnaphalium spicatum versus Conyza bonariensis 0.594 0.999 

Gnaphalium spicatum versus Solanum americano 0.438 0.999 

 Conyza bonariensis versus Solanum americano 0.180   1.000 
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Table 4. Comparison of the number of colony-forming units (CFU) of Metarhizium spp. of in 

roots from diversified and conventional coffee systems. Collection was made in January 2021 

(rainy season). The statistical values represent the contrast analysis (z test) between plants roots. 

Contrast z ratio p value 

Conventional coffee versus Diversified coffee 3.410 0.0150 

Conventional coffee versus Inga edulis 3.694 0.0054 

Conventional coffee versus Varronia curassavica 2.666 0.1331 

Conventional coffee versus Senna macranthera 2.819 0.0904 

Conventional coffee versus Ageratum conyzoides 2.627 0.1460 

Conventional coffee versus Bidens pilosa 2.608 0.1530 

Conventional coffee versus Sida cordifolia 4.400 0.0003 

Diversified coffee versus Inga edulis 0.885 0.0003 

Diversified coffee versus Varronia curassavica 1.165 0.9417 

Diversified coffee versus Senna macranthera 0.469 0.9998 

Diversified coffee versus Ageratum conyzoides 1.222 0.9257 

Diversified coffee versus Bidens pilosa 1.250 0.9167 

Diversified coffee versus Sida cordifolia 2.929 0.0669 

Inga edulis versus Varronia curassavica 1.746 0.6566 

Inga edulis versus Senna macranthera 0.999 0.9747 

Inga edulis versus Ageratum conyzoides 1.795 0.6237 

Inga edulis versus Bidens pilosa 1.819 0.6070 

Inga edulis versus Sida cordifolia 1.695 0.6908 

Varronia curassavica versus Senna macranthera 0.432 0.9999 

Varronia curassavica versus Ageratum conyzoides 0.056 1.000 

Varronia curassavica versus Bidens pilosa 0.084 1.000 

Varronia curassavica versus Sida cordifolia 3.173 0.0325 

Senna macranthera versus Ageratum conyzoides 0.479 0.9997 

Senna macranthera versus Bidens pilosa 0.503 0.9996 

Senna macranthera versus Sida cordifolia 2.133 0.3934 

Ageratum conyzoides versus Bidens pilosa 0.028 1.000 

Ageratum conyzoides versus Sida cordifolia 3.208 0.0291 

Bidens pilosa versus Sida cordifolia 3.226 0.0276 

 

.  
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Figures 

 

Figure 1. Sketch of the experimental design. (A) Location of plots in the Experimental Research 

Station of EPAMIG Patrocínio, Cerrado of Minas Gerais, Brazil. Red squares represented plots 

with diversified coffee system and yellow squares plots with conventional coffee system. (B) 

Plot with diversified coffee system. (C) plot with conventional coffee system. Each plot 

measured 1080 m². Brown square delimit four sampling quadrants. 
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Figure 2. Survivorship of T. molitor bait insect larvae in soil and root plants from conventional 

and diversified coffee systems in Patrocínio, Cerrado of Minas Gerais, Brazil. A: Collect in 

September 2020 – dry season. B: Collect in January 2021 – rainy season. Mortality of bait 

insects was evaluated for 35 days. Analyses are presented in the text. 
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Figure 3. Survivorship of T. molitor bait insect larvae in root plants from conventional and 

diversified coffee systems in Patrocínio, Cerrado of Minas Gerais, Brazil. A: Collect in 

September 2020 – dry season. B: Collect in January 2021 – rainy season. Mortality of bait 

insects was evaluated for 35 days. Analyses are presented in the text. 
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Figure 4. Proportion of bait insect T. molitor infected by Metarhizium spp. in soil and roots 

from conventional and diversified coffee systems in Patrocínio, Cerrado of Minas Gerais, 

Brazil. A: Collect in September 2020 – dry season. B: Collect in January 2021 – rainy season. 

Analyses are presented in the text. *p<0.05, ns - not significant. 
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Figure 5. Number of colony-forming units (CFU) (mean ±standard error) of Metarhizium spp. 

in soil and roots from conventional and diversified coffee systems in Patrocínio, Cerrado of 

Minas Gerais, Brazil. A: Collect in September 2020 – dry season. B: Collect in January 2021 – 

rainy season. Analyses are presented in the text. *p<0.05, ns - not significant. 
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Figure 6. Number of colony-forming units (CFU) (mean ± standard error) of Metarhizium spp. 

in plant roots from conventional and diversified coffee systems in Patrocínio, Cerrado of Minas 

Gerais, Brazil. A: Collect in September 2020 – dry season. B: Collect in January 2021 – rainy 

season. Analyses are presented in the text. Bars with same letter have no significant differences. 
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1 Chapter formatted in the norms of the Biological Control 

Chapter III1 

Coffee seedlings treatment by Metarhizium: plant growth and protection against 

Leucoptera coffeella 

 

ABSTRACT 

Metarhizium fungi are entomopathogenics and plant mutualists. They are able to colonize plant 

roots and promote plant growth and protection against pests. We found Metarhizium robertsii 

and M. brunneum associated with coffee roots from diversified coffee system in Cerrado of 

Minas Gerais. Here, we investigated whether coffee seedlings inoculated by soil drench with 

these species of Metarhizium can associate with coffee roots and improve coffee seedlings 

growth and indirectly protect against coffee leaf miner (CLM) Leucoptera coffeella 

(Lepidoptera: Lyonetiidae), which is a pest that damage coffee plants since the nursery period. 

