
 

 

ÍTALO DOS SANTOS FARIA MARCOSSI 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

TOP-DOWN CONTROL OF A HERBIVORE AND PATHOGEN BY GENERALIST 
PREDATORY MITES ON TOMATO PLANTS 

 
 
 
 
 
 
 
 

Thesis submitted to the Entomology Graduate 
Program of the Universidade Federal de Viçosa in 
partial fulfillment of the requirements for the 
degree of Doctor Scientiae. 
 
Advisor: Angelo Pallini 
 
Co-advisor: Madelaine Venzon 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

VIÇOSA - MINAS GERAIS 
2023 



Ficha catalográfica elaborada pela Biblioteca Central da Universidade
Federal de Viçosa - Campus Viçosa

 
T
  Marcossi, Ítalo dos Santos Faria, 1994-
M321t
2023

        Top-down control of a herbivore and pathogen bygeneralist
predatory mites on tomato plants / Ítalo dos Santos Faria
Marcossi. – Viçosa, MG, 2023.

          1 tese eletrônica (96 f.): il. (algumas color.).
   
          Texto em inglês.
          Orientador: Ângelo Pallini Filho.
          Tese (doutorado) - Universidade Federal de Viçosa,

Departamento de Entomologia, 2023.
          Inclui bibliografia.
          DOI: https://doi.org/10.47328/ufvbbt.2023.538
          Modo de acesso: World Wide Web.
   
          1. Ácaros no controle biológico de pragas. 2. Iolinidae.

3. Phytoseiidae. 4. Tomate - Doenças e pragas - Controle
biológico. 5. Oídio. I. Pallini Filho, Ângelo, 1965-.
II. Universidade Federal de Viçosa. Departamento de
Entomologia. Programa de Pós-Graduação em Entomologia.
III. Título.

   
CDD 22. ed. 595.42

 

Bibliotecário(a) responsável: Bruna Silva CRB-6/2552



ÍTALO DOS SANTOS FARIA MARCOSSI 
 
 
 
 
 
 
 
 
 
 
 
 

TOP-DOWN CONTROL OF A HERBIVORE AND PATHOGEN BY 
GENERALIST PREDATORY MITES ON TOMATO PLANTS 

 
 
 
 
Thesis submitted to the Entomology 
Graduate Program of the Universidade 
Federal de Viçosa in partial fulfillment of the 
requirements for the degree of Doctor 

Scientiae. 
 

 

 

APPROVED: July 13, 2023 

 

 

Assent: 

 

 

 

Ítalo dos Santos Faria Marcossi 
Author 

 
 

 

 

Angelo Pallini Filho 
Advisor 



 

 

ACKNOWLEDGMENTS 

Primeiramente quero agradecer a Deus por tudo que Ele é.  

Agradeço a toda minha família. 

À Ana Lígia e o Joaquim (sim tive um filho no meio disso tudo) minha nova família.  

Aos meus queridos orientadores por todos os ensinamentos no decorrer do trabalho, mesmo 

eu não sabendo explicar o que pretendia fazer na maioria das vezes.  

A todos os amigos e colegas do Laboratório de Acarologia, 6 anos nessa cidade!!! 

Aos professores e alunos do programa de Pós-Graduação em Entomologia pelo convívio. 

À Universidade Federal de Viçosa e ao Programa de Pós-Graduação em Entomologia pela 

oportunidade e pela qualidade institucional.  

O presente trabalho foi realizado com apoio da Coordenação de Aperfeiçoamento de Pessoal 

de Nível Superior – Brasil (CAPES) – Código de Financiamento 001. 

A Koppert pela experiência e maior contato com o mundo rela do controle biológico, e o 

auxílio financeiro nesse estudo. 

Ao Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), a Coordenação 

de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) e a Fundação de Amparo à 

Pesquisa de Minas Gerais (FAPEMIG) pela bolsa de estudo e o financiamento do projeto. 

 

  



 

 

ABSTRACT 

MARCOSSI, Ítalo dos Santos Faria, D.Sc., Universidade Federal de Viçosa, July, 2023. Top-
down control of a herbivore and pathogen by generalist predatory mites on tomato plants. 
Adviser: Angelo Pallini Filho. Co-adviser: Madelaine Venzon. 

 

The widespread use of pesticides in agriculture poses significant challenges to human health 

and ecosystems globally. There is therefore a growing need for alternative pest control 

strategies to reduce pesticide usage. Augmentative biological control, which involves releasing 

natural enemies into crops to suppress pests, is a promising approach within integrated pest 

management programs. While there have been successful cases of augmentative biological 

control, factors such as pesticide use, the selection of natural enemies and plant defence 

mechanisms can impact its effectiveness. In this thesis, I investigate the use of predatory mites 

as natural enemies to control two important tomato pests, Bemisia tabaci (whitefly) and Aculops 

lycopersici (tomato russet mite), as well as the disease caused by Oidium neolycopersici 

(powdery mildew). The focus is on three species of predatory mites associated with tomato 

plants: Amblyseius herbicolus, Amblyseius tamatavensis, and Homeopronematus anconai. In 

Chapter 1, I examine the potential of A. herbicolus and A. tamatavensis to control B. tabaci on 

tomato plants supplemented with alternative food sources, and evaluate their adaptation to the 

tomato plant. In Chapter 2, I investigate the population dynamics of A. lycopersici in the 

presence of A. herbicolus and H. anconai, as well as the ability of H. anconai to mitigate the 

progression of O. neolycopersici. Based on the results of Chapter 2, I explore the occurrence of 

reciprocal intraguild predation between A. herbicolus and H. anconai in the last chapter, and 

investigate the potential impact of this interaction on biological control. I discuss the importance 

of considering factors such as predator adaptation, plant defence mechanisms (e.g., trichomes), 

and interactions among predators in optimizing biological control strategies. The findings here 

can contribute to the development of sustainable pest management practices that reduce 

pesticide use. 

 

Keywords: Biological control. Phytoseiidae. Ionilidae. Whitefly. Tomato russet mite. 
Powdery mildew. 

 

  



 

 

RESUMO 

MARCOSSI, Ítalo dos Santos Faria, D.Sc., Universidade Federal de Viçosa, julho de 2023. 
Controle top-down de herbívoros e patógenos por ácaros predadores generalistas em 
plantas de tomate. Orientador: Angelo Pallini Filho. Coorientadora: Madelaine Venzon. 

 

O uso generalizado de pesticidas na agricultura apresenta desafios significativos para a saúde 

humana e os ecossistemas em todo o mundo. Atualmente, há uma necessidade crescente de 

estratégias alternativas de controle de pragas que reduzam o uso de pesticidas. O controle 

biológico aumentativo, que envolve a liberação de inimigos naturais nas lavouras para suprimir 

as pragas, é uma abordagem promissora dentro dos programas de manejo integrado de pragas. 

Embora existam casos bem-sucedidos de controle biológico aumentativo, fatores como o uso 

de pesticidas, a seleção de inimigos naturais e os mecanismos de defesa das plantas podem 

afetar sua eficácia. Nesta tese, investigo o uso de ácaros predadores como inimigos naturais no 

controle de duas importantes pragas do tomateiro, Bemisia tabaci (mosca branca) e Aculops 

lycopersici (ácaro do bronzeamento do tomateiro), bem como a doença causada por Oidium 

neolycopersici (oídio). O foco está em três espécies de ácaros predadores associados ao 

tomateiro: Amblyseius herbicolus, Amblyseius tamatavensis e Homeopronematus anconai. No 

Capítulo 1, examino o potencial de A. herbicolus e A. tamatavensis em controlar B. tabaci em 

plantas de tomate suplementadas com fontes alternativas de alimento, e avalio a adaptação 

desses predadores à planta de tomate. No Capítulo 2, investigo a dinâmica populacional de A. 

lycopersici na presença de A. herbicolus e H. anconai, bem como a capacidade de H. anconai 

de mitigar a progressão de O. neolycopersici. Com base nos resultados do Capítulo 2, exploro 

a ocorrência de predação recíproca intraguilda entre A. herbicolus e H. anconai no último 

capítulo, investigo o potencial impacto dessa interação no controle biológico. Discuto a 

importância de considerar fatores como adaptação de predadores, mecanismos de defesa da 

planta (por exemplo, tricomas) e interações entre predadores na otimização de estratégias de 

controle biológico. As descobertas aqui podem contribuir para o desenvolvimento de práticas 

sustentáveis de manejo de pragas que reduzem o emprego de pesticidas. 

 

Palavras-chave: Controle biológico. Phytoseiidae. Ionilidae. Mosca-branca. Ácaro do 
bronzeamento do tomateiro. Oídio. 
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GENERAL INTRODUCTION 

The widespread use of pesticides poses a substantial challenge to human health and ecosystems 

around the world (UN Human Rights Council 2017, Hyland et al. 2019; Jepson 2020). 

Pesticides are developed and produced with the aim of suppressing pest levels in crops, but the 

effects of pesticides on target pest densities are typically studied over a single generation 

(Janssen and van Rijn 2021). However, pests often have multiple generations, which leads to 

repeated applications of pesticides and to pest resurgence (Janssen and van Rijn 2021). There 

is a widespread understanding that intensive pesticide application can increase the vulnerability 

of agricultural systems to pest outbreaks and maintain continued dependence on their use 

(Guedes et al. 2016; Jepson 2020). There is therefore a growing demand for alternative pest 

control strategies to reduce pesticide use. 

One alternative pest control strategy, known as augmentative biological control, consists 

of releasing large numbers of natural enemies to suppress the target pest population (van 

Lenteren 2000, 2012; van Lenteren et al. 2018). Nowadays, augmentative biological control is 

applied in many agricultural systems, such as fruit and vegetable crops, cereals, maize, cotton, 

sugarcane, soybean, grapes and many greenhouse crops (van Lenteren et al. 2018). 

Augmentative biological control is part of Integrated Pest Management (IPM) programs, which 

provids an environmentally and economically sound alternative to chemical pest control (van 

Lenteren and Bueno 2003; Cock et al. 2010). 

Although there are many cases of success in the use of augmentative biological control 

in the regulation of pests, most of them concern greenhouse crops (van Lenteren 2012; van 

Lenteren et al. 2018). Several factors can influence the abundance, effectiveness, and 

persistence of biocontrol agents. Obviously, the use of pesticides is the main one (Guedes et al. 

2016; Jepson 2020), but the types of natural enemies used can also lead to an unsatisfactory 

result in biological control (Messelink et al. 2014). The selection of natural enemies for 

augmentative biological control was traditionally focused on specialist natural enemies that 

were released to obtain rapid control of the pests (van Lenteren and Woets 1988). This implies, 

however, that natural enemies could only be introduced into the crop after pest invasion, which 

makes early detection of the pest and timing of release essential. In contrast, the establishment 

and persistence of generalist predators may provide more sustainable biological control 

compared to specialist natural enemies, as their broader diet range enables them to persist or 

even reproduce on alternative prey or plant-provided food sources in the absence of pest 

organisms (Huffaker and Kennett 1953; Symondson et al. 2002), thus they can be released in 



9 

 

 

the crop before pest invasion. A well-known example is the generalist predatory mite 

Amblyseius swirskii, which is an effective biological control agent of several important pests of 

various cultures, such as whiteflies, thrips and broad mites (Messelink et al. 2006, 2008; 

Wimmer et al. 2008; Arthurs et al. 2009; Nomikou et al. 2010; van Maanen et al. 2010; Calvo 

et al. 2011, 2015; Ghasemzadeh et al. 2017). When provided with alternative food, this predator 

can be introduced into crops before the occurrence of pests, it has a short generation time and 

can control several pests simultaneously (Messelink et al. 2008). These characteristics allowed 

A. swirskii to become the most used biocontrol agent in protected cultivations worldwide in just 

10 years (Calvo et al. 2015). 

Another factor that can limit the action of natural enemies is the interaction between 

predators and plant defences. Herbivores induce defences in plants that reduce the population 

growth of pest populations. So-called direct plant defences consist of a collection of physical 

and chemical barriers that decrease plant accessibility and reduce its quality as food (Kant et al. 

2015). Plants also promote the presence of predatory arthropods (indirect plant defences) which 

also decrease the densities of herbivores (Sabelis et al. 1999; Symondson et al. 2002). Although 

there are examples of direct defences augmenting indirect defences (Krimmel and Pearse 2013; 

Thaler 1999), most studies indicate that especially constitutive plant defence traits can 

negatively affect top-down control. For instance, glandular hairs (trichomes) present on the 

epidermal surface of plants are one of the main factors correlated with resistance to herbivory 

(Kennedy 2003; Simmons and Gurr 2005). However, trichomes may interfere with indirect 

defence by hindering natural enemies of herbivores (Simmons and Gurr 2005; Wei et al. 2012). 

Evidence of trichomes increasing the mortality of natural enemies has been shown for 

coccinellids, crisopids, hoverflies (Belcher and Thurston 1982; Elsey 1974; Obrycky and 

Tauber 1984; Verheggen et al. 2009), parasitoids (Kashyap et al. 1991; Keller 1987; Romeis et 

al. 1999), and predatory mites (van Haren et al., 1987, Legarrea et al. 2022). 

The trichomes of Solanaceae have been studied in detail, especially those of Solanum 

species, because of their role in plant resistance (Glas et al. 2012). For instance, tomato 

(Solanum lycopersicum L.), possesses glandular and non-glandular trichomes that 

predominantly act as broad-spectrum direct defence against herbivores (Cédola and Sánchez 

2003; Kennedy 2003; Glas et al. 2012), but also increase the mortality of natural enemies. Non-

glandular trichomes can physically obstruct the movements of prey herbivores, decreasing their 

density and preventing the establishment and dispersal of predators on the plant (van Lenteren 

et al. 1995; Simmons and Gurr 2005; Carrilo et al. 2008; Paspati et al. 2021; Legarrea et 

al.2022). Moreover, glandular trichomes synthesize and store sticky and/or toxic exudates such 
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as terpenoids and acyl sugars that can trap or kill herbivores and predators alike (Simmons and 

Gurr 2005; Verheggen et al. 2009; van Houten et al. 2013; Paspati et al. 2021). Therefore, 

understanding the complex interaction between tomato trichomes and their ecological 

interactions is critical to successful biological pest control in this crop. 

A well-studied group of natural enemies with respect to control of various pests in 

tomatoes is the predatory mites, mainly from the Phytoseiidae family. However, the 

effectiveness of these tiny predators is reduced by the glandular trichomes (van Haren et al. 

1987; van Houten et al., 2013; Schmitd 2014; Paspati et al. 2021; Legarrea et al., 2022), because 

their survival is reduced on tomato (van Haren et al. 1987; Castagnoli et al. 1999; Paspati et al. 

2021). This is because they stick to the glandular trichomes and because the secondary 

metabolites, such as acyl sugars, present in tomatoes trichomes can be highly toxic to mites and 

accumulate on their bodies after walking on tomato stems (Paspati et al. 2021). 