We performed a greenhouse experiment with coffee seedlings using 30 ml of suspension (108) 

of each Metarhizium species as applied as soil drench to each potted seedling. Control seedlings 

received a soil drench of sterile solution of Tween 0.05 %. After eight days of inoculation, we 

infested the seedlings with two couples of CLM adults and evaluated colonization of 

Metarhizium, CLM development and seedling growth. We recovered Metarhizium spp. from 

most of coffee seedlings roots. Both isolates promoted protection against CLM in coffee 

seedlings, reducing the percentage of mined leaf area and prolonging CLM development time, 

compared to control. Besides, coffee seedlings inoculated with M. robertsii had greater leaf 

area than seedlings with M. brunneum and control. Our results showed that M. brunneum and 

M. robertsii associated with coffee seedling roots promoting protection against CLM and M. 

robertsii also improve coffee seedling growth. Therefore, these Metarhizium species could be 

considered for the development of inoculants for coffee seedlings.  

Keywords: Endophytes, coffee leaf miner, Metarhizium robertsii, Metarhizium brunneum. 
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1 Introduction  

The fungal genera Metarhizium (Hypocreales: Clavicipitaceae) can infect arthropods 

(Brunner-Mendoza et al., 2019; David, 1967; Jaramillo et al., 2015; Meyling and Eilenberg, 

2007) and endophytically colonize plants (Behie et al., 2012; Behie and Bidochka, 2014; Fisher 

et al., 2011; Keyser et al., 2015; Krell et al., 2018). Metarhizium species cause fungal diseases 

in economically important arthropod pests, such as termites, locusts, grasshoppers, 

cockroaches, white flies, thrips, mosquitoes and ticks (Zimmermann, 2007; Roberts and Hajek, 

1992), which made them are important tools to biological control (Brunner-Mendoza et al., 

2019; Kepler et al., 2015). The use of Metarhizium as biological agent is made mainly as an 

inundative control (Roberts and Hajek, 1992) and there are several commercial products based 

on Metarhizium registered around the world (Zimmermann, 2007). 

Metarhizium species in association with the host plant can confer benefits as growth 

promotion (Ahmad et al., 2020; Jaber and Araj, 2018; Liao et al., 2014), nutrient transfer (Behie 

et al., 2012) and protection against insect pests (Ahmad et al., 2020; Jaber and Araj, 2018) and 

diseases (Chairin and Petcharat, 2017; Sasan and Bidochka, 2013). In turn, the host plant 

provides fungi with photosynthetic compounds (Behie et al., 2017). This association can be 

endophytic (Behie et al., 2012) or rhizosphere competence (Hu and Leger, 2002). Endophytic 

fungi develop within plant tissues without causing any noticeable symptoms of disease in the 

plant (Mantzoukas and Eliopoulos, 2020; Wilson, 1995). On other hand, rhizosphere-

competence fungi grow in the rhizosphere without colonize plant tissues (Morgan et al., 2005). 

Metarhizium species associate with root (Ahmad et al., 2020; Behie et al., 2015), stem and leaf 

(Ahmad et al., 2020; Batta, 2013). However, the most common is inhabit root (Ahmad et al., 

2020; Bamisile et al., 2018; Wyrebek et al., 2011).  

 The ability of Metarhizium species to associate with plants is also corroborated by 

genomic studies. Gao and collaborators showed in a phylogenomic study that Metarhizium 
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genus is more closely related to the grass endophytes, Claviceps and Epichloë than to animal 

pathogens (Gao et al., 2011). They also showed that the genus harbors genes that codify plant 

degrading enzymes in its genomes, which is indicative that Metarhizium genus may have 

evolved from a plant symbiont lineage, as it was also proposed by Spatafora et al. (2007). Some 

species in the genus have not left the role as plant symbionts, and subsequently acquired the 

ability to infect and kill insects (Barelli et al., 2016; Hu et al., 2014). 

Colonization of plant roots by fungi increases the surface area from which plants can 

scavenge nutrients, facilitating the absorption of soil nutrients, which results in increased 

photosynthetic ability and enhanced plant growth (Clark and Zeto, 2000). The protection 

against herbivores could be due production of fungal secondary metabolites in plant. 

Metarhizium can produce destruxins (Roberts, 1981), a secondary metabolite toxic to insects 

that was detected in cowpea plants (Golo et al., 2014), potato (Ríos-Moreno et al., 2016) and 

tomato leaves (Resquín-Romero et al., 2016). These responses in plant can be play by abscisic 

acid (ABA) which reduces immune responses during endophytic colonization by Metarhizium 

robertsii and induces immune responses to pathogenic colonization by Fusarium solani, during 

the early stages of fungal infection in bean plants (Hu and Bidochka, 2021). However, some 

studies appointee that protection can be caused by the induction of plant resistance, since the 

fungi colonization can at first be recognized as potential invaders triggering immune responses 

such as transcription factors involved in the resistance against herbivores (Brotman et al., 2013; 

McKinnon et al., 2017). 