Adaptation to a crop is one of the main criteria in the search for natural enemies (van 

Lenteren et al., 2018), and I therefore assumed that predators occurring on wild or feral tomato 

may be adapted to it. The main objective of this thesis was therefore to investigate the use of 

three species of predatory mites found on such tomato plants to control two important pests and 

a severe disease, all attacking tomato. In Chapter 1, I therefore evaluated whether the predatory 

mites Amblyseius herbicolus and Amblyseius tamatavensis were adapted to tomato plants, and 

if they were able to control the whitefly Bemisia tabaci on tomato when supplemented with 

alternative food. In Chapter 2, I evaluated the population dynamics of another important tomato 

pest, Aculops lycopersici, in the presence of the predatory mites A. herbicolus and 

Homeopronematus anconai. Furthermore, in this chapter I assessed the ability of H. anconai to 

reduce the progress of the fungus Oidium neolycopersici on tomato plants. In Chapter 3, I 

verified whether reciprocal intraguild predation occurs between A. herbicolus and H. anconai 

and explored whether the interaction between these predators affects biological control of A. 

lycopersici and O. neolycopersici. 
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Abstract  

Several natural enemies are known to be predators of the whitefly Bemisia tabaci, which is one 

of the most invasive pests worldwide and has developed high resistance to pesticides. However, 

biological control of this pest on tomato is often difficult because the plant’s glandular 

trichomes can release substances that are toxic to arthropods and may hinder the foraging of 

natural enemies. Therefore, adaptation of natural enemies to this crop is one of the selection 

criteria for potential biocontrol agents. We collected predatory mites from wild and feral tomato 

plants and found the species Amblyseius herbicolus and A. tamatavensis. Whereas the latter is 

known to feed on whitefly eggs, we investigated the ability of A. herbicolus to develop and 

reproduce when feeding on this prey stage, and assessed whether both species can feed and 

develop on whitefly crawlers. To verify the adaptation of these predators to tomato, we assessed 

their ability to disperse on tomato plants and their establishment on clean tomato plants with 

pollen as an alternative food. Finally, we evaluated whether the predators were effective in 

controlling B. tabaci on tomato plants with different pollen dosages as alternative food. We 

show that both predators fed and reproduced on immature whiteflies. Amblyseius herbicolus 

established and dispersed better on tomato plants supplemented with cattail pollen than A. 

tamatavensis and only this predator was able to control B. tabaci in two population dynamics 

experiments. Our results suggest that A. herbicolus is better adapted to tomato than A. 

tamatavensis and may therefore be a promising biocontrol agent in tomato. 

Key words: Biological control ·  Tomato · Phytoseiidae ·  Whitefly ·  
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Introduction 

Tomato (Lycopersicon esculentum Miller) is one of the most important crops in the world 

(Naika et al. 2005, Collins et al. 2022). One of the biggest challenges for tomato growers is the 

susceptibility of tomatoes to attacks by numerous pests and diseases (Picanço et al. 2007; 

Desneux et al. 2010; Hanssen et al. 2010; Simmons et al. 2018; Wakil et al. 2018; Jones 2021). 

One of the key pests of tomato is the whitefly Bemisia tabaci Gennadius (Hemiptera: 

Aleyrodidae) (Brown et al. 1995). This pest can seriously damage tomato plants by feeding 

directly on plant sap and by excreting honeydew, which decreases the rate of photosynthesis 

and consequently leads to a significant yield reduction (Brown et al. 1995; Oliveira et al. 2001; 

Calvo et al. 2009). Moreover, B. tabaci can transmit a large number of plant-pathogenic viruses 

(Jones 2003; Navas-Castillo et al. 2011; Andreason et al. 2020), including the devastating 

tomato yellow leaf curl virus (TYLCV) (Navot et al. 1991; Varma and Malathi 2003) and the 

tomato chlorosis virus (ToCV) (Wisler et al. 1998). Together, whiteflies and diseases can cause 

crop losses of up to 100% (Picó et al. 1996; Velasco et al. 2008). Whiteflies are usually 

controlled on tomato plants with a high number of pesticide applications, from sowing to fruit 

harvesting (Picanço et al. 1997; Palumbo et al. 2001; Horowitz et al. 2007; Perring et al. 2018). 

However, besides inflicting damage on human health and ecosystems worldwide, this excessive 

use of pesticides has led to severe and widespread resistance by whiteflies and other tomato 

pests (Elver and Tuncak 2017; Hyland et al. 2019; Rani et al. 2021). Moreover, a meta-analysis 

of field experiments found that chemical pest control is often ineffective in the presence of 

natural enemies (Janssen and van Rijn 2021). Therefore, there is a growing demand for 

environmentally safer pest control methods in order to promote the long-term viability of 

agricultural systems (Pretty and Bharucha 2014). 

One sustainable pest management practice is augmentative biological control; the 

release of large numbers of natural enemies to suppress pest densities (van Lenteren 2000, 2012; 

van Lenteren et al. 2018). Predatory mites, mostly from the family Phytoseiidae, are the 

dominant agents in commercial augmentative biological control in many countries, currently 

representing over 60% of the global market for arthropod natural enemies (van Lenteren 2012; 

Knapp et al. 2018; Vangansbeke et al. 2023). Amongst the factors that explains the success of 

predatory mites in biological control programs is their generalist feeding habits, which enables 

then to control multiple pest species (Messelink et al. 2009, 2012; Janssen and Sabelis 2015; 

Knapp et al. 2018) and their short generation times, resulting in rapid numerical responses to 

increased pest densities (Helle and Sabelis 1985). Moreover, many of these predators also feed 
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on plant-provided food such as pollen and nectar, which allows them to be introduced before 

the pest is present or to remain in the crop when target pest densities are low (van Rijn et al. 

2002; Messelink et al. 2014; Janssen and Sabelis 2015). Various natural enemies, such as 

parasitoids, predatory mirids and predatory mites, are commercially employed in augmentative 

biological control of B. tabaci, but their success on tomato lags behind. 

Phytoseiid mites are also often ineffective at controlling pests on tomato (van Haren et 

al. 1987; Gillespie and Quiring 1994; Cedola et al. 2001; Kennedy 2003; Paspati et al. 2021). 

This is likely due to contact with glandular trichomes and their exudates (van Haren et al. 1987; 

Sato et al. 2011; van Houten et al. 2013; Paspati et al. 2021). Glandular trichomes are 

outgrowths of the epidermis in which specialized metabolites are synthesized and stored 

(Schuurink and Tissier 2020). While trichomes act as a broad-spectrum direct defense against 

herbivores (Glas et al. 2012), they can also increase the mortality of natural enemies (Belcher 

and Thurston 1982; van Haren et al. 1987; Verheggen et al. 2009; Paspati et al. 2021). In 

addition, trichomes can affect the density of herbivorous prey and hinder the establishment and 

dispersal of predators on the plant (van Lenteren et al. 1995; Simmons and Gurr 2005; Carrilo 

et al. 2008; Paspati et al. 2021; Legarrea et al. 2022). Therefore, finding phytoseiid mites 

adapted to tomato is a significant challenge. 

In an attempt to find tomato-adapted predatory mites, we sampled tomato plants in the 

state of Minas Gerais, Brazil. Commercial tomato crops with pesticide applications usually did 

not contain any predatory mites, therefore, predators were collected from cultivated and feral 

tomato plants from gardens in urban and rural areas. Amblyseius herbicolus Chant (Acari: 

Phytoseiidae) was the most abundant species of the predatory mites found. This predator 

reproduces through thelytokous parthenogenesis, hence, populations consist of females only 

(de Moraes and Mesa 1988). Amblyseius herbicolus is a generalist predatory mite, abundant in 

several crops and it is known that it can prey on several crop pests such as immature whiteflies, 

broad mites, and spider mites, of which the latter are also tomato pests (Rodríguez-Cruz et al. 

2013; Cavalcante et al. 2015; Duarte et al. 2015). It is also able to feed on alternative foods such 

as pollen (Rodríguez-Cruz et al. 2013; Marcossi et al. 2020). Another predatory mite found on 

tomato plants was Amblyseius tamatavensis Blommers (Acari: Phytoseiidae). This species has 

also shown potential to prey on whitefly eggs (Cavalcante et al. 2015, 2017; Barbosa et al. 

2019). One of these latter studies demonstrated that A. tamatavensis reduced the densities of 

whiteflies in the presence of pollen on bell pepper plants (Cavalcante et al. 2017).  

Although is known that these predators can feed on B. tabaci, further experiments are 

still needed to determine their suitability to control this pest on tomato plants. Here, we report 
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the ability of A. herbicolus to develop and reproduce when feeding on whitefly eggs. Moreover, 

we measured oviposition and predation on whitefly crawlers by A. herbicolus and A. 

tamatavensis. To verify the adaptation of these predators to tomato, we assessed their ability to 

disperse on tomato plants and whether they can establish on clean tomato plants with pollen as 

alternative food. Finally, we evaluated whether thes predator were effective in controlling B. 

tabaci on tomato plants using different pollen dosages. 

Materials and Methods 

Plant material 

Tomato seeds (Solanum lycopersicum var. Aguamiel (EX V305), Limagrain®, imported by 

Vilmorin Seed Generation in Brazil) were sown in polystyrene trays (8 x 16 cells) in a 

commercial plant substrate enriched with macro and micronutrients (MECPLANT® - Mec 

Prec, Telêmeco Borba). Twenty days after germination, the seedlings were transplanted to 

plastic pots (2 - 3.5 L, depending on the experiment) with the same substrate. The plants were 

fertilized every week with a solution of 50g of N-P-K (20-05-20) and 100g of simple 

superphosphate in 20L of water and they were tied to a bamboo stick with a string for support. 

The plants were kept inside cages in a room with natural light at 23 ± 3 °C and 70 ± 10% relative 

humidity. Cattail pollen used in all experiments was collected from Typha sp. plants on the 

campus of the Federal University of Viçosa. The pollen was dried in an oven at 60º C for 24 h 

and stored in a freezer at -20 °C according to recommendation (Hagedorn 1968; Pernal and 

Currie 2000). 

Whitefly rearing 

A rearing unit of Bemisia tabaci (Gennadius) biotype B was started with individuals obtained 

from the Laboratory of Integrated Pest Management of the Federal University of Viçosa. They 

were kept on tomato plants inside cages (0.5 x 0.5 x 1.0 m³). A new tomato plant with at least 

four completely developed leaves was added to each cage every week. The oldest plants were 

removed from the cage once a month. The cages were kept in a room with natural light at 23 ± 

3 °C and 70 ± 10% relative humidity. 

Mite rearings 

To collect predatory mites, leaves attacked by pests were removed from selected plants in the 

field, placed in paper bags, and kept in a cooler with ice packs to reduce predatory mite activity 
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until laboratory evaluation. The leaves were inspected with a stereomicroscope and predatory 

mites were transferred to arenas made of PVC sheets (15 × 10 cm) on top of foam pads (h = 3 

cm), which were kept in plastic trays (29 × 14 × 4 cm) filled with water. The edges of the arenas 

were wrapped in wet tissue paper, serving as a barrier for mite escapes and as a water source 

(van Rijn and Tanigoshi 1999). Small pieces of cotton wool were placed on the arenas as 

oviposition sites and were covered with pieces of tent-shaped PVC sheet (1.5 cm²) for shelter. 

Initially, Typha sp. pollen and bee pollen (Santa Barbara®, Apiários Mackllani Ltda, Minas 

Gerais, Brazil) were supplied as food twice per week, until we noticed that Typha sp. pollen 

alone was sufficient to maintain laboratory cultures. After establishing a culture, microscope 

slides were made and the species was identified as Amblyseius herbicolus by Manoel Guedes 

Correa Gondim Junior from the Universidade Federal Rural de Pernambuco (UFRPE). 

A culture of Amblyseius tamatavensis was maintained in our laboratory, and had been 

started with individuals found in our culture of Tetranychus urticae Koch (Acari: 

Tetranychidae) on tomato plants. The arenas of A. tamatavensis were made of black plastic 

dishes (Ø = 13 cm, h = 2 cm) placed on top of foam pads (h= 3 cm), which were kept in plastic 

trays (29×14×4 cm) filled with water. These predators were fed with cattail pollen and with the 

mite species Thyreophagus cracentiseta Astigmatina (Sarcoptiformes) (Barbosa, OConnor & 

Moraes) mixed with wheat bran once a week. The culture of T. cracentiseta was started with 

individuals obtained from the Laboratory of Acarology of the Escola Superior de Agricultura 

"Luiz de Queiroz" (ESALQ), in 2019. These astigmatids were reared on sterilized wheat bran 

in plastic pots (ø = 10; h = 15 cm) covered with mesh (90 µm). Rearing arenas of all mite 

species were kept in a room at 24±1 °C, 70±10% RH, 12:12 L:D. 

Oviposition and development of A. herbicolus on whitefly eggs 

We first investigated whether A. herbicolus was able to reproduce and develop on B. tabaci 

eggs. Because it is already known that A. tamatavensis can do so, we did not carry out such 

experiments with this species, (Cavalcante et al. 2015, 2017; Barbosa et al. 2019). Leaves of a 

tomato plant from the whitefly rearing (infested for c. 3 days) were removed and leaflets were 

cut into pieces. Each piece was examined with a stereomicroscope to ensure the presence of at 

least 20 fresh B. tabaci eggs (less than 48-h old, based on their light green coloration) and 

subsequently added to a Petri dish (Ø = 5 cm, 1.5 cm high). A piece of wet filter paper as source 

of moisture was placed inside each dish and the dishes were covered with transparent lids. As 

control, one mg of pollen with a clean piece of leaflet was placed in another set of those dishes. 

A predator larva was collected from the rearing unit with a fine brush and placed in each dish. 
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The predators were checked once a day to verify survival and development until adulthood. 

After becoming adults, individuals were checked once a day to verify oviposition. Every day, 

the piece of leaf with the food was replaced, and predator eggs were removed to prevent 

cannibalism. Oviposition of predators was recorded during five more days. Fifteen and sixteen 

replicates were done for B. tabaci eggs and Typha sp. pollen respectively. The tests were 

performed in a room at 23 ± 3 °C, 70 ± 10% relative humidity and 12 hours of light. The effects 

of diet on survival and development were analysed with a Cox proportional hazards survival 

analysis of the survival package of R (Therneau 2020). To compare oviposition rates, data were 

taken from one to five days after the first individuals became adult, which were compared with 

a linear mixed effects model (LME, package “nlme”, Pinheiro et al. 2021) with diet and time 

as fixed factors and individual as random factor to correct for pseudoreplication. All models 

here and below were checked with normal error plots and plots of residuals against fitted values. 

Significance of factors and interactions were determined with likelihood ratio (L.R.) tests. 

Contrasts among treatments were obtained with the package emmeans with a Tukey correction 

for multiple comparisons (Lenth 2019). All statistical analyses were done using the software R 

version 4.2.2 (R Core Team 2022). 

Predation and oviposition of A. herbicolus on new and old eggs 

We evaluated the predation and oviposition rates of A. herbicolus on young and old B. tabaci 

eggs (less and more than 48 h old, respectively). The experiment was carried out as above, but 

we used gravid females of A. herbicolus, aged between 4 and 6 days since becoming adults. 

Predation and oviposition rates were verified every 24 hours during 3 days. Eight replicates 

were done with exception of the treatment with pollen, which was replicated six times. The first 

day of oviposition was excluded from the analysis because of the possible effect of the previous 

diet (Sabelis 1990). Oviposition and predation data were analysed with linear mixed effects 

models (LME) with replicate as random factor and diet and time as fixed factors.  

Predation and oviposition of both predatory mites feeding on whitefly crawlers 

We assessed the ability of A. herbicolus and A. tamatavensis to feed and reproduce on crawlers 

of B. tabaci on tomato leaf discs (Ø = 2 cm) arranged on wet tissue paper (Ø = 3 cm) and placed 

in Petri dishes as above. Twenty whitefly crawlers of up to 30 hours old were placed on each 

leaf disc, which is sufficient to avoid prey depletion during the experiment. Typha sp. pollen 

placed on clean leaf discs was offered as food in a control treatment. Gravid females of each 

predator species were placed in Petri dishes as above. The tests were performed in a room as 
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above. Predation and oviposition rates were verified every 24 hours during 4 days. After each 

evaluation, each predator was transferred to a Petri dish containing fresh prey. Fifteen replicates 

were done per treatment. The first day of oviposition was excluded as above. The numbers of 

crawlers consumed and eggs produced were analysed with a LME with identity of the individual 

mites as a random factor to correct for repeated measures, predator species as categorical factor 

and time as continuous factor. The interaction between predator species and time was also 

included, but was not significant. 

Adaptation to tomato plants 

Here we investigated the ability of the predatory mites to move and reproduce on tomato plants 

with cattail pollen during seven days. Tomato plants were three weeks old (about 20 cm high) 

with three fully developed leaves. Pollen was placed on the release leaflet (the second leaflet 

from the insertion of the first leaf into the stem) at the beginning of the experiment and on the 

target leaflet (the leaflet in front of the release leaflet) on the fourth day. Eight gravid females 

of each predator species, aged between four and six days since becoming adult, were released 

on the release leaflet of each plant (n = 11 plants). Wet cotton wool was placed around the base 

of the stem to confine predators to the plants. The position of the plants was randomized in a 

room at 23 ± 3 °C, 70 ± 10% relative humidity and 12 hours of light. On the seventh day, the 

predatory mites were scored as dead or alive on the release and target leaflets and on the rest of 

the plant. Total numbers of dead plus alive predators of the two species on the entire plants 

were compared with a generalized linear model (GLM) with a Poisson error distribution (log 

link), numbers of alive individuals on the release plus target leaflet were log(x + 1) transformed 

and compared with a GLM with Gaussian error distribution (identity link), and the distribution 

of the alive individuals on the release and target leaflets were compared between the two species 

with a GLM with a quasi-binomial error distribution (logit link). 

We also tested the population growth and movement of the predatory mites on entire 

tomato plants with cattail pollen during thirty days. Fifteen young females of A. herbicolus or 

A. tamatavensis were introduced individually on the lowest (=oldest) leaf from each (four-leaf 

stage) tomato plant (16 plants per treatment). Typha sp. pollen was provided as food two times 

per week. The plants were kept together outside (mean temperature 24.3°C, range 18.7–27.7º 

C; mean relative humidity 85%, range 59–96%), hence, could be infested by different 

organisms. During the experimental period, plants were allowed to develop from four to nine 

leaves, but the plant apices were subsequently removed, thus maintaining a maximum plant size 

of nine leaves. Four plants were evaluated per week by cutting them into pieces and storing the 
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pieces in separate boxes according to the stratum of the plant. We assessed the densities of both 

predatory mites on three different plant strata (bottom, middle and top) under a stereo 

microscope (25× magnification; Zeiss, Oberkochen, Germany). Moreover, the presence of pests 

and other organisms that occurred naturally was noted. Densities of the two predatory mite 

species were compared using a GLM with a quasi-Poisson error distribution, with species, time 

and their interaction as factors. We also assessed differences in the proportions of the total 

population consisting of juveniles to detect differences in reproduction on the plants between 

the two species. This was done with a GLM with a binomial error distribution (logit link). 

Subsequently, we analysed the distribution of A. herbicolus (log(x+1)-transformed numbers) 

over the three plant strata with a linear mixed effects model with time and strata as factors and 

individual plant as random factor. 

Dynamics on plants 

We performed two population dynamics experiments on plants to evaluate the ability of 

predators to control whitefly populations on tomato plants. In the first experiment, we evaluated 

whether preventive releases of A. herbicolus and A. tamatavensis with the addition of pollen 

could prevent future infestations of whiteflies. We carried out this experiment in 3 large outdoor 

screen cages (2 x 2 x 2 m – Howitec Netting®), each with 16 tomato plants (mean temperature 

21.4°C, range 14.8–25º C; mean relative humidity 58%, range 33–82%). To prevent cross-

contamination, the plants were spaced out in the cage, and each plant pot was put in a dish with 

water, serving as barrier for dispersing mites. Initially, a tomato leaf disc (3 cm2) with 5 young 

female predatory mites (4-6 days since becoming adult) was introduced on the bottom, middle 

and top leaf from each young (4-leaf stage) tomato plant in two cages, hence, in total 15 mites 

per plant. Plants in one cage received A. herbicolus, they received A. tamatavensis in a second 

cage, and no predators were released in the third cage. One milligram of Typha sp. pollen was 

applied above the newly developed leaves of each plant twice per week, including to those in 

the cage without predators. Most of the pollen fell onto the new leaves, but some also fell onto 

the older leaves. Plants were not sampled during the first 3 weeks in order not to cause 

disturbance. Three weeks after the release of predatory mites, we collected whiteflies from the 

rearing cages using an aspirator. The whiteflies were placed in a refrigerator at 4ºC for 2 minutes 

to reduce their activity, and subsequently, three pairs of whiteflies were released on each plant 

in each cage inside a clip cage. Clip cages were placed on the third leaf of all plants and were 

removed after 2 days, leaving the adult whiteflies and their eggs behind. This procedure was 

repeated in week 5, so a total of 6 pairs of whiteflies were released on each plant. Note that 
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adult whiteflies were able to migrate among plants of the same treatment after being released, 

but juveniles were restricted to the plants. The number of predatory mites was evaluated weekly 

from the 3rd week (day 0) and the number of juvenile whiteflies from the 4th week (day 7) after 

the introduction of predatory mites. Adult whiteflies were not counted, as they could move from 

plant to plant, especially when disturbed while counting predators and immature whiteflies. The 

evaluations were carried out using a handheld magnifying glass and head magnifier with light, 

sampling all the leaves of each tomato plant. At the last sampling, the plants were cut and stored 

in separate boxes for evaluation in the laboratory under a stereo microscope. During this last 

evaluation, it was therefore also possible to assess the densities of whitefly eggs on the plants. 

Powdery mildew occurred during this experiment, became severe from the 7th week onwards, 

which forced us to end the experiment after thirty-two days. Numbers of juvenile whiteflies 

(log(x+1)-transformed) were compared among treatments with an LME with predator treatment 

and time as factors and plant as random factor. Numbers of whitefly eggs were compared with 

a Kruskal Wallis ANOVA with a Holm test for pairwise comparisons (package FSA, Ogle et 

al. 2022).  

A second experiment was done to evaluate the capacity of A. herbicolus to reduce 

whitefly populations on tomato plants when supplying a larger amount of pollen distributed 

throughout the entire plant. It was conducted in six BugDorm-4F insect cages (0.5 x 0.5 x 1.0 

m) inside a greenhouse. A tomato plant with four developed leaves and ca. 20 cm high was 

placed inside each cage. Half of the plants received fifteen adult females of A. herbicolus. On 

the same day, three pairs of adult whiteflies (6 ± 1 days of age) were introduced in each of the 

six cages. All plants also received 15 mg of Typha sp. pollen distributed over all leaves of the 

plants with the aid of a brush. The experiment was evaluated twice a week by carefully handling 

all leaves of each plant. Whitefly adults were counted while they were sucked into a pipette tip 

(1000 µl; Nichiryo, Japan) connected to a transparent hose (ø = 1 cm) closed with a mesh (size 

170 μm) to avoid counting the same insect more than once. Subsequently, adult predatory mites 

were carefully counted on all leaves. Then, more pollen was added to the plants and the adult 

whiteflies were reintroduced to the cages by inserting the pointed part of the pipette tip closed 

with Parafilm “M” (Bemis Flexible Packaging, Neenah, WI 54956, USA) into the soil. Plants 

without predatory mites were always evaluated first to avoid contamination of these control 

plants with predators. The temperature during the experiment ranged between 13 - 26º C. 

Differences in numbers of whiteflies per plant between treatments were analysed with an LME 

with log(x+1)-transformed numbers of whiteflies as dependent variable, time and treatment as 

fixed factors and replicate as random factor. 
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Results 

Oviposition and development of A. herbicolus on whitefly eggs 

Nineteen out of 20 juvenile A. herbicolus survived on a diet of B. tabaci eggs, whereas all 20 

juveniles survived on a pollen diet (Fig. 1), but development was significantly faster on a diet 

of pollen than on whitefly eggs (Fig. 1; Cox proportional hazards: Likelihood ratio (L.R.) = 

11.67, d.f. = 1, p < 0.001). Per diet, oviposition rates differed significantly through time (Fig. 

1, LME, L.R. = 137.9, d.f. = 1, p < 0.0001), but there was no significant effect of diet (Fig. 1, 

LME, L.R. = 2.86, d.f. = 1, p = 0.091). Despite the difference in development until adulthood, 

there was no significant difference in oviposition through time between the two diets (Fig. 1, 

interaction of diet with time: L.R. = 0.84, d.f. = 1, p = 0.36).  

Predation and oviposition of A. herbicolus on new and old eggs 

The predation rate on old eggs was significantly lower than young eggs (Fig. S1a, LME, L.R. 

= 70.59, d.f. = 1, p < 0.0001). The oviposition of A. herbicolus also differed significantly among 

diets (Fig. S1b; LME, L.R. = 18.45, d.f. = 2, p < 0.0001). On the third day, oviposition of A. 

herbicolus on a diet of old B. tabaci eggs was lower than when feeding on young eggs or pollen 

(Fig. S1a, b). 

Predation and oviposition of both predator mites feeding on whitefly crawlers 

The average consumption of B. tabaci crawlers did not differ significantly between the two 

predator species (Fig. 2a; LME: L.R. = 2.04, d.f. = 1, p = 0.15) or among days (L.R. = 1.85, d.f. 

= 1, p = 0.17). There was a significant difference in oviposition rates of both predators on the 

two diets (Fig. 2b; L.R. = 35.2, d.f. = 3, p < 0.0001) and oviposition did not differ among days 

(L.R. = 1.39, d.f. = 1, p = 0.24). Oviposition of both predators was significantly higher on a diet 

of pollen than on B. tabaci crawlers and oviposition of A. tamatavensis on crawlers was higher 

than that of A. herbicolus on the same diet (Fig. 2b).  

Adaptation to tomato plants 

The two species showed no differences in dispersal between leaflets from a leaf (Fig. 3a; GLM: 

Deviance = 1.48, d.f. = 1, p = 0.27). The total number of alive and dead predators after 7 days 

did not differ significantly between predator species (Fig. 3a; GLM: Deviance = 0.0047, d.f. = 

1, p = 0.95), showing that reproduction of the two predator species did not differ significantly. 
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There was also no significant difference in the number of alive predators of the two species on 

the release plus target leaflets (Fig. 3a; GLM: F1,20 = 0.15, p = 0.7). 

In contrast, the numbers of A. herbicolus were significantly higher than those of A. 

tamatavensis on tomato plants (Fig. 3b; GLM: F1,30 = 22.4, p < 0.0001) and the numbers of 

predators of both species varied through time (F1,29 = 14.7, p < 0.001). The proportion of 

juveniles of A. herbicolus was also significantly higher than that of A. tamatavensis (Fig. 3b; 

GLM: F1,27 = 31.2, p < 0.001). Whereas A. tamatavensis remained only in the lowest stratum, 

A. herbicolus spread towards the other strata near the end of the experiment, however, the 

distribution of the numbers over the three strata differed significantly (lme: L.R. = 62.0, d.f. = 

2, p < 0.0001), with numbers in the top and middle stratum being much lower than in the bottom 

stratum (Fig. 3c). Besides the predatory mites, we found whiteflies, some thrips, astigmatid 

mites, iolinid mites, powdery mildew and some spiders on the plants (Suppl. Table 1). 

Population dynamics 

There was a significant difference in densities of immature whiteflies among the three cages 

through time (LME: interaction of treatment with time: L.R. = 6.87, d.f. = 2, p = 0.032). The 

predator A. herbicolus delayed the increase of whiteflies compared to the treatment with A. 

tamatavensis and without predators, but only significantly so at 7 and 14 days after the 

beginning of the experiment (Fig. 4a). Tomato plants with A. herbicolus had significantly lower 

whitefly egg densities than treatment without predators, but did not differ from plants with A. 

tamatavensis (Fig. 4a; Kruskal–Wallis ANOVA, Chi2 = 7.96, d.f = 2, p = 0.019). Whereas A. 

tamatavensis disappeared from all plants, populations of A. herbicolus persisted (Fig. 4b). 

In the experiment with a higher quantity of pollen applied, the density of whiteflies in 

the presence of A. herbicolus was significantly lower through time than in their absence (Fig. 

4c; LME: interaction of predator presence with time: Likelihood ratio = 18.5, d.f. = 1, p < 

0.001). The difference in whitefly densities between plants with and without predators became 

apparent and significant from day 47 onwards, when a new generation of adult whiteflies 

appeared on the plants (Fig. 4c). At the end of the experiment, there were about 91% more adult 

whiteflies on plants without predatory mites than on plants with A. herbicolus. Predator 

densities increased until reaching an average of one hundred and twenty predators per plant 

around the thirty-seventh day, after which when they began to decrease. At the end of the 

experiment there were still about forty predatory mites visible to the naked eye per plant (Fig. 