Several studies have reported the indirect negative effects of Metarhizium species on 

herbivores feeding in above ground plant parts, however most of the then did not described the 

mechanism that is triggering these effects. Canassa et al. (2019) found that root colonization of 

Phaseolus vulgaris by M. robertsii can suppress spider mites feeding on above ground and 

improve plant growth. Metarhizium. brunneum inoculated on the roots of sweet pepper 
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Capsicum annum increased plant growth and prolonged development time, delayed onset of 

reproduction, and reduced birth rate of Myzus persicae (Jaber and Araj, 2018). Maize seeds 

treated with M. brunneum, M. anisopliae and M. robertsii increase leaf collar formation, stalk 

length, average ear biomass and average stalk and foliage biomass (Liao et al., 2014).  

The coffee leaf miner (CLM) Leucoptera coffeella (Lepidoptera: Lyonetiidae) is a pest 

that damage coffee plants since the nursery, which reduces the seedlings quality through the 

reduction of leaf area and defoliation (Reis et al. 2002, Tomaz et al., 2015). This pest often 

attains high population levels in many coffee production regions in Brazil, which may cause 

defoliation up to 70%, reducing coffee yields by 50% (Reis and Souza, 1996). Thus, it is 

important to produce healthy coffee seedlings in order to avoid planting CLM infested 

seedlings. The use of microbes as inoculant to promote plant health may protects coffee 

seedlings against CLM, consequently, avoid high CLM infestations in coffee crops. Therefore, 

studies about a potential coffee seedling inoculant can provide a control strategy for this pest. 

During our field studies, we isolated M. robertsii and M. brunneum, by bait insect method 

(Zimmermann, 1986), from coffee roots collected in a diversified coffee system in the 

Patrocínio in Cerrado of Minas Gerais. Here, we evaluated the two Metarhizium species 

inoculated in coffee seedlings roots by soil drench and hypothesize that (a) Metarhizium spp. 

indirectly promotes protection against CLM by colonization of coffee roots and (b) improves 

the seedlings growth.  

 

2 Material and Methods 

2.1 Fungal isolates, plants and insects 

We used the entomopathogenic fungi (EPF) isolates RD-20.114 of M. robertsii and RD-

20.120 of M. brunneum, kept in tube with slant PDA at 5 ºC. We obtained these two isolates 

from coffee roots, using the Tenebrio molitor (Coleoptera: Tenebrionidae) larvae as a bait insect 
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(Fisher et al., 2011; Zimmermann, 1986), collected in a diversified coffee system at 

Experimental Research Station of Agriculture and Livestock Research Enterprise of Minas 

Gerais (EPAMIG) in Patrocínio, Cerrado region of Minas Gerais. 

The coffee seedlings - variety “IAC 44” - were obtained from the coffee nursery of the 

Plant Pathology Department of the Federal University of Viçosa (UFV) - Viçosa, MG, Brazil. 

They were three month old after the sowing the seed (“orelha de onça” stage: the first two 

round-shaped leaves). These seedlings were cultivated without pesticides application and were 

fully inspected to ensure the absence of pests and diseases before setting up the experiment. 

The coffee seedlings were transplanted in 3 l pots containing substrate (MecPlant®) and kept 

in a greenhouse until fungal inoculation. Seedling fertilization was done monthly containing 

with 4g l-1 of ammonium sulfate. The irrigation was done with 30 ml of water per seedling 

every two days. The experiment was set up three months after the transplantation, when plants 

had at least six pairs of leaves. 

We collected CLM infested leaves from plants at Diogo Alves de Mello Experimental 

Station at UFV - Viçosa, MG, Brazil. The rearing was kept in the Laboratory of Agroecology 

of EPAMIG - Viçosa, MG, Brazil, at 23±1 ºC and 12:12 (L:D). Mined leaves were maintained 

in transparent acrylic cages (40 ×40 × 40 cm) with their petioles inserted into plastic boxes (20 

× 10 cm) with foam sections soaked in water. When adults emerged from infested leaves, we 

transferred them to new cages with clean coffee leaves to allow the continuity of CLM life cycle 

(Martins et al., 2021). 

 

2.2 Fungal suspensions 

Metarhizium robertsii and M. brunneum from stock cultures were plated on Petri dishes 

(9 cm diameter) containing potato dextrose agar (PDA) supplemented with 0.05 g l-1 

chloramphenicol and incubated in darkness at 26 °C for 15 days. We autoclaved bags with 100 
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g of rice (polished parboiled type 1) with 30 ml of sterile distilled water for 15 minutes at 1.0 

atm pressure to 120 ºC. After that, the bags were kept inside of laminar flow until the complete 

cooling. Subsequently, Metarhizium conidia were harvested from the Petri dishes and 

inoculated into the plastic bags containing rice. Rice bags were kept t in darkness at 26 °C for 

7 days. After that, rice grains with conidia were suspended in sterile Tween solution 0.05%. 