4d). 
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Discussion 

We show that A. herbicolus is able to develop on whiteflies eggs (Fig. 1), and both A. herbicolus 

and A. tamatavensis fed and reproduced on a diet of whitefly crawlers (Fig. 2). However, A. 

herbicolus established and dispersed better on tomato plants supplemented with cattail pollen 

than did A. tamatavensis (Fig. 3b, c) and only A. herbicolus was able to control B. tabaci in the 

two population dynamics experiments (Fig. 4a, c). These results suggest that A. herbicolus is 

better adapted to tomato plants than A. tamatavensis and thus, it may be a more efficient 

biocontrol agent on tomato. 

Predation rates of A. herbicolus and A. tamatavensis on crawlers were lower than those 

reported for A. swirskii, which is commonly used for whitefly control (Nomikou et al. 2004; 

Janssen and Sabelis 2015; Calvo et al. 2015), but the host plant used in these papers differed 

from ours. The oviposition rate of A. herbicolus fed with crawlers was lower than that of A. 

tamatavensis, however, the eggs produced by A. herbicolus will only result in female offspring, 

which will increase the intrinsic growth rate of this species compared to sexual species with the 

same oviposition rate (Cicolani 1979; Janssen and Sabelis 1992). Our findings revealed that 

both predatory mites can efficiently reproduce when feeding on crawlers and cattail pollen, 

which is contrary to the results of Cavalcante et al. (2015), who reported low oviposition rates 

for A. tamatavensis when fed with cattail pollen. The ability of predatory mites to feed on 

alternative resources allows their introduction and persistence in crops with low pest densities 

or before pest invasion, potentially resulting in an increase in predator densities and enhanced 

pest control (McMurtry and Johnson 1965; Kennett et al. 1979; van Rijn and Sabelis 1993; 

Nomikou et al. 2010; Delisle et al. 2015; Duarte et al. 2015; Leman and Messelink 2015). 

An important characteristic when selecting natural enemies is their adaptability to the 

host plant. Negative effects of tomato plants on the survival of phytoseiids have been observed 

frequently (van Haren et al. 1987; Castagnoli et al. 1999; Paspati et al. 2021; Legarrea et al. 

2022) due to contact with glandular trichomes and their exudates (van Haren et al. 1987). 

Secondary metabolites, such as acyl sugars present in tomato trichomes can be highly toxic to 

mites and can accumulate on their bodies after walking on tomato stems (Paspati et al. 2021). 

Whereas our results showed no differences in the capacity of A. tamatavensis and A. herbicolus 

to move from leaflet to leaflet of the same leaf (Fig. 3a), they did differ significantly in their 

capacity to move from leaf to leaf and reproduction on entire tomato plants (Fig. 3b). This was 

probably caused by the higher density of trichomes on tomato stems than on leaves (van Haren 

et al. 1987). Although A. herbicolus initially showed a high mortality rate in the experiment on 
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entire plants, their numbers increased about 4.2 times during the experiment, with a high 

number of juveniles (Fig. 3b). Possibly, A. herbicolus can adapt to tomato defences within a 

few generations, as was demonstrated for other predators on tomato (Drukker et al. 1997; 

Wheeler and Krimmel 2015; Sun et al. 2019).  

Whereas A. tamatavesis was always found close to their point of release, A. herbicolus 

was found in the different strata of the plant, but 96.8% of A. herbicolus were found in the 

lowest stratum (Fig. 3c). Similar results were found by van Houten et al. (2013) for 

Amblydromalus limonicus. In this last study, predatory mites only successfully established on 

the plants after degradation of tomato trichomes as a result of Aculops lycopersici infestations. 

A recent study showed that predatory mites do not only perform better on tomato plants lacking 

defensive hairs, but also that they can suppress herbivore densities better and faster on these 

hairless plants (Legarrea et al. 2022). Based on the limited mobility of mites on tomato plants, 

different strategies could be used to improve the density of A. herbicolus on plants, for example, 

increasing the frequency of release of the predator on different parts of the plant. 

In the population dynamics experiment with both predators and a low dosage of pollen, 

A. herbicolus was better able to control whiteflies than A. tamatavensis. Whiteflies were absent 

during the first 21 days, thus, the only food available for predators was cattail pollen, which 

was supplied on the newly developed leaves. Hence, predators had to move to new food patches. 

This resulted in the extinction of A. tamatavensis from the plants and a reduction in the densities 

of A. herbicolus (Fig. 4b). Nevertheless, A. herbicolus was able to reduce whitefly immature 

densities (Fig. 4a). Moreover, A herbicolus had reduced whitefly egg densities at the end of this 

experiment by almost half compared to the treatment without predators, but this difference was 

not significant. As a considerable number of whiteflies were still present on the plants at the 

end of the experiment, control by A. herbicolus was not considered satisfactory. We therefore 

decided to test this predator with higher quantities of pollen. With more food available, the 

predator would not need to move frequently to other parts of the plant, thus preventing contact 

with the stem trichomes and consequently reducing the initial mortality. 

Indeed, when a large supply of pollen distributed throughout the plant was offered to A. 

herbicolus, the predator substantially reduced whitefly populations (Fig. 4c). This was certainly 

due to the high number of predatory mites, with final densities that were on average eight times 

higher than the release density (Fig. 4d). It is highly likely that the differences in whitefly 

densities between the two population dynamics experiment was caused by the amount of pollen 

offered, thus, it is necessary to investigate the ideal pollen dosage to be supplemented to A. 

herbicolus. Moreover, it is important to prevent supplying excess of pollen, because this may 



30 

 

 

result in mold growth on the uneaten pollen and in predators feeding on pollen only. Besides 

pollen, there are other alternative foods/prey items that can support predator mite populations 

in crops, such as species of astigmatid mites (Hoogerbrugge et al. 2008; Messelink et al. 2009). 

These mites have particular potential as an alternative food for predatory mites because of low 

costs of their mass production (Pirayeshfar et al. 2020). The use of astigmatid mites in 

greenhouse crops is being increasingly explored in practice (Messelink et al. 2014), and further 

experiments should evaluate the potential of astigmatid mites as alternative food for A. 

herbicolus on tomato. 

To the best of our knowledge, our results are the first to show that a phytoseiid mite can 

effectively control B. tabaci on tomato plants when supplemented with pollen. Moreover, the 

fact that A. herbicolus reproduces through thelytokous parthenogenesis can facilitate their 

persistence in a crop compared to non-thelytokous species because one individual can give rise 

to an entire new population. Moreover, thelytoky may be advantageous because adaptive traits 

of strains will not be diluted due to outcrossing with other strains of this species in the field 

(Hoy 1985; Hoy and Cave 1986). Amblyseius herbicolus is also able to feed on at least three 

other tomato pests: Aculops lycopersici, Polyphagotarsonemus latus, and Tetranychus urticae 

(Rodríguez-Cruz et al. 2013; Cavalcante et al. 2015; Duarte et al. 2015; Cardoso 2019). This 

can reduce the number of natural enemies to be introduced in the crop, thus reducing costs 

(Messelink et al. 2008). In addition, feeding on more than one pest species can result in better 

control of those pests through an increase in predator densities (Messelink et al. 2008; Holt and 

Bonsall 2017).  

Taken together, our results demonstrate the potential of Amblyseius herbicolus to 

control whiteflies on tomato plants, both when releasing the predator together with the pest, and 

when introduced before the pest. Our results do not support the use of A. tamatavensis to control 

whiteflies on tomato plants. Further studies are needed to investigate the possibility of A. 

herbicolus controlling whitefly populations in the field. 
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Figure legends 

Fig 1. Juvenile development, survival and average oviposition rates of Amblyseius herbicolus 

fed with Bemisia tabaci eggs or Typha sp. pollen. Juvenile development is shown as the mean 

(± s.e.) cumulative proportion of adults as a function of time (B. tabaci: white circles; Pollen: 

white squares). Total survival is the final cumulative proportion that reached adulthood on 

day 6. Average oviposition rates (± s.e.) of A. herbicolus on the 4th-9th day are given by black 

circles (B. tabaci) and black squares (Pollen). 

Fig 2. Average (± s.e.) predation (a) and oviposition rates (b) of A. herbicolus (circles) and A. 

tamatavensis (squares) on the 2nd – 4th day of feeding on crawlers of B. tabaci (white 

symbols) or Typha sp. Pollen (black symbols). Different letters to the right of the data indicate 

significant differences among treatments (contrasts through model simplification after LME; 

p < 0.05). 

Fig. 3 (a) Average numbers (± s.e.) of alive and dead predators found on the release and 

target leaflets or on the rest of the plants after 7 days. Negative (downwards) error bars are of 

the categories, positive (upward) error bars are of the total. (b) Average densities (± s.e.) of 

juveniles (white symbols) and adults (black symbols) of the predatory mites A. herbicolus 

(circles) and A. tamatavensis (squares) on tomato plants when only pollen was offered as 

food. Note that we tested differences in the total numbers of predators (adults and juveniles), 

the difference between the two species was significant, and the effect of time was also 

significant. The proportion of immatures also differed significantly between the two species, 

with many juveniles for A. herbicolus and few for A. tamatavensis. (c) Average densities (± 

s.e.) of all motile stage of the predatory mite A. herbicolus in three different strata in the same 

experiment as of (b). Densities in strata with different letters differed significantly (contrasts 

through model simplification after GLM; p < 0.05). 
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Fig 4. Population dynamics of Bemisia tabaci and the predatory mites A. herbicolus or A. 

tamatavensis on tomato plants. (a) Average densities (± SE) of immature whiteflies and 

average numbers of whitefly eggs on the 28th day in the presence of A. herbicolus (circles), A. 

tamatavensis (triangles) and without predators (squares). For egg density, different letters 

indicate significant differences among treatments (Kruskal-Wallis rank sum test with Holm 

method correction; p < 0.05). (b) Average densities (± s.e.) of all mobile stages of both 

predatory mites. The vertical arrows indicate the weeks that the plants were infested with 3 

pairs of whiteflies. (c) Average densities (± s.e.) of adult whiteflies in the presence of A. 

herbicolus and without predators. (d) Average densities (± s.e.) of all mobile stages of A. 

herbicolus. Asterisks indicate a significant difference among treatments per time step 

(contrasts through model simplification after LME): *p < 0.05; n.s.: not significant. 
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0

2

4

6

8

10

12

A. herbicolus A. tamatavensis

A
va

re
g

e
p

re
d

a
to

rs
p

e
r 

p
la

n
t

Alive on release

Alive on target

Dead on release and target

Dead elsewhere

a)

Time (days)

0

10

20

30

40

50

60

70

0 7 14 21 28

A
ve

ra
g

e
m

o
ti
le

p
re

d
a
to

rs
p

e
r 

p
la

n
ts A. herbicolus – juvenile A. tamatavensis – juvenile

A. herbicolus – adults A. tamatavensis – adults

b)

0

10

20

30

40

50

60

70

80

90

To
ta

l 
n

u
m

b
e
r
o
f

A
. 
h
e
rb

ic
o
lu

s

0 7 14 21 28

Time (days)

Bottom

Middle

Top

(a)

(b)

(b)

c)



42 

 

 

 

Figure 4.  
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Supplementary Figure and Table 

Table 1. Infestation of tomato plants with the predatory mite A. herbicolus or A. tamatavensis 
and pollen by different organisms. 

Treatment Species Guild Presence on plantsa 

Amblyseius 

herbicolus 

Bemisia tabaci 

(whitefly) 
Herbivore 62.5% 

 
Oidium sp. 

(powdery mildew) 

Plant-pathogenic 

fungus 
62.5% 

 
Tyrophagus 

putrescentiae 
Generalist 31.25% 

 
Thrips 

(unidentified) 
Herbivore 6.25% 

 
Spider 

(unidentified) 
Carnivore 6.25% 

Amblyseius 

tamatavensis 

Bemisia tabaci 

(whitefly) 
Herbivore 50.0% 

 
Oidium sp. 

(powdery mildew) 

Plant-pathogenic 

fungus 
62.5% 

 
Tyrophagus 

putrescentiae 
Generalist 18.25% 

 Iolinid mite Generalist 18.75% 

 
Spider 

(unidentified) 
Carnivore 6.25% 

a Proportion of plants infested with different organisms in the adaptation experiment on 
tomato plants. (n=16) 
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Figure S1: Average (± s.e.) predation (a) and oviposition rates (b) of A. herbicolus of feeding 

on eggs of B. tabaci or Typha sp. pollen. Young eggs were < 48 h-old; old eggs were > 48 h-

old. Oviposition rates in treatments with different letters in the legend and following the key 

entries differed significantly (contrasts through model simplification after LME; p < 0.05): n.s 

not significant. 
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Abstract 

Tomato crops are normally attacked by numerous pests and diseases. Among the main threats 

to this crop are the tomato russet mite Aculops lycopersici and powdery mildew, Oidium 

neolycopersici. Natural enemies of tomato pests are often hindered by the tomato trichomes, 

whereas the russet mite lives under and among these leaf hairs. It is expected that natural 

enemies that occur on tomato plants are more adapted to these direct defences. We found the 

omnivorous predatory mites Amblyseius herbicolus and Homeopronematus anconai on tomato 

plants and investigated their potential as biological control agents for pests in this crop. First, 

we show that both predators were able to feed and reproduce on russet mites but had higher 

oviposition rates when they were feeding on pollen. Subsequently, we show that both predators 

established on tomato plants with pollen as alternative food, but only H. anconai increased in 

densities and effectively controlled tomato russet mites. Moreover, it was also effective in 

controlling powdery mildew. Altogether, our results show that H. anconai is an efficient 

biocontrol agent of two key pests on tomato plants. The use of a single predator that is effective 

in controlling both a pest and a pathogen can be a new strategy for biological crop protection. 

Keywords Biological control ·  Tomato ·  Iolinidae ·  Phytoseiidae ·  Tomato russet mite · 

Powdery mildew 
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Introduction 

Herbivores are suppressed by both bottom-up (host plants) and top-down (natural enemies) 

forces (Price et al. 1980; Stiling and Rossi 1997; Denno et al. 2002). Bottom-up forces are 

related to direct plant defences, such as chemical and physical defences that have negative 

effects on herbivore performance (Price et al. 2011; Kant et al. 2015). Top-down forces are 

mediated by the natural enemies of the herbivores, often in interaction with the plants, which 

possess traits that enhance attraction or arrestment of the natural enemies (Sabelis et al. 1999; 

Schmitz et al. 2000; Sabelis et al. 2001; Pearse et al. 2020). These two forces are not necessarily 

compatible; direct plant defences can negatively impact natural enemies (Rutner et al. 1998; 

Rutledge et al 2003; Simmons and Gurr 2005; Riddick and Simmons 2014; Legarrea et al. 

2022). For example, glandular trichomes, which are outgrowths of the epidermis in which 

specialized metabolites are synthesized and stored (Schuurink and Tissier, 2020), 

predominantly act as broad-spectrum direct defence against herbivores (Glas et al. 2012), but 

can also increase the mortality of natural enemies (Belcher and Thurston 1982; van Haren et al. 