Subsequently, the suspensions were filtrated twice using a two layers sterile cheesecloth for 

removing rice grains and hyphal fragments and vortexed for 30 seconds.  

The concentration of suspensions was adjusted to 1×108 conidia ml−1 in sterile tween 

solution 0.05%. We checked conidial viability by transferring 150 μl of the suspension onto 

Petri dishes (9 cm diameter) with PDA + chloramphenicol (0.05 g l-1) and counted germinated 

conidia after 24 h, at 26 °C. Suspension of both isolates presented germination rates higher than 

98%.  

 

2.3 Treatments 

We inoculated, by soil drench, 30 ml of the suspension of each isolate at the soil close to 

the coffee seedling stem. Controls received 30 ml of sterile solution of Tween 0.05%. The three 

treatments were M. robertsii, M. brunneum and control with 20 coffee seedlings for each 

treatment. Each potted coffee seedling was kept in a cylindric cage (30 cm diameter x 60 cm 

height) made with wire rod (3 mm diameter) and covered with voile (Figure 1). The experiment 

was maintained into a greenhouse at the Laboratory of Insect‐Microorganism Interactions, 

UFV.  

 

2.4 Effects of M. robertsii and M. brunneum on CLM 

Eight days after coffee seedling had received the treatments, we infested each seedling 

with two couples of CLM. After 48 h, we removed the adults and counted the eggs laid by the 



102 
 

 

females on each seedling with a pocket magnifier. From this time, we daily evaluated CLM 

development time and the number of mines, pupae and adults on each seedling. The seedlings 

were evaluated until there was no more adult emergence, about to 40 days. In the last evaluation 

day, we removed all leaves from seedling and took pictures of them. We evaluated the 

percentage of mined leaf area, measuring the total leaf area and mined area of the pictures with 

the ImageJ software (Abramoff et al., 2004). 

We evaluated the survival and reproductive performance of CLM adults emerged from 

seedlings. For this, we used 26 CLM couples formed from adults emerged from M. robertsii, 

30 from M. brunneum and 30 from control. Each couple was placed an inside plastic pot (500 

ml) containing one clean and untreated coffee leaf from coffee seedlings maintained in 

greenhouse, covered with PVC plastic. The leaf petiole was inserted in a plastic container (3 

ml) with water to maintain leaf turgidity (Martins et al., 2021). We evaluated the survival of 

males and females and number of eggs per female under microscope daily until their death. 

 

2.5 Effects of M. robertsii and M. brunneum on coffee seedling growth 

To evaluate whether Metarhizium species have the potential to promote the growth of 

coffee seedlings, we evaluated the number of leaves, leaf area, length of aerial part and root, 

stem diameter, and fresh and dry weight of aerial part and roots. Since we used seedlings with 

different initial sizes, we measured the length of aerial part and the number of leaves of each 

coffee seedling prior to treatments. At the end of the experiment, 43 days after fungal 

inoculation, we repeated aerial part measurement and leaf counting. Then, we subtract the initial 

values from final values and evaluated the gain during the experiment. We used the ImageJ 

software to measure leaf area, tape measure to evaluate the length, digital caliper to measure 

the diameters and a precision balance to evaluate the weight. 
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2.6 Evaluation of the colonization of M. robertsii and M. brunneum in coffee seedlings roots 

We collected roots from inoculated and non-inoculated coffee seedlings at the end of the 

experiment, in order to evaluate the presence or absence of Metarhizium. We shake each root 

in a standardized manner to remove non-rhizosphere soil. Subsequently, we ground 2 g of roots 

of each plant individually with mortar and pestle and then suspended them in 5 ml of sterile 

Tween solution at 0.01%, in a Falcon® tube (15 ml). Tubes were rotated for one hour in a rotary 

shaker at 150 rpm (Lacey, 2012). The suspensions were then vortexed for 15 seconds and an 

aliquot of a 100 µl from each suspension were plated in three Petri dishes (9 cm diameter) with 

selective medium, and spread with a sterile Drigalski spatula. We used a selective medium with 

10 g peptone, 20 g dextrose, 15 g agar, and 1 L distilled water. After sterilizing the medium, 

we added 0.05 g l-1 of cycloheximide and tetracycline, 0.6 g l-1 streptomycin and 0.175 g l-1 

CTAB (cetyltrimethylammonium bromide) (Kepler et al., 2015). Petri dishes were incubated in 

darkness at 26 °C for 14 days. After the incubation period, we evaluated the frequency of fungal 

colonization in roots. From the inoculated plants, only the plant that present at least one 

Metarhizium colony were considered positive for fungal association. 

 

2.8 Statistical analyses 

We used inoculation, M. robertsii, M. brunneum and control, as explanatory variables to 

investigate the effect of Metarhizium species on CLM parameters and coffee seedling growth. 

Survival analyses with censored Weibull distributions was carried out to test CLM development 

time. We used generalized linear mixed models (GLM) adjusted to Poisson distribution to 

analyze CLM count data of number of eggs, mines, pupae and emerged adults per plant. 

Analyses were ANOVA with χ2 tests and pairwise comparisons were performed by emmeans 

(Lenth et al., 2021). For percentage of mined leaf area, we used Analysis of Deviance and 

pairwise comparisons were performed by emmeans. From emerged CLM adults, we examined 
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the survival of males and females by survival analyses with exponential distribution. For 

numbers of eggs per emerged CLM female, we used GLM adjusted to Poisson distribution and 

analyzed by ANOVA with χ2 tests. To examine coffee seedling growth variables (number of 

leaves, leaf area, stem diameter, length of roots and aerial part, fresh and dry mass of roots and 

aerial part) we used Analysis of Deviance test and pairwise comparisons were performed by 

emmeans. To examine the frequencies with which the fungi were re-isolated in coffee seedling 

roots, they were scored as positive or negative for M. robertsii or M. brunneum. Based on the 

confirmation of the colonization by Metarhizium species we excluded the inoculated coffee 

seedlings that was negative for fungus from the analyses. We used R (R Core Team, 2018) to 

analyze all data. 

 

3 Results  

3.1 Effects of M. robertsii and M. brunneum on CLM 

In coffee seedlings inoculated with M. robertsii (z=2.39, p=0.04) and M. brunneum 

(z=5.68, p<0.001) CLM presented delayed of two days on developmental time, compared to 

control treatment (Figure 2). There was no difference on CML development time between M. 

robertsii and M. brunneum (z=1.95, p=0.12, Figure 2). However, the inoculation of both fungi 

did not decrease the numbers of eggs (χ²=1.95, p=0.88, df=2, Figure 3A), mines (χ²=24.43, 

p=0.11, df=2, Figure 3B) and pupae (χ²=26.59, p=0.11, df=2, Figure 3C). Nevertheless, the 

inoculation of M. robertsii reduced the numbers of CLM emerged adults by a third, compared 

to control treatment (z=2.86, p=0.01, Figure 3D). Additionally, the percentage of mined leaf 

area was lower in M. robertsii (0.08±0.02 cm2, t=7.68, p<0.001) and M. brunneum (0.28±0.10 

cm2, t=6.11, p<0.001) treatments, compared to control treatment (1.38±0.17 cm2) (Figure 4). 

There was no difference of mined leaf area between M. robertsii and M. brunneum (t= 1.09, 

p=0.52, Figure 4). 
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The survival of emerged females (χ²=3.37, p=0.18, df=2) and males (χ²=2.82, p=0.24, 

df=2) were similar in all treatments. The number of eggs per emerged female was two times 

lower in M. robertsii treatment compared to control treatment (z=2.46, p=0.03, Figure 5). 

However, there was no difference between M. brunneum and control treatment (z=1.89, p=0.13, 

Figure 5) and M. robertsii (z=0.77, p=0.71, Figure 5) 

 

3.2 Effects of M. robertsii and M. brunneum on coffee seedlings growth 

The number of leaves (F=1.55, p=0.22, df=2; Figure 6A), length of aerial part (F=0.37, 

p=0.68, df=2; Figure 6B) and roots (F=0.29, p=0.743, df=2; Figure 6C), stem diameter (F=1.23, 

p=0.30, df=2; Figure 6D), fresh mass of roots (F=0.19, p=0.82, df=2; Figure 6E) and aerial part 

(F=0.29, p=0.74, df=2; Figure 6F) and dry mass of roots (F=0.78, p=0.46, df=2; Figure 6G) and 

aerial part (F=0.37, p=0.69, df=2; Figure 6H) were similar in all treatments. However, the 

inoculation of M. robertsii in coffee seedlings increased 30% the leaf area compared to control 

treatment (t= 6.253, p<0.001; Figure 6I). 

 

3.3 Colonization of M. robertsii and M. brunneum in coffee seedlings roots 

Both isolates were recovered from fungus treated coffee seedlings roots.  At 43 days after 

the inoculations, M. robertsii was recovered in 90% of coffee seedlings roots and M. brunneum 

from 75% of coffee seedlings roots (Figure 7). Besides, no Metarhizium isolate was recovered 

from coffee seedlings roots of control treatment (Figure 7). 

 

4 Discussion 

Both isolates promoted some level of protection against CLM in coffee seedlings, 

reducing percentage of mined leaf area and prolonging development time, supporting our 
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hypothesis. Besides, M. robertsii inoculation reduced the numbers of adults and the number of 

eggs per females, that emerged from inoculated plants. Endophytic EPF may promote 

protection against pests, increasing rates of infection and mortality of insect pests (Ahmad et 

al., 2020; Canassa et al., 2019; Jaber and Araj, 2018). It has been suggested that the mechanisms 

of these systemic responses are that fungal metabolites could be excreted and transported 

through plant vascular system, either directly affecting herbivores or mediating indirect effects 

through the upregulation of plant defenses (Jaber and Ownley, 2018). The fungal metabolites 

could be alkaloids, saponins, tannins, phenolic acids, steroids, quinones and terpenoids, that 

serve as storehouse of unique bioactive secondary metabolites and as insect antagonist (Gouda 

et al., 2016). Besides, endophytes possibly induce changes in volatile emissions, what can 

influence the host selection of insect for oviposition (Jallow et al., 2008).  