1987; Verheggen et al. 2009; Paspati et al. 2021; Legarrea et al. 2022). Therefore, the 

interaction between direct plant defences and natural enemies can directly affect the control of 

herbivores. 

A classic example of a plant species with trichomes is tomato (Solanum lycopersicum 

L.), which possess glandular and non-glandular trichomes (Cédola and Sánchez 2003; Kennedy 

2003). These trichomes are multicellular and consist of basal, stalk, and apical cells. The apical 

cells contain metabolites that can entrap small insects and predatory mites and can also be 

highly toxic to mites (van Haren et al. 1987; Sato et al. 2011; van Houten et al. 2013; Paspati 

et al. 2021; Legarrea et al. 2022). Nevertheless, tomato plants are attacked by herbivores and 

pathogens adapted to their direct defences (Schneider and Grogan 1977; Sarmento et al. 2011; 

Glas et al. 2014). For example, the tomato russet mite Aculops lycopersici Tryon (Acari: 

Eriophyidae) is one of the most destructive pests of tomato crops worldwide (Abou-Awad, 

1979; de Moraes and Lima 1983; Greenhalgh et al. 2020; Vervaet et al. 2021). It is so small 

(adults are 150–200 μm in length, Abou-Awad, 1979; Vervaet et al. 2021) that it moves easily 

among the stalks of the trichomes without touching their apical cells, which thus create a shelter 

against most of its competitors and predators (van Houten et al. 2013). Adults and nymphs feed 

on the epidermis of foliage, stems, inflorescences and (young) fruits, causing browning, 

shrivelling and necrosis of stems and leaves, flower abortion and russeting of fruits (Royalty 

and Perring 1988; Duso et al. 2010; Vervaet et al. 2021). At high infestations, tomato plants 
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shrivel and production can be lost completely (Al-Azzazy and Alhewairini 2018). The russet 

mites are actually only controlled with pesticide applications (e.g., abamectin and sulphur) 

(Duso et al. 2010; Vervaet et al. 2021), but this is often ineffective (Lindquist et al.1996; van 

Houten et al. 2013). Furthermore, a meta-analysis of published data from field experiments 

demonstrated that chemical pest control often does not work when natural enemies are present 

(Janssen and van Rijn 2021), and it is therefore better to search for efficient natural enemies, 

thus preventing the use of pesticides. 

Predatory mites of the Phytoseiidae family are one of the main groups of natural enemies 

studied for the control of the russet mite (Brodeur et al. 1997; Park et al. 2010; Al-Azzazy et al. 

2018). However, the effectiveness of these mites on tomato plants is hindered because of the 

glandular trichomes. Although some phytoseiid mites may be or become adapted to tomato 

plants and their trichomes (Drukker et al. 1997; Silva et al. 2010; Sato et al. 2011), so far, none 

of them can control the russet mite on tomato with trichomes. Possibly, predatory mites found 

in natural association with tomato plants and their pests are more adapted to these trichomes 

and may therefore control pests on this crop. Recently, it was demonstrated that the predatory 

mite Amblyseius herbicolus (Acari: Phytoseiidae), originally collected from feral tomato plants 

(see Materials and Methods), was able to establish and reduce whitefly densities on pollen-

supplemented tomato plants (Cardoso 2019). This last study also demonstrated that this 

predator develops and reproduces when feeding on A. lycopersici, but its effectiveness in 

controlling russet mite on tomato plants has not been evaluated yet. 

Besides this phytoseiid mite, the iolinid predatory mites Homeopronematus anconai 

(Baker) and Pronematus ubiquitus (McGregor) (Acari: Iolinidae) were reported to feed and 

reproduce on A. lycopersici (Hessein and Perring 1986; Kawai and Haque 2004; van Houten et 

al. 2020; Pijnakker et al. 2022a, b; Vervaet et al. 2022). Both species are also so small that they 

move in between the stalks of the trichomes without touching their apical cells. They can 

successfully establish on tomato plants (Kawai and Haque 2004; Pijnakker et al. 2022b) and 

find and consume A. lycopersici. They are also herbivorous and iolinid mites in general need to 

feed on plant sources (Moraes and Flechtmann 2008; Pijnakker et al. 2022b; Vervaet et al. 

2022) which is proven by the fact that they can only be reared on or in the presence of plant 

tissue (except for Pronematus sp., De Vis et al. 2006). However, they cannot complete their 

cycle on tomato leaves alone and addition of prey, pollen or fungi boosts their reproduction 

(Hessein and Perring 1986; Kawai and Haque 2004; Pijnakker et al. 2022a, b; Vervaet et al. 

2022). Therefore, the application of pollen allows preventive establishment of the predators in 

the crop in the absence of prey. In a recent study, Pijnakker et al. (2022b) showed that 
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establishment of P. ubiquitus with pollen on tomato plants resulted in preventing A. lycopersici 

infestations in a greenhouse. They also demonstrated that P. ubiquitus effectively controlled 

powdery mildew infections (Oidium neolycopersici L.), a devastating tomato disease (Jones et 

al. 2001; Lebeda et al. 2014).  

Current management practices of powdery mildew include fungicide applications, the 

use of sulphur, the development of resistant crop varieties and technology-based climate control 

in greenhouses crops (Jarvis 1992; Castañe et al. 2020; Vielba-Fernandez et al. 2020). 

Successful biological control of powdery mildew in vegetables is achieved almost exclusively 

by antagonistic microorganisms (Kiss 2003), such as the fungal antagonist Ampelomyces 

quisqualis (Kiss et al. 2004; Caffi et al. 2013; Legler et al. 2016). A poorly evaluated possibility 

in the biological control of diseases is the use of fungivores. There are studies demonstrating 

the ability of fungivorous arthropods (mainly mites) to reduce powdery mildew infestations 

(Hessein and Perring 1986; English-Loeb et al. 1999; Norton et al. 2000; Kawai and Haque 

2004; Sutherland and Parrela 2009; Pijnakker et al. 2022b). Here, we evaluated the reproductive 

performance of the omnivorous predators A. herbicolus and H. anconai feeding on A. 

lycopersici and pollen. Subsequently, we assessed the control of russet mites by both predators 

on tomato plants when pollen was offered as an alternative food, as well as their effect on fruit 

production. Furthermore, we evaluated the effectiveness of the iolinid mite H. anconai in 

suppressing natural powdery mildew infections on tomato plants. 

Materials and methods 

Plant materials 

Tomato seeds (Solanum lycopersicum var. Aguamiel (EX V305), Limagrain®, imported by 

Vilmorin Seed Generation, Campinas - Brazil) were sown in a commercial plant substrate 

enriched with macro - and micronutrients (MECPLANT® - Mec Prec, Telêmeco Borba), in 

polystyrene trays (8 x 16 cells). This variety is susceptible to powdery mildew, but is resistant 

to various plant-pathogenic viruses. Fifteen days after germination, the seedlings were 

transplanted to plastic 3 L pots with the same substrate. The plants were fertilized every week 

with a solution of 50g of N-P-K (20-05-20) and 100g of simple superphosphate in 20L water 

and were supported with bamboo sticks, to which they were tied with a string. The plants were 

kept inside cages in a room with natural light at 23 ± 3 °C and 70 ± 10% relative humidity. 

Cattail pollen used in all experiments was collected from Typha sp. plants from the campus of 
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the Federal University of Viçosa. The pollen was dried in an oven at 60º C for 24 h and stored 

in a freezer at -20 °C according to recommendation (Hagedorn 1968; Pernal and Currie 2000). 

Mite rearings 

Tomato russet mites were collected from tomatoes grown in a rural area of Coimbra in 2021 

(MG, Brazil, 20° 51' 42.4" S, 42° 50' 14.4" W) and were maintained on tomato plants inside 

cages (0.5 x 0.5 x 1.0 m). A new tomato plant with at least four completely developed leaves 

was added to each cage every month and the oldest plants removed. The cages were kept in a 

room at 22 ± 2 °C, 70 ± 10% RH, 12:12 L:D. 

The laboratory rearing of H. anconai was initiated with mites collected on russet-mite-

infested tomato plants in the house of the first author in Viçosa in 2021. The species 

identification was conducted by Tairis Da-Costa and Noeli Juarez Ferla from UNIVATES (RS, 

Brazil). They were reared on tomato plants, to which cattail pollen was added twice a week as 

extra food. The tomato plants were kept inside cages (0.5 x 0.5 x 1.0 m), which were kept in 

climate rooms as above. The rearing of A. herbicolus was started with individuals collected 

from tomato plants in gardens in the urban and rural areas of Prados (MG, Brazil) (Cardoso 

2019). The species identification was carried out by Manoel Guedes Correa Gondim Junior 

from UFRPE (PE, Brazil). This predator reproduces through thelytokous parthenogenesis, 

hence, populations consist of females only (de Moraes and Mesa 1988). They were reared on 

arenas made of black PVC sheets (15 × 10 cm) on top of foam pads (h = 3 cm), which were 

kept in plastic trays (29 × 14 × 4 cm) filled with water (cf. van Rijn and Tanigoshi 1999). The 

edges of the arenas were wrapped in wet tissue paper to prevent the mites from escaping, but 

the tissue also served as a water source. Small pieces of cotton wool were placed on the arenas 

as oviposition sites and were covered with pieces of black, tent-shaped PVC sheet (1.5 cm²) for 

shelter. Cattail pollen was offered as food two times per week. The rearing was maintained in 

climate rooms as above. 

Predation and oviposition 

First, we investigated the ability of both predatory mites to feed on adult russet mites. This 

experiment was performed on tomato leaf discs (Ø = 2 cm) arranged on wet tissue paper (Ø = 

3 cm) and placed in Petri dishes (Ø = 5 cm, 1.5 cm high), which were closed with lids to prevent 

mites from escaping. Preliminary experiments were done to check how many individuals to 

offer to avoid prey depletion. We placed ten adult russet mites on each leaf disc, together with 

a single adult female of each predator. These adult females were placed singly in the 
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experimental units and were starved for 24 h prior to the experiments to prevent effects from 

the previous diet. Predation was scored 24 hours later. Ten replicates were carried out per 

predator species. The predation rates of A. herbicolus and H. anconai on russet mite adults were 

compared using a generalized linear model (GLM) with a Poisson error distribution. 

To assess the ability of both predatory mites to reproduce on russet mites, we introduced 

a young adult female (12-15 days after egg eclosion) of one of the two predatory mite species 

on a tomato leaf disc with c. 100 russet mites (mixed stages, including eggs) in experimental 

units as above. Typha sp. pollen, placed on clean leaf discs, was used as food in a control 

treatment. Oviposition rates were assessed every 24 hours for 4 days. After each evaluation, 

predators were transferred to new experimental units containing fresh prey or pollen. Ten 

replicates were carried out per predator species. To prevent effects from the previous diet, 

oviposition of the first day was excluded from the analysis (Sabelis 1990). The tests were 

performed in a room at 22 ± 2 °C, 70 ± 10% RH, 12:12 L:D. Because of considerable non-

normality of the errors, also after transformation, oviposition rates were summed per individual 

over the last three days of the experiment and compared with a Wilcoxon-Mann-Whitney test 

(function wilcox.test of the R package coin, Hothorn et al. 2008). Nevertheless, we present 

oviposition data per day below to show trends through time. 

Tomato russet mite control on tomato plants, powdery mildew levels and fruit production 

To test for the capacity of A. herbicolus and H. anconai to control russet mites, we carried out 

experiments in 3 screen cages (2 x 2 x 2 m – Howitec Netting®, Joure, the Netherlands), under 

natural conditions (mean temperature 21.5°C, range 19–26.1º C; mean relative humidity 62%, 

range 41–77%), but protected from occasional rain. Each cage contained 12 tomato plants; each 

plant was a replicate. Initially, a tomato leaf disc (3 cm2) with 5 A. herbicolus adult females 

was put on all leaves of the tomato plant (4-leaf stage), with a total of 20 predators per plant. 

Homeopronematus anconai was introduced in a similar way, but with 10 mobile stages per leaf 

disc at a total of 40 individuals per plant. About 1 mg of Typha sp. pollen was applied twice a 

week, including in the control treatment (without predators). To prevent cross-contamination, 

the plants were spaced out in the cage, and each plant pot was put in a dish with water, serving 

as barrier for dispersing mites. Plants were not sampled for mites during the first 4 weeks to 

avoid disturbances. However, a few days after setting up the trial, natural infestations of 

powdery mildew occurred in all treatments. The presence of powdery mildew was quantified 

during this period (4-weeks) by non-destructive counting of the leaflets containing visual 

mildew lesions. This was done until the release of the russet mite in the fourth week.  
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Four weeks after the release of predatory mites, all treatments were infested with russet 

mite. Discs were cut from leaflets picked from a well-infested tomato plant, and each disc 

harboured on average c. 50 mobile stages. Each tomato plant received a leaf disc with russet 

mites on the 2nd to the 6th leaf from the bottom leaf, hence, about 250 mobile stages in total. 

The discs were positioned on the middle of each leaf. The number of predatory mites was 

evaluated weekly from the 4th week and the number of russet mites from the 5th week after the 

introduction of predatory mites. This was done by collecting six leaflets per plant (two leaflets 

from the bottom, middle and top section of each plant, respectively). The leaflets were stored 

in separate boxes for evaluation in the laboratory under a stereo microscope. At the last 

sampling, tomato fruits were collected, counted and weighed using a semi-micro analytical 

balance (Balança-AD200, Marte Científíca, São Paulo). 

The densities of A. lycopersici were log (x+1) transformed before the analysis and 

compared with a linear mixed effects model (LME) with time and treatment and their 

interaction as fixed factors (lme of the package nlme, Pinheiro et al. 2021). The replicate 

(plants) was used as a random factor to correct for repeated measures. Models were checked 

with normal error plots and plots of residuals against fitted values. Significance of factors and 

interactions were determined with likelihood ratio (L.R.) tests. The numbers of tomato fruits 

and weights of fruits per plant were compared among treatments using a GLM with Gaussian 

error distribution (identity link). The number of leaflets with powdery mildew lesions in the 

first four weeks of the population dynamics experiment was compared using a generalized 

linear mixed effects model (GLMER, glmer of the package lme4, Bates et al. 2015) with a 

Poisson error distribution, treatment and time as fixed factors and replicates (plants) as random 

factor to correct for repeated measures. 