Insect feeding mode is an important aspect to consider in indirectly protect against pest 

by endophytic EPF, because chewing, sucking, mining and galling insects often respond 

differently to plant defenses (Gange et al., 2019). Sucking insects are more strongly affected to 

endophytic EPF inoculation than chewing, mining and galling insects (Gange et al., 2019), 

because fungal metabolites could be excreted and transported through plant vasculature (Jaber 

and Ownley, 2018). It is argued that intracellular entomopathogenic fungal growth is limited 

(Ullrich et al., 2017). Here, we investigated the indirect protection by Metarhizium spp. against 

a mining insect and we found negatives effects when it was in mining stage, decreasing 

percentage of mined leaf area. Therefore, our results suggested that Metarhizium inoculation 

can affect mining insect even though intercellular growth is thought to be limited (Ullrich et al., 

2017). 

The mutualistic association of Metarhizium with plant hosts was reposted as endophytic 

or rhizosphere competent. An endophytic fungus can develop within plant tissues without 

causing any noticeable symptoms of disease (Mantzoukas and Eliopoulos, 2020; Wilson, 1995). 
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On other hand, rhizosphere-competent fungi grow preferentially in the rhizosphere without 

colonizing plant internal tissues (Morgan et al., 2005). Because we did not sterilize the surface 

of coffee seedling roots, it was not possible to prove that Metarhizium spp. colonized them as 

endophytic or growing on the root surface. Despite this, we recovered Metarhizium spp. without 

root surface sterilization due to porous root tissues (Taiz et al., 2017), which sterilizing liquids 

can penetrate and eliminate all of the viable endophytic propagules. Barelli et al. (2018) 

reported a failure to recover Metarhizium from surface sterilized bean roots. The authors 

believed that it was due to excessive time or concentration of sodium hypochlorite used as 

sterilizing. Therefore, it is necessary molecular techniques that detect DNA from the 

entomopathogenic fungal endophyte directly from plant tissue (McKinnon, 2016), however, it 

become more expensive the detection of endophytic relation. So far, our aim was to show that 

Metarhizium spp. colonize coffee roots, regardless whether it is endophytic or rhizosphere-

competence, as initial stages of Metarhizium endophytic colonization involves rhizoplane 

colonization (Barelli et al., 2018). Likewise, in both association, fungi can promote plant growth 

and protection against pests (Behie et al., 2012; Behie and Bidochka, 2014; Jaber and Araj, 

2018) and the EPF fungal/plant associations is transient, as these fungi cannot growth 

systematically in plant tissues (Barelli et al., 2018). 

The inoculation with M. robertsii increased the total leaf area of coffee seedlings, 

indicating that this fungal act as growth promoter in coffee seedlings. EPF colonization may 

increase plant growth by facilitating nutrient uptake through plant root system or translocate 

nitrogen from soil insect cadavers to plant in exchange for carbon. (Bamisile et al., 2018; Behie 

et al., 2012). During our literature review, we did not find any study about Metarhizium spp. 

inoculation in coffee plants. However, studies with other crops have shown that M. brunneum 

inoculation also improves growth plants (Jaber and Araj, 2018; Liao et al., 2014). Although we 

recovered M. brunneum in coffee roots, the isolate did not improve any growth plant variable, 
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thus, our second hypothesis was not completely supported. The ability of Metarhizium to 

colonize plant tissues varies by fungal species and strain, environmental conditions and host 

species (Lovett and St. Leger, 2015). Metarhizium robertsii occurs region of both earth 

hemispheres and it is most common found associated to soil and rhizosphere (Sasan and 

Bidochka, 2012). On the other hand, M. brunneum is more restrict on north hemisphere, grow 

better at low temperatures and shows reduced growth at high temperatures and sensitivity to 

high UV radiation (Bidochka and Small, 2005). This species is most abundant in soil and 

rhizosphere of temperate areas (Bidochka and Small, 2005). This could partially explain why 

M. robertsii promotes more growth and protection effects than M. brunneum in our 

experiments. 

The development of microbial inoculants that improve coffee seedling growth and have 

negative effects on CLM is a promissory strategy for reducing of costs with fertilizers and 

pesticides. More than, it represents a safe strategy to the environmental and human health, 

which are financially immeasurable. Our results are consistent with studies that report the 

indirect effect of EPF on reducing insect herbivore damage. The most common effects reported 

are the delay in the insect developmental time, feeding deterrence, retardation of insect growth, 

reduction survival and oviposition (reviewed in Bamisile et al., 2018). Studies about inoculation 

of entomopathogenic fungi in coffee are restricted to Beauveria bassiana (Posada et al., 2007; 

Posada and Vega, 2006), a biological control agent of coffee berry borer Hypothenemus hampei 

Ferrari (Coleoptera: Curculionidae), another key coffee pest worldwide (Oliveira et al., 2013). 

Our study is novel about Metarhizium spp. and their colonization in coffee roots by soil drench, 

which improves growth plant and protection against CLM. Therefore, our results suggesting M. 

brunneum and M. robertsii could be considered for the development of inoculants for coffee 

seedlings. Further studies are necessary to test the viability of using such strategy in adult coffee 

plants in the field.  
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Figures 

 

Figure 1 Draft of cylindric cage with coffee seedling 

 

 
Figure 2 Development time from egg to adult of L. coffeella in coffee seedlings with M. 

robertsii and M. brunneum inoculation by soil drench. Inoculation of 30 ml of each isolate 

suspension (108) to the surface of the soil in each coffee seedling and control received sterile 

solution of Tween 0.05 %. Analyses are presented in the text. 

D
e
v
e
lo

p
m

e
n
t 
ti
m

e
 o

f 
L
. 
c
o
ff

e
e
ll
a

Control

M. brunneum

M. robertsii

Time (days)



118 
 

 

 
Figure 3 Development of L. coffeella in coffee seedlings with M. robertsii and M. brunneum 

inoculation by soil drench. (A) number of eggs; (B) number of mines; (C) number of pupae; 

(D) number of adults. Inoculation of 30 ml of each isolate suspension (108) to the surface of the 

soil in each coffee seedling and control received sterile solution of Tween 0.05 %. Analyses are 

presented in the text.  Bars with same letter have no significant differences. 

 

 
Figure 4 Percentage of mined leaf area by L. coffeella in coffee seedlings with M. robertsii and 

M. brunneum inoculation by soil drench. Inoculation of 30 ml of each isolate suspension (108) 

to the surface of the soil in each coffee seedling and control received sterile solution of Tween 

0.05 %. Analyses are presented in the text. Bars with same letter have no significant differences. 
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Figure 5 Number of eggs per female of L. coffeella emerged in coffee seedlings with M. 

robertsii and M. brunneum inoculation by soil drench Inoculation of 30 ml of each isolate 

suspension (108) to the surface of the soil in each coffee seedling and control received sterile 

solution of Tween 0.05 %. Analyses are presented in the text. Bars with same letter have no 

significant differences. 
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Figure 6 Variables of growth of coffee seedlings with M. robertsii and M. brunneum inoculation 

by soil drench. (A) number of leaves; (B) length of aerial part; (C) length of roots; (D) stem 

diameter; (E) fresh mass of roots; (F) fresh mass of aerial part; (G) dry mass of roots; (H) dry 

mass of aerial part; (I) leaf area. Inoculation of 30 ml of each isolate suspension (108) to the 

surface of the soil in each coffee seedling and control received sterile solution of Tween 0.05%. 

Analyses are presented in the text. Bars with same letter have no significant differences.  
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Figure 7 Confirmation of M. robertsii and M. brunneum coffee roots colonization by soil 

drench. Inoculation of 30 ml of each isolate suspension (108) to the surface of the soil in each 

coffee seedling and control received sterile solution of Tween 0.05% 

Control M. brunneum M. robertsii
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Supplementary material 

 

Appendix 1. Agronomic practices in the plots with diversified and conventional coffee systems 
in the Experimental Research Station of EPAMIG Patrocínio, state of Minas Gerais, Brazil.  

Agronomic practices Date Diversified coffee system Conventional coffee system 

Soil fertilization 

Dec 2018 Urea (750 kg/ha) Urea (750 kg/ha) 
Feb 2019 NPK 20-05-20 (500 kg/ha) NPK 20-05-20 (500 kg/ha) 

Oct 2019 
Limestone (1.5 t/ha); Gypsum 
(750 kg/ha); Simple 
superphosphate (500 kg/ha) 

Limestone (1.5 t/ha); Gypsum 
(750 kg/ha); Simple 
superphosphate (500 kg/ha) 

Nov 2019 Urea (300 kg/ha) Urea (300 kg/ha) 
Jan 2020 NPK 20-05-20 (500 kg/ha) NPK 20-05-20 (500 kg/ha) 
Mar 2020 NPK 20-00-20 (400 kg/ha) NPK 20-00-20 (400 kg/ha) 
Nov 2020 NPK 20-05-20 (500 kg/ha) NPK 20-05-20 (500 kg/ha) 

Dez 2020 
Simple superphosphate (500 
kg/ha) 

Simple superphosphate (500 
kg/ha) 

Feb 2021 NPK 20-05-20 (500 kg/ha) NPK 20-05-20 (500 kg/ha) 
Coffee husk compost Dec 2018 5 kg/linear meter 5 kg/linear meter 

Foliar fertilization 1 

Dec 2018 Fert Max® (5kg/ha) Fert Max® (5kg/ha) 
Feb 2019 Fert Max® (5kg/ha) Fert Max® (5kg/ha) 
Dec 2019 Fert Max® (5kg/ha) ----- 
Feb 2020 ----- Fert Max® (5kg/ha) 
Mar 2020 Fert Max® (5kg/ha) ----- 

Jan 2021 
Quimifol Café Cerrado L® (2 
l/ha) 

Quimifol Café Cerrado L® (2 
l/ha) 

Apr 2021 
Quimifol Café Cerrado L® (2 
l/ha) 

Quimifol Café Cerrado L® (2 
l/ha) 

Insecticide 2 

Feb 2019 ----- Curbix® (2.5 l/ha) 
Feb 2020 ----- Curbix® (2.5 l/ha) 
Jan 2021 ----- Curbix® (2.5 l/ha) 
Apr 2021 ----- Curbix® (2.5 l/ha) 

Insecticide /Acaricide 2 

Dec 2018 ----- Batent® (0.4 l/ha) 
Feb 2019 ----- Batent® (0.4 l/ha) 