Powdery mildew control by H. anconai 

Based on the results with powdery mildew obtained in the above experiment, we conducted an 

experiment to evaluate whether H. anconai could affect mildew progress on different strata 

(bottom, middle and top) of tomato plants. As powdery mildew initially starts on lower leaves 

of plants, fifty H. anconai motiles were introduced on the bottom (= oldest) leaf from each (6-

leaf stage) tomato plant (5 plants per treatment). Typha sp. pollen (1 mg) was applied two times 

per week in all leaves, also on plants of a control treatment without predators. The plants were 

kept in two separate cages (1 x 1 x 1 m). Plant apices were subsequently removed to keep plants 

at a constant size and prevent the leaves from touching the top of the cages. For four weeks, we 

counted the leaflets with visible powdery mildew lesions on the entire plants. Powdery mildew 
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occurrence on tomato plants was compared in two steps using a GLMER with a binomial error 

distribution: first the occurrence of mildew per leaf in the three strata, and then the number of 

leaflets with mildew for those leaves that had symptoms of mildew. Contrasts among treatments 

in the different trials were assessed with the Tukey method using the package emmeans (Lenth 

2016). All statistical analyses were performed with software R, version 4.2.1 (R Core Team 

2022). 

Results 

Predation and oviposition 

The average total consumption of russet mite adults by the predatory mites H. anconai (0.8 ± 

0.2) and A. herbicolus (5.6 ± 0.8) (mean ± SE) differed significantly (GLM; Deviance = 42.7; 

d.f. = 1; p < 0.001). The phytoseiid mite consumed about 7 times more russet mite adults than 

H. anconai. 

The two predators were able to reproduce by feeding on A. lycopersici. Oviposition rates 

were significantly affected by diet in both H. anconai (Fig. 1A; Wilcoxon test: Z = 3.52, p = 

0.0004) and A. herbicolus (Fig. 1B; Z = 3.75, p = 0.0002). Feeding on cattail pollen resulted in 

the highest oviposition rates for both predators. 

Tomato russet mite control on tomato plants, powdery mildew levels and fruit production 

There was a significant effect of the presence of predators through time on densities of A. 

lycopersici (Fig. 2A; LME: interaction of treatment with time: L.R. = 14.4, d.f. = 2, p = 0.0007). 

The predator H. anconai successfully suppressed the population growth of A. lycopersici, but 

A. herbicolus did not (Fig. 2A). During the last evaluations, we observed a slight increase in 

the densities of russet mites in the treatment with H. anconai. However, the densities were low, 

whereas they increased in the treatments with A. herbicolus and without predators (Fig. 2A). 

Whereas H. anconai population increased twelve-fold during the experiment, A. herbicolus 

disappeared from all plants from week 7 onwards (Fig. 2B). In the seventh week of evaluation, 

the plants showed a high incidence of powdery mildew, except in the treatment with H. anconai. 

The severity of the disease resulted in the drying and consequent senescence of some leaflets, 

directly affecting the predators still present on the plants. 

The different treatments significantly affected the number of leaflets with powdery 

mildew lesions through time during the first four weeks (Fig. 3; interaction of treatment with 

time, GLMER; Chi2 = 26.6, d.f. = 2, p < 0.0001). Homeopronematus anconai reduced the 
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spread of the disease with 86.5% and 87.6% compared to the treatments with A. herbicolus and 

without predators, respectively. There was no significant effect of treatment on the numbers of 

fruits produced (Fig. 4A; GLM; Deviance = 5.79, d.f. = 2, p = 0.055). Tomato plants with H. 

anconai produced fewer fruits than plants in the other treatments. However, fruits from plants 

with H. anconai were somewhat heavier than those of plants with A. herbicolus and without 

predators, but this effect was also not significant (Fig. 4B; GLM; F2,33= 2.0; p = 0.15), and the 

total fruit weight per plant (Fig. 4C) also did not differ significantly among treatments (GLM; 

F2,33 = 0.55, p = 0.58). 

Powdery mildew control by H. anconai 

The occurrence of powdery mildew on leaves in the three strata of tomato plants was 

significantly affected by the presence of H. anconai (Fig. 5A-C; interaction of treatment with 

strata, GLMER; Chi2 = 7.3; p = 0.026). However, there was no significant difference in the 

bottom stratum. The proportion of leaflets of the leaves that had mildew was also affected by 

the presence of H. anconai (interaction of treatment with strata and time, GLMER; Chi2 = 31.5; 

p < 0.0001). Although plants with H. anconai showed lower rates of infection with powdery 

mildew in the bottom part, this difference was not significant (Fig. 5C). In the upper parts of 

the plant, almost no leaflets with powdery mildew lesions were found in the presence of H. 

anconai. Only 0.6 ± 0.4 (mean ± SE) infected leaflets were observed in the middle stratum (Fig. 

5B), and 0.05 ± 0.36 with powdery mildew lesions were found at the top of the plants (Fig. 5A). 

Therefore, the control of powdery mildew by H. anconai was evident, limiting the spread of 

the disease to higher parts of the tomato plant. 

Discussion 

We show that both the phytoseiid A. herbicolus and the iolinid H. anconai were able to feed 

and reproduce on tomato russet mites, but A. herbicolus consumed about 7 times more adult 

russet mites than H. anconai. These findings agree with other studies that reported low 

consumption rates of adult russet mites by H. anconai (Brodeur et al. 1997; Vervaet et al. 2022). 

Here, both predatory mites reached higher oviposition rates when the mites were feeding on 

cattail pollen (Fig. 1A-B) and providing pollen before pest introduction allowed the 

establishment of both mites on tomato plants. However, only H. anconai was able to increase 

in density and effectively control russet mites (Fig. 2A). Moreover, our results show that H. 

anconai was also effective in controlling the spread of powdery mildew (Fig. 3 and 5). Thus, 

early releases of H. anconai with the addition of Typha pollen can possibly prevent both 
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infestations by russet mites and powdery mildew on tomato plants. This is the second report of 

an arthropod biological control agent acting against both this pest and disease (Pijnakker et al. 

2022b). 

Several studies have analysed the effects of direct plant defences on pest-natural enemy 

interactions and observed adverse effects of plant defences such as trichomes on natural 

enemies (Riddick and Simmons 2014; Peterson et al. 2016; Legarrea et al. 2022). On tomato 

plants, few natural enemies are known to be able to cope with glandular trichomes (Legarrea et 

al. 2022). Hence, it is expected that predators that naturally occur on tomatoes are more adapted 

to the plant direct defences. Our results demonstrate that H. anconai was indeed not hampered 

by the high densities of glandular trichomes to such an extent that they could not control russet 

mites. The glandular trichomes provide a refuge for russet mites, protecting them against many 

predatory mites (van Houten et al. 2013), but iolinid mites are also small and navigate 

unhindered under the glands of the trichomes, thus, they can find and consume russet mites. 

Similar results were reported by Pijnakker et al. (2022b) for the related iolinid P. ubiquitus. 

Both iolinid mites seem adapted to the direct defences (i.e., toxic glandular trichomes) of tomato 

plants and can thus contribute to the biological control of the russet mite. 

Previous work has demonstrated how supplementing natural enemies with pollen as 

alternative food can be used to improve biocontrol (van Rijn et al. 2002; Duso et al. 2004; 

González-Fernández et al. 2009; Nomikou et al. 2010; Delisle et al. 2015; Leman and Messelink 

2015), including by A. herbicolus (Duarte et al. 2015). The establishment of H. anconai with 

pollen was important to achieve the rapid population growth of this predator. For example, four 

weeks after their introduction, the densities of H. anconai had already increased by 45%. 

Although the addition of pollen may result in lower predation rates in the short term, it results 

in better control after some time (Nomikou et al. 2004; Vangansbeke et al. 2016; Samaras et al. 

2021). The presence of alternative food such as pollen on a crop can enhance the efficacy of 

pest control because it increases the densities of natural enemies, which subsequently causes a 

reduction in pest populations, a phenomenon similar to apparent competition (Holt 1977; van 

Rijn et al. 1999; Nomikou et al. 2002; Nomikou et al. 2010; Duarte et al. 2015). We show here 

that the establishment of H. anconai with pollen on tomato plants before infestation by a pest 

indeed resulted in effective control: the density of russet mites per leaflet sampled in the 

presence of H. anconai was close to zero (Fig. 2A). Predator satiation and perhaps a preference 

of H. anconai for pollen over prey were eventually offset by an increase in predation at the 

population level. Similarly, P. ubiquitus, another iolinid mite, has also been reported to 

effectively control russet mites on tomato plants supplemented with pollen (Pijnakker et al. 
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2022b). Furthermore, both P. ubiquitus and H. anconai prevent progression of powdery 

mildew. 

Feeding on fungal spores has previously been demonstrated for tydeoid mites (Flaherty 

and Hoy 1971; Hessein and Perring 1988; English-Loeb 1999, 2007; Norton et al. 2000; Duso 

et al. 2005; Pijnakker et al. 2022b). Hessein and Perring (1988) reported that adults of H. 

anconai survived when they fed on Cladosporium cladosporioides spores, but this diet did not 

allow reproduction. We did not evaluate whether H. anconai can develop on a diet of powdery 

mildew only. 

It is also known that plant feeding by various omnivorous natural enemies, including 

predatory mites, can trigger the induction of plant defences (Pérez-Hedo et al. 2015; Zhang et 

al. 2018; Cruz-Miralles et al. 2019; Pérez-Hedo et al. 2022; Silva et al. 2022). Therefore, the 

suppression of powdery mildew by H. anconai may also be caused by the induction of plant 

defences by plant feeding of H. anconai, and this might also be the case for tomato russet mite. 

Although A. herbicolus had a higher predation rate and similar oviposition rates when compared 

to H. anconai, this was not reflected in a better control on tomato plants. To the contrary, the 

russet mite control by A. herbicolus was also limited at the start of the experiment. The better 

control by H. anconai is therefore difficult to explain by direct control only. We therefore 

hypothesise that the russet mite control might also be indirect and that herbivory by H. anconai 

might trigger not only resistance to powdery mildew but also to tomato russet mite. Further 

research is needed to elucidate these hypotheses. 

Many phytoseiid mites are negatively affected by glandular trichomes of tomato plants, 

and this hampers biocontrol (van Haren et al. 1987; Sato et al. 2011; Paspati et al. 2021; 

Legarrea et al. 2022; Pijnakker et al. 2022a). However, our results show that A. herbicolus 

populations were initially established on the plants (Fig. 2B). Moreover, the reduction of final 

densities of russet mites on the plants with A. herbicolus by 26.1% compared to the treatment 

without predators indicates some effect of phytoseiid mite in the weeks after pest introduction, 

although this difference was not significant. Cardoso (2019) showed that A. herbicolus 

supplemented with a high pollen dosage can significantly reduce whitefly densities in tomato 

plants and the predator densities increased until reaching an average eight times higher than the 

release density. We observed that A. herbicolus disappeared from the plants after the seventh 

week, most likely due to the increasing incidence of powdery mildew and subsequent 

deterioration of the plants. We expected to continue the experiment for a longer time, but the 

high powdery mildew infestation in the treatments with A. herbicolus and control (without 

predators) forced us to interrupt the experiment of population dynamics because leaves of the 
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plants started to dry out. Severe powdery mildew infestations can lead to leaf chlorosis which 

results in reduced plant quality (Jones et al. 2001). Possibly, the limitation of physical resources 

such as oviposition sites, directly affect the predators present in the leaves attacked by powdery 

mildew. Perhaps better control of russet mites by A. herbicolus would have been achieved if 

the plants had been less affected by powdery mildew. The combined release of A. herbicolus 

and H. anconai could indicate a new biological control strategy for tomato crops. While the 

iolinid mite would reduce the density of russet mites and powdery mildew, A. herbicolus, 

besides to contributing to the reduction of A. lycopersici, would also control the whitefly B. 

tabaci (Cardoso 2019). However, the interaction between these two predators needs to be 

investigated. 

Tomato plants with H. anconai produced fewer, but heavier fruits than plants of the 

other treatments (Fig. 4A), although this difference was not significant. As explained above, it 

is possible that plant feeding by the iolinid induces plant defences, and some of the plant 

hormones involved in defences (i.e. jasmonic acid) are also involved in flowering (Wasternack 

et al. 2013). Hence the induction of plant defences may result in the differential allocation of 

resources to vegetative growth and reproduction (Herms and Mattson 1992; Zhang et al. 2019). 

For example, a previous study showed that sweet pepper plants exposed to the omnivorous 

plant-feeding predator Macrolophus pygmaeus have fewer leaves and flowers than unexposed 

plants (Zhang et al. 2019). It should be noted though, that the tomato plants with H. anconai 

were still of good quality at the end of our experiment, in contrast to the plants of the other 

treatments, which were of such low quality due to high infestations with powdery mildew that 

the experiment had to be aborted. It is therefore highly likely that the plants with H. anconai 

would continue to produce fruits for a much longer time than the plants of the other treatments 

and further studies are required to assess life-time fruit production of plants with and without 

the predator. 

In conclusion, we show that the early establishment of the omnivorous iolinid mite H. 

anconai simultaneously controls russet mites and powdery mildew on tomato plants. Our results 

are in agreement with the study by Pijnakker et al. (2022b), who reported that the establishment 

of the related iolinid P. ubiquitus before infection with herbivores provides dual protection 

against a key pest and pathogen in tomatoes. Further studies are required to determine whether 

augmentative releases of H. anconai can maintain A. lycopersici and/or powdery mildew under 

economic threshold densities in the field. In addition, powdery mildew is a disease of a wide 

range plants, and the economic importance of eriophyid mite pests is increasing worldwide 

(e.g., on vines: Knop & Hoy 1983; on figs: Abou-Awad et al. 1999). Therefore, the potential of 
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the iolinid predatory mite H. anconai as a biological control agent in other crop systems 

warrants further investigation. 
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Figure legends 

Fig. 1 Average (±SE) oviposition rates of H. anconai (A) and A. herbicolus (B) on the 2nd – 
4th day of feeding on all stages of the tomato russet mite A. lycopersici or cattail pollen. 
Asterisks indicate a significant difference in oviposition rates between diets (***p < 0.001). 

Fig. 2 Population dynamics of Aculops lycopersici and the predatory mites H. anconai 
(squares) and A. herbicolus on tomato plants. (A) Shown are average densities (± SE) of 
tomato russet mites in the presence of the predatory mites H. anconai (triangles), A. 

herbicolus (squares) and no predators (circles). (B) Shown are log densities (± SE) of all 
stages of both predatory mites, H. anconai (squares) and A. herbicolus (circles). The vertical 
arrows indicate the week that the plants were infested with 250 mobile individuals of A. 

lycopersici. Predators were released in week 0 and were fed Typha sp. pollen. Different letters 
behind the legends indicate significant differences between treatments and asterisks after the 
week number significant differences within each week, respectively (contrasts through model 
simplification after LME; p < 0.05). 

Fig. 3 Average (± SE) number of leaflets with powdery mildew lesions in the first four weeks 
of the population dynamics experiment in presence of the predatory mites H. anconai 
(triangles), A. herbicolus (squares) and no predators (circles). Different letters in the legend 
indicate significant differences among treatments through time and asterisks after the week 
number show significant differences within each week between the treatment with H. anconai 
and the two other treatments respectively (contrasts through model simplification after 
GLMER; p < 0.05). 