Feb 2020 ----- Batent® (0.4 l/ha) 

Jan 2021 ----- Abamectin® (0.4 l/ha) 

Apr 2021 ----- Abamectin® (0.4 l/ha) 

Fungicide 2 

Dec 2018 ----- 
Opera® (1.5 l/ha) and Kocide® 
(1.5 kg/ha) 

Feb 2019 ----- 
Opera® (1.5 l/ha) and Kocide® 
(1.5 kg/ha) 

Dec 2019 Kocide® (1.5 kg/ha) ----- 

Feb 2020 ----- 
Opera® (1.5 l/ha) and Kocide® 
(1.5 kg/ha) 

Marr 2020 Kocide® (1.5 kg/ha) ----- 

Jan 2021 Kocide® (1.75 kg/ha) 
Opera® (1.5 l/ha), Kocide® (1.75 
kg/ha) and Cantus (0.15 kg/ha) 

Apr 2021 Kocide® (1.75 kg/ha) 
Opera® (1.5 l/ha), Kocide® (1.75 
kg/ha) and Cantus (0.15 kg/ha) 

Insecticide/Fungicide 2 
Dec 2019 ----- Verdadero® 600 WG (1 kg/ha) 
Dec 2020 ----- Verdadero® 600 WG (1 kg/ha) 
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Herbicide 2 

May 2019 ----- 
Zafera® (1 kg/ha) and Aminol® 
(1 l/ha) 

Nov 2019 ----- 
Zafera® (1 kg/ha) and Aminol® 
(1 l/ha) 

May 2020 ----- 
Zafera® (1 kg/ha) and Aminol® 
(1 l/ha) 

Sodium hypochlorite 

Dec 2019 1% Solution ----- 
Mar 2020 1% Solution ----- 
Jan 2021 1% Solution ----- 
Apr 2021 1% Solution ----- 

Mechanical suppression 
of non-crop plants 

Jun 2019 Suppressed up to 10 cm Suppressed up to 10 cm 
Jan 2020 Suppressed up to 50 cm Suppressed up to 10 cm 
Mar 2020 Suppressed up to 50 cm Suppressed up to 10 cm 
Jun 2020 Suppressed up to 10 cm Suppressed up to 10 cm 
Dec 2020 Suppressed up to 50 cm Suppressed up to 10 cm 
Mar 2021 Suppressed up to 50 cm Suppressed up to 10 cm 

Manual suppression of 
non-crop plants 
suppression 3 

Mar 2019 Done Done 
Apr 2019 Done Done 
Sep 2019 Done Done 
Mar 2020 Done Done 
Apr 2020 Done Done 

May Done Done 

Coffee harvest 
Jun 2019 Done Done 
Jun 2020 Done Done 
May 2021 Done Done 

‘Repase’ 4 
Oct 2019 Done Done 
Oct 2020 Done Done 
Oct 2021 Done Done 

1 Fert Max ®: potassium (10%), magnesium (2%), sulfur (8.26%), boron (6%), manganese (8%), molybdenum 
(0.10%) and zinc (3%); Quimifol Café Cerrado L®: nitrogen (10%), boron (1%), manganese (4%), copper (0.5%) 
and zinc (6%). 
2 Opera® (pyraclostrobin: strobilurin + epoxiconazole: triazole); Verdadero® 600 WG (thiamethoxam: 
neonicotinoid + cyproconazole: triazole); Batent® (Abamectin: avermectin); Kocide® (copper hydroxide: 
inorganic); Curbix® (ethiprole: phenylpyrazole); Aminol® (2,4-dichlorophenoxy: aryloxy alkanoic acid); 
Zafera® (glyphosate: substituted glycine); Abamectin® (Abamectin: avermectin); Cantus® (boscalid: pyridine–
carboxamide). All the pesticides were applied with mineral oil as adjuvant Agefix® (0.5%). 
3 Manual suppression uses hoe around the diversified plants and in the flaws in the coffee row. 
4 ‘Repase’ involves the collection of every coffee berry of all possible stages from the ground, immediately after 
the harvest. 
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GENERAL CONCLUSION 

The density and activity of Metarhizium spp. were higher in diversified coffee system 

with the species I. edulis, V. curassavica, S. macranthera and non-crop plants in the Cerrado of 

Minas Gerais.  

Beta-glucosidase, enzyme involved in organic matter decomposition, has more activity 

in soil of diversified coffee system. The coffee fruits are weightier in this coffee system. Thus, 

together with other ecosystem services, such as pollination and biological control by 

entomophagous, plant diversification has the potential of conserving Metarhizium spp. in soil 

and improving coffee yield. 

Metarhizium spp. associates with roots of I. edulis, V. curassavica, S. macranthera, G. 

spicatum, C. bonariensis, S. americanum, B. pilosa, A. conyzoides and S. cordifolia. Therefore, 

these plants improve the maintenance of Metarhizium spp. in the coffee crop. 

Metarhizium brunneum and M. robertsii colonization in coffee roots by soil drench 

improve growth plant and protection against coffee leaf miner (L. coffeella) in coffee seedlings. 

Therefore, these species have potential as inoculates of coffee seedlings. 

 