Fig. 4 (A) Average numbers of fruits per tomato plant (± SE) (B) average weight of individual 
tomato fruits per plant and (C) total fruit weight per plant infested with A. lycopersici in the 
presence of the predatory mites H. anconai, A. herbicolus and no predators, after an 8-week 
experiment. 

Fig. 5 Average (± SE) number of leaflets with powdery mildew lesions in three different plant 
strata: top (A), middle (B) and bottom (C) of tomato plants in the presence and absence (no 
predator) of H. anconai. Different letters behind the legend indicate significant differences 
between treatments (contrasts through model simplification after GLMER; p < 0.05). n.s = not 
significant 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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HIGHLIGHTS 

• We evaluated the co-occurrence of two generalist predators’ mites on tomato plants 

• The iolinid mite was better at reducing tomato russet mites densities, even in the 

presence of the intraguild predator 

• The predators coexisted on tomato plants supplemented with alternative food 

ABSTRACT 

The combined release of species of generalist predators can enhance biological control, but, in theory, 

predators may be excluded through predation on each other. We evaluated the co-occurrence of the 

generalist predator’s mite Amblyseius herbicolus and Homeopronematus anconai and their control of 

the tomato russet mite (Aculops lycopersici). Besides the prey, both predators consume pollen, and A. 

herbicolus is an intraguild predator of H. anconai. Moreover, both predators are able to cope with the 

direct defence of tomato. A population dynamic experiment showed that H. anconai was better at 

reducing tomato russet mites densities on plants supplemented with pollen, even in the presence of the 

intraguild predator. The iolinid mite also increased the density of A. herbicolus on plants, in two ways, 

directly as an alternative prey and indirectly by controlling powdery mildew on tomato leaves. Although 

A. herbicolus reduces the densities of H. anconai by about half, the predators are able to persist in one 

crop for a sufficiently long period. The increased joint use of generalist predators for biological control 

highlights the importance of studies that evaluate the interaction of these natural enemies. 

Key words: Amblyseius herbicolus - Homepronematus anconai - Intraguild predation – Coexixtence- 

Aculops lycopersici 
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1. Introduction 

Augmentative biological control has been widely and successfully applied to several crops, 

especially in greenhouses. (Sanchez et al., 2000; van Lenteren et al., 2018, 2020). This approach 

consists of the repeated release of natural enemies to suppress outbreaks of the target pest 

species (Hajek, 2004; van Lenteren et al., 2018). As most crops are attacked by more than one 

pest species, augmentative biological control programs often use generalist predators as 

biological control agents (Collyer, 1964; Ramakers, 1990; van Rijn et al., 1999, 2002; Nomikou 

et al., 2002, 2010; Gerson and Weintraub, 2007; Messelink et al., 2008; Urbaneja et al., 2009; 

van Lenteren, 2012; Messelink and Janssen, 2014; Leman et al., 2020; Mendoza et al., 2022). 

This group of natural enemies feeds on more than one prey species and is capable to survive 

and reproduce on plant-derived resources such as nectar, pollen, or plant sap (Ramakers and 

Rabasse, 1995; van Rijn et al., 2002; Bouagga et al., 2018). Moreover, providing alternative 

food sources to generalist predators allows their introduction before the pest is present in crops 

and enables their persistence when the target pest is scarce (Altieri and Letourneau, 1982; 

Eubanks and Denno, 2000; Landis et al., 2000; Janssen and Sabelis, 2015; Gurr et al., 2017). 

Although generalist predators have a wide range of prey, a single generalist predator is 

often not capable of suppressing all pest species present in the crop (Symondson et al., 2002). 

In such situations, a commonly employed strategy involves releasing multiple natural enemies, 

that may have complementary effects in controlling the pest species (Sih et al., 1998; Cardinale 

et al., 2003; Chow et al., 2008; Straub and Snyder, 2008; Messelink and Janssen, 2014). The 

coexistence of various natural enemies can give rise to diverse types of interactions, further 

increasing food web complexity (Janssen et al., 1998; Sih et al., 1998; Messelink et al., 2012). 

For example, when generalist predators share the same prey, they can interfere with each other 

through competition and intraguild predation (IGP) (Polis et al., 1989; Rosenheim et al., 1995; 

Janssen et al., 2006; Messelink et al., 2012; van Lenteren et al., 2018). If such interactions lead 

to the exclusion of one of these predators, the combined release of these natural enemies should 

be reconsidered. The identification of such trophic links is of primary importance to the success 

of pest management programs (Janssen et al., 2006; Chailleux et al., 2013; Fonseca et al., 2020). 

However, alternative food sources, either present in crops or provided, can decrease the 

negative effects among predators and facilitate coexistence for long enough to complement 

each other in pest control (Chailleux et al., 2013; Messelink et al., 2013; Messelink and Janssen, 

2014). 
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Another factor that can affect the effectiveness of control by natural enemies is the 

interaction between the direct defences of plants and the population dynamics of generalist 

predators on those plants. For example, few natural enemies are known to be able to cope with 

direct defences of tomato plants (Legarrea et al., 2022). Tomato plants possess glandular 

trichomes, which are outgrowths of the epidermis in which specialized metabolites are 

synthesized and stored (Schuurink and Tissier, 2020). They predominantly act as broad-

spectrum direct defence against herbivores (Glas et al. 2012), but they can also induce mortality 

of predators (van Haren et al., 1987; Coll et al., 1997; Lambert, 2007; Verheggen et al., 2009; 

van Houten et al., 2013; Paspati et al., 2021; Legarrea et al., 2022). Among the generalist 

predators that are able to establish on tomato plants, mirid bugs, such as Macrolophus pygmaeus 

and Nesidiocoris tenuis stand out, commonly introduced to control whiteflies (Bonato et al., 

2006; Calvo et al. al., 2009; Bueno et al., 2019). Furthermore, a few species of predatory mites 

mainly from the Phytoseiidae family (Drukker et al., 1997; Silva et al., 2010; Sato et al., 2011), 

are used for pest control on tomato, however, their effectiveness is reduced by the glandular 

trichomes (van Houten et al., 2013; Legarrea et al., 2022). 

We have recently shown that two species of generalist predatory mites are adapted to direct 

defences of tomato. These predatory mites, Amblyseius herbicolus Chant (Acari: Phytoseiidae) 

and Homeopronematus anconai (Baker) (Acari: Iolinidae), were originally collected from 

tomato plants. They are true omnivores, feeding on several trophic levels such as plant materials 

(pollen, nectar, plant sap), herbivores and fungi (Hessein and Perring, 1986; Kawai and Haque, 

2004; Reis et al., 2007; Moraes and Flechtmann, 2008; Rodríguez-Cruz et al., 2013; Duarte et 

al., 2015, Marcossi et al., 2020; Kalile et al., 2021; Vervaet et al., 2022). Both predators 

established on tomato plants with pollen as alternative food and share the same prey, the tomato 

russet mite Aculops lycopersici (Acari: Eryophidae) (Hessein and Perring, 1986; Kawai and 

Haque, 2004; Rodríguez-Cruz et al., 2013; Duarte et al., 2015, Cardoso, 2019; Marcossi et al., 

2020; Vervaet et al., 2022). While the iolinid mite can reduce the densities of russet mites and 

powdery mildew, A. herbicolus can contribute to the control of A. lycopersici, but can also 

control other tomato pests, such as the whitefly Bemisia tabaci (Chapter 1). However, only H. 

anconai was able to increase in density and effectively controlled tomato russet mites on tomato 

plants (Chapter 2). Moreover, the iolinid mite was also effective in controlling powdery mildew 

(Oidium neolycopersici) (Chapter 2). Severe powdery mildew infestations can result in reduced 

plant quality (Jones et al. 2001), and can directly affect generalist predators that do not feed on 

fungi, such as A. herbicolus (Chapter 2), for example by limiting the physical resources of 

predators, such as oviposition sites and prey patches. This means that the combined release of 
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A. herbicolus and H. anconai should be studied in more detail before they are used in 

combination to control several pests in tomato.  

As a first step, we evaluated whether the combined release of A. herbicolus and H. anconai, 

with pollen as alternative food, on tomato plants supplemented with pollen can contribute to 

the biological control of A. lycopersici. Laboratory observations showed that A. herbicolus 

adults prey on all stages of H. anconai, but not vice versa. As both predators share the same 

prey and the same alternative food, they can engage in intraguild predation., with A. herbicolus 

as the intraguild predator and H. anconai as intraguild prey. We therefore expected that the 

presence of H. anconai would increase the densities of A. herbicolus both because it serves as 

food and because it controls powdery mildew, hence, exploring how these potentially 

interacting predators respond to the presence of each other is an important step toward the 

successful release of both natural enemies. To investigate this, we evaluated the performance 

of the omnivorous predator A. herbicolus feeding on all stages of A. lycopersici, H. anconai 

and pollen. Subsequently, we evaluated the control of tomato russet mites with releases of H. 

anconai alone, A. herbicolus alone, or in a combined release, in all cases with pollen as 

alternative food for both species. Furthermore, we evaluated the effectiveness of the iolinid 

mite in the different treatments in suppressing natural powdery mildew infections of tomato 

plants.  

2. Materials and methods 

2.1. Plant materials 

Tomato seeds (Solanum lycopersicum var. Aguamiel (EX V305), Limagrain®, imported 

by Vilmorin Seed Generation in Brazil) were sown in a commercial plant substrate enriched 

with macro - and micronutrients (Tropstrato HT vegetables®), in polystyrene trays (8 x 16 

cells). Fifteen days after germination, the seedlings were transplanted to plastic 3 L pots with 

the same substrate. The plants were fertilized every week with a solution of 50g of N-P-K (20-

05-20) and 100g of simple superphosphate in 20L water and were supported with bamboo 

sticks, to which they were tied with a string. The plants were kept inside cages in a room with 

natural light at 23±3 °C and 70±10% relative humidity. Cattail pollen used in all experiments 

was collected from Typha sp. plants from the campus of the Federal University of Viçosa. The 

pollen was dried in an oven at 60º C for 24 h and stored in a freezer at -20 °C according to 

recommendation (Hagedorn 1968; Pernal and Currie 2000). 



77 

 

 

2.2. Mite rearings 

Tomato russet mites were collected from tomatoes grown in a rural area of Coimbra (MG, 

Brazil, 20° 51' 42.4" S, 42° 50' 14.4" W) and were maintained on tomato plants inside cages 

(0.5 x 0.5 x 1.0 m). A new tomato plant with at least four completely developed leaves was 

added to each cage every month and the oldest plants removed. The cages were kept in a room 

at 22±2 °C, 70±10% RH, 12:12 L:D. 

The laboratory rearing of H. anconai was initiated with mites collected on A. lycopersici-

infested tomato plants in the house of the first author in Viçosa. The species identification was 

carried out by Tairis Da-Costa and Noeli Juarez Ferla from UNIVATES (RS, Brazil). The 

iolinid mites were reared on tomato plants with cattail pollen as food, offered twice a week. 

The tomato plants were kept inside cages (0.5 x 0.5 x 1.0 m), which were kept in climate rooms 

as above. The rearing of A. herbicolus was started with individuals collected from tomato plants 

in gardens in the urban and rural areas of Prados (MG, Brazil) (Cardoso 2019). They were 

reared on arenas made of PVC sheets (15 × 10 cm) on top of foam pads (h = 3 cm), which were 

kept in plastic trays (29 × 14 × 4 cm) filled with water (cf. van Rijn and Tanigoshi 1999). The 

edges of the arenas were wrapped in wet tissue paper to prevent the mites from escaping, but 

the tissue also served as a water source. Small pieces of cotton wool were placed on the arenas 

as oviposition sites and were covered with pieces of tent-shaped PVC sheet (1.5 cm²) for shelter. 

Cattail pollen was offered as food two times per week. The rearing was maintained in climate 

rooms as above. 

2.3. Juvenile development and oviposition 

Whereas A. herbicolus can prey on all stages of H. anconai, the iolinid mite can not to prey 

on any stage of A. herbicolus, probably due to the large size difference between the predators. 

Adults females of A. herbicolus (313–352 μm in length) are bigger than adult of H. anconai (150-

200 μm in length) (Chant, 1959; Abou-Awad, 1979; Akyazi et al., 2016; Vervaet et al. 2021) 

and this might render adults of H. anconai vulnerable to predation by adults of the phytoseiid mite. 

Therefore, we compared the performance of A. herbicolus feeding on different diets including 

H. anconai. For this, we measured peak oviposition rate, development rate and juvenile survival 

(Janssen and Sabelis, 1992; Nomikou et al., 2001). 

First, we measured the development and survival of juvenile A. herbicolus feeding on 

mixed stages of A. lycopersici, H. anconai and H. anconai plus cattail pollen. Juveniles feeding 

on pollen were used as control. This experiment was performed on tomato leaf discs (Ø = 2 cm) 
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arranged on wet tissue paper (Ø = 3 cm) and placed in Petri dishes (Ø = 5 cm, 1.5 cm high), 

which were closed with lids to prevent predatory mites from escaping. Newly hatched larvae 

of A. herbicolus were removed from the stock colony and each individual was placed in an 

experimental unit on a tomato leaf disc according to the treatment. To avoid depletion and loss 

of quality of the food, new discs were offered daily and those from the previous day were 

removed. Juvenile development and survival were monitored daily until the individuals reached 

adulthood or had died. To assess the oviposition rate of A. herbicolus on the same diets, we 

introduced a young adult female (12-15 days after egg eclosion) in similar experimental units. 

Oviposition rates were assessed every 24 hours during 4 days. New discs were offered after 

each evaluation. Ten replicates were carried out per treatment in both experiments. 

Development data were analysed with a Cox proportional hazards model (package coxph, 

Therneau, 2020). Because the treatment with A. lycopersici was the only that resulted in death 

over time, survival data were analysed with the Kaplan–Meier estimates (package survdiff 

Therneau, 2020). To prevent possible effects from the previous diet, oviposition of the first day 

was excluded from the analysis (Sabelis, 1990). The effect of different diets on the oviposition 

rate was assessed with a linear mixed-effects model (LME) with treatment and time as fixed 

factors and individuals as a random factor to correct for repeated measures. Contrasts among 

treatments here and below were done with the function emmeans from the package with the 

same name (Lenth, 2019). The tests were performed in a room at 22 ± 2 °C, 70 ± 10% RH, 

12:12 L:D. 

2.4. Dynamics on plants 

We carried out this experiment in twenty-eight BugDorm-4F® insect cages (0.5 x 0.5 x 1.0 

m), under natural conditions (mean temperature 23.6°C, range 17.9–27.7º C; mean relative 

humidity 68%, range 42–86%), but protected from occasional rain. Each cage contained a single 

tomato plant, distributed over three treatments (seven replicates per treatment). The treatments 

consisted of releases of either H. anconai alone, A. herbicolus alone, a combined release of both 

predators, and a treatment without predators. Initially, a tomato leaf disk (3 cm2) with 5 adult 

females of H. anconai was placed on all leaves of the tomato plants (4-leaf stage) receiving the 

two treatments with H. anconai, with a total of 20 predators per plant. A week later, we released 

10 adult females of A. herbicolus per tomato plant in a similar way, on the plants receiving the 

two treatments with this predator. About 1 mg of Typha sp. pollen was applied to all leaves of 

the plants twice per week, including to those of the treatment without predators, starting from 

the release of H. anconai. 
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Two weeks after the release of H. anconai, thus one week after the introduction of A. 

herbicolus, all treatments were infested with russet mites. Discs were cut from leaflets picked 

from a well-infested tomato plant; each disc harboured on average c. 25 mobile stages. Each 

tomato plant received a leaf disc with russet mites on the 2nd to the 6th leaf from the bottom leaf, 

hence, about 100 mobile stages in total. The discs were positioned on the middle of each leaf. 

The numbers of A. herbicolus were assessed weekly from the 2nd week onwards, using a 

handheld magnifying glass and head magnifier with light, sampling all the leaves of each 

tomato plant that received this predator. The numbers of H. anconai and russet mites were 

measured from the 4th week after the introduction of these mites. This was done by collecting 

two leaflets from the bottom, middle and top section of each plant, respectively. The leaflets 

were stored in a separate box per plant for evaluation in the laboratory under a stereo 

microscope. Each leaflet was photographed to measure the leaflet area using ImageJ® software. 

Subsequently, we took a disk (Ø = 2 cm) from each leaflet and counted all H. anconai and A. 

lycopersici on each disk. Based on these numbers and the surfaces of the discs and the leaflets, 

we calculated pest and predator densities for each leaflet. 

From the sixth week after the introduction of H. anconai, natural infestations of powdery 

mildew occurred, mainly in treatments without this mite. The presence of powdery mildew was 

quantified from that week onwards by non-destructive counting of leaflets containing visual 

powdery mildew lesions. This was done until the end of the experiment. 

The densities of A. lycopersici were log (x+1) transformed before the analysis and 

compared with a linear mixed effects model (LME) with time and treatment and their 

interaction as fixed factors (lme of the package nlme, Pinheiro et al. 2021). The replicate 

(plants) was used as a random factor to correct for repeated measures. Models were checked 

with normal error plots and plots of residuals against fitted values. Significance of factors and 

interactions were determined with likelihood ratio (L.R.) tests. The density of both predators 

were analysed similarly. To compare the number of leaflets with powdery mildew lesions, we 

counted all the leaflets (healthy and infected by powdery mildew) of the tomato plants in the 

last week of the population dynamics experiment. The proportion of leaflets with damage was 

compared using a generalized linear mixed (GLM) with a binomial error distribution. All 

statistical analyses were done using the software R version 4.2.2 (R Core Team 2023). 
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3. Results 

3.1. Juvenile development and oviposition 

There was significant effect of predator diet on juvenile development (Fig. 1A, Cox 

proportional hazards: Chi2 = 23. 8, d.f. = 3, p < 0.001). Feeding on tomato russet mites resulted 

in significantly longer juvenile development than on the other diets. Juvenile survival was also 

significantly affected by diet (Fig. 1a, Mantel–Heanszel test of Kaplan–Meier survival 

estimates: Chi2 = 13.8, d.f. = 3, p = 0.003). While all individuals reached adulthood in the 

treatments with H. anconai, pollen and both diets combined, in the treatment with A. 

lycopersici, 40% of the individuals did not survive. 

There was a significant difference in oviposition rate of A. herbicolus on the four diets (Fig. 

1B; LME: L.R. = 12.9, d.f. = 3, p = 0.005) and oviposition did not differ among days (L.R. = 

0.27, d.f. = 3, p = 0.603). Feeding on cattail pollen and H. anconai with pollen resulted in the 

highest oviposition rates, but oviposition on H. anconai with pollen did not differ significantly 

from the other treatments. 

3.2. Dynamics on plants 

Aculops lycopersici densities differed significantly among treatments through time (Fig. 

2A; LME: interaction of treatment with time: L.R. = 34.6, d.f. = 3, p < 0.0001). Tomato plants 

of treatments with only the predatory mite H. anconai and with both predators harboured 

significantly lower densities of russet mites than plants of the treatment with only A. herbicolus, 

hence, without H. anconai (Fig. 2A). Moreover, from the first week of evaluation, plants with 

H. anconai alone already showed a significantly lower density of russet mite density than the 

other treatments (Fig. 2A). There was a reduction in the density of tomato russet mites on plants 

without predators and with A. herbicolus alone from the 7th and 9th week onwards, 

respectively, likely due to the invasion of H. anconai in these treatments. However, A. 

lycopersici had already reached high densities, resulting in higher plant damage (Fig. 3). This 

indicates that early release of H. anconai is essential for the effective control of russet mites. 

Densities of H. anconai were significantly affected by the presence of A. herbicolus 

(intraguild predator) (Fig. 2B; LME: L.R. = 11.7, d.f. = 1, p < 0.0001), and the densities differed 

significantly through time (LME: L.R. = 29.80, d.f. = 3, p < 0.0001). Throughout the 

experiment, the numbers of iolinid mites in the presence of A. herbicolus were lower, and this 

difference was significant in weeks five, eight and nine (Fig. 2B. The presence of H. anconai 

(intraguild prey) also affected the densities of A. herbicolus (Fig. 2C; LME: interaction of 
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treatment with time: L.R. = 5.89, d.f. = 1, p = 0.0152). The density of A. herbicolus was always 

higher in all weeks evaluated in the presence of H. anconai, but significant differences were 

only found in the last week of evaluation (Fig. 2C).  

The different treatments significantly affected the number of leaflets with powdery mildew 

lesions (Fig. 2D; GLM; F3, 24 = 41.2, d.f. = 3, p < 0.0001). Plants with only H. anconai did not 

show any leaflets with powdery mildew, and the presence of this predator even combined with 

A. herbicolus reduced disease spread by 90.6% and 94.3% compared to treatments with H. 

anconai and without predators respectively (Fig. 2D). 

4. Discussion 

We previously showed that H. anconai was able to increase in densities and effectively 

controlled russet mites and the spread of powdery mildew on tomato plants (Chapter 2). Here, 

we found similar results for H. anconai: its controlled A. lycopersici and O. neolycopersici, 

even with an intraguild predator present on the plants (Fig. 2A), although predation by A. 

herbicolus reduced the density of the iolinid mites (Fig. 2B). Moreover, the presence of H. 

anconai increased the phytoseiid mite density on tomato plants (Fig. 2C). Probably, in addition 

to serving as food, the control of powdery mildew by H. anconai positively affected the number 

of A. herbicolus present in the leaves. 

Both predators feed on A. lycopersici, but H. anconai was better at reducing tomato russet 

mite densities. When released alone, H. anconai supplemented with pollen reached an average 

density of over 1200 individuals per plant, which is about 60 times the density initially released, 

likely caused by the presence of pollen. Several studies have already demonstrated how the 

presence of alternative food such as pollen on a crop can enhance the efficacy of pest control 

because it increases the densities of natural enemies, which subsequently causes a reduction in 

pest populations, a phenomenon similar to apparent competition (Holt, 1977; van Rijn et al., 

1999; Nomikou et al., 2002; Nomikou et al., 2010; Duarte et al., 2015). However, in the 

presence of the intraguild predator A. herbicolus, the densities of the iolonids were reduced by 

about 50% compared to populations without A. herbicolus. Nevertheless, H. anconai and A. 

herbicolus together controlled the densities of A. lycopersici (Fig. 2A). The iolinid mites is not 

harmed by the direct defences (e.g., toxic glandular trichomes) of tomato plants (Pijnakker et 

al., 2022; Chapter 2). While the glandular trichomes serve as a refuge for russet mites, offering 

protection against many predatory mites (van Houten et al., 2013), iolinid mites, being small in 

size, can also freely navigate under the trichomes. Hence, they can locate and prey on russet 
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mites while they may experience some protection against predation by A. herbicolus from the 

trichomes. 

Our data show that the two species coexisted for a rather long period. The basic theory of 

IGP predicts restricted conditions for stable coexistence: this occurs only when the intraguild 

prey (H. anconai in our case) is the superior competitor for the shared prey and only at 

intermediate levels of productivity (Polis et al., 1989; Holt and Polis, 1997). Here, it was evident 

that H. anconai was the better competitor for the shared prey. Another factor that contributes to 

the coexistence of two predators is spatial structure (Finke and Denno, 2006; Janssen et al., 

2007). For example, Marques et al. (2018) showed that the predatory mites Iphiseiodes zuluagai 

and Euseius concordis involved in reciprocal intraguild predation coexist for much longer on 

Jatropha plants, which offer spatial structure, than on experimental arenas without structure. In 

our case, the ability of H. anconai to move under the trichomes is likely to reduce predation by 

the intraguild predator. 

Recently, we demonstrated that the initial mortality of A. herbicolus was high, but that it 

can adapt to direct tomato defences within a few generations. To reduce the impact of the 

trichomes, which are especially dense on the tomato stems, a high dosage of alternative food 

can be supplemented (Chapter 1), because the predator do not need to move frequently to other 

plant parts in search of food, thus avoiding contact with the stem trichomes.  

When feeding on H. anconai, A. herbicolus showed the same oviposition rate as when 

feeding on russet mites, but a shorter developmental time (Fig. 1A-B). Indeed, the presence of 

H. anconai increased the final densities of the phytoseiid mite by almost 8 times compared to 

the treatment in which A. herbicolus was released alone (Fig …). The use of alternative prey to 

maintain populations of predatory mites in crops has received ample attention (Hoogerbrugge 

et al., 2008; Messelink et al., 2009; Messelink et al., 2014; Pirayeshfar et al., 2020). Perhaps 

the iolinid mite can be used as an alternative prey for the maintenance of A. herbicolus in crops, 

although this requires research into mass production of H. anconai. 

It is known that modifications of leaf structure can reduce the effectiveness of predators 

(Schmitd, 2014). Severe powdery mildew infestations can cause leaf chlorosis and desiccation 

of leaves and can thus limit predator physical resources such as oviposition sites and prey 

patches. Therefore, H. anconai can also have indirectly increased the densities of A. herbicolus 

on tomato plants through reducing the progress of powdery mildew (Fig. 2D).  

It is not entirely clear how H. anconai controls powdery mildew. Hessein and Perring 

(1988) showed that H. anconai feeds on fungal spores has previously been demonstrated for: 

Cladosporium cladosporioides. In addition to feeding of spores, plant defence mechanisms 
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induced by herbivory of H. anconai (Moraes and Flechtmann, 2008; Vervaet et al., 2022) may 

also be involved in powdery mildew control. Moreover, H. anconai might induce not only 

defences that decrease the growth of powdery mildew but also that of tomato russet mites. The 

induction of plant defences through herbivory by H. anconai therefore needs to be investigated. 

Combined inoculative releases of A. herbicolus and H. anconai did not result in better 

control of russet mites. The iolinid mite alone was capable of reducing the densities of A. 

lycopersici and simultaneously preventing the progress of powdery mildew. Despite being the 

intraguild prey of A. herbicolus, the predators persisted on plants for a considerable period, 

probably caused by the presence of plant structures in the form of trichomes. Although these 

trichomes were found to impede biocontrol of other tomato pests because of their negative 

effects on natural enemies (Legarrea et al. 2022), here, the trichomes were possibly the cause 

of persistence of the two natural enemy species. The effects of such plant structures on trophic 

interactions therefore deserve further study. Future studies should also assess whether the 

impact of H. anconai on A. herbicolus densities will result in the more efficient control of 

another key tomato pest, the whitefly B. tabaci. 
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Figure legends 

Fig. 1 Juvenile development, survival and average oviposition rates of Amblyseius herbicolus 

fed with all stages of A. lycopersici, H. anconai and cattail pollen. (A) Shown are the mean (± 

SE) cumulative proportions of individuals that reached adulthood as a function of time. 

Survival is given by the final proportion of adults. (B) Show are the oviposition rates of H. 

anconai on the 2nd – 4th day. 

Different letters following the key entries indicate significant differences among treatments 

(contrasts after survival analysis and through model simplification after LME P < 0.05). 

Fig. 2 Population dynamics of Aculops lycopersici and the predatory mites H. anconai 

(alone), A. herbicolus (alone) and the both predators released combined on tomato plants. (A) 

Shown are average densities (± SE) of tomato russet mites in the presence of the predatory 

mites H. anconai – alone (squares), A. herbicolus – alone (diamond + dotted line), the both 

predators (circles) and no predators (triangle + dotted line). (B) Shown are log densities (± 

SE) of all stages of H. anconai, released alone (squares) and combined with A. herbicolus 

(circles). (C) Shown are log densities (± SE) of all stages of A. herbicolus, released alone 

(triangle) and combined with H. anconai (circles). (D) Average (± SE) number of leaflets 

with powdery mildew lesions from the sixth week of the population dynamics experiment in 

presence of the predatory mites H. anconai – alone (squares), A. herbicolus – alone (diamond 

+ dotted line), the both predators (circles) and no predators (triangle + dotted line). Predators 

were released in week 0 (H.anconai) and week 1 (A. herbicolus) and were fed Typha sp. 

pollen. Different letters indicate significant differences between treatments and asterisks 

indicate significant differences within each week, respectively (contrasts through model 

simplification after LME and GLM; p < 0.05). 

Fig. 3 Tomato plants in the presence of predatory mites at the end of the population dynamics 
experiment.   
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Fig. 2. 
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Figure 3. 
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CONCLUSION GENERAL 

In this thesis, I investigated the use of three different predatory mites to control important pests 

and a pathogen in tomato crops. The results showed that the phytoseiid mite A. herbicolus is 

effective in controlling the whitefly (B. tabaci), in both situations, whether introduced before 

or after the pest. However, the amount of alternative food offered, in this case pollen, directly 

affects the biological control performed by A. herbicolus (Chapter I). 

In the second chapter, I showed that the early establishment of the omnivorous iolinid 

mite H. anconai simultaneously controls russet mites and powdery mildew on tomato plants. 

This is the second report of an arthropod biological control agent acting against both a pest and 

disease. 

Based on the results of the second and first chapters, I assumed that the combined use 

of A. herbicolus and H. anconai could result in increased biological control. However, the 

combined inoculative releases of both predators did not result in better control of russet mites. 

The iolinid mite alone was capable of reducing the densities of A. lycopersici and 

simultaneously preventing the progress of powdery mildew. 

In conclusion, this study demonstrates promising results from two generalist predatory 

mites that effectively control pests in tomatoes, a plant known to be a hostile host for natural 

enemies. Furthermore, the use of a predatory arthropod to control a disease could be a new 

biological control strategy for powdery mildew not only in tomato crops. 
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