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ABSTRACT

CUESTA, Larissa Lucas Coca, M.Sc., Universidade Federal de Vigosa, February,
2026. Selectivity and pathogenicity of Beauveria bassiana and Cordyceps
javanica in arthropod pest management systems. Adviser: Angelo Pallini Filho.

Integrated pest management (IPM) may benefit from the combined use of biological
control agents to reduce pesticide dependence and contribute to the sustainability of
agricultural systems. However, the integration of multiple natural enemies requires
prior evaluation of their compatibility, particularly when microbial agents are applied
in systems where predatory arthropods are also present. This study evaluated the
selectivity and pathogenicity of commercial isolates of the entomopathogenic fungi
Beauveria bassiana and Cordyceps javanica through laboratory bioassays with
arthropods that commonly coexist in agroecosystems, including the whitefly Bemisia
tabaci, the two-spotted spider mite Tetranychus urticae, and two predatory mites of
the genus Amblyseius. Bioassays were conducted using the field-recommended
concentration for the control of Bemisia tabaci. At this concentration, the effects of
fungal exposure on survival, development, and reproduction of the predatory mites A.
herbicolus and A. tamatavensis were assessed following direct exposure by
immersion. In parallel, the pathogenicity and efficacy of the fungi against the target
pest B. tabaci were evaluated, as well as their effects on T. urticae. Exposure to both
fungal species, at the tested concentration, did not significantly affect survival of adult
or juvenile stages of either predator species. Oviposition of A. tamatavensis was not
affected, whereas A. herbicolus exhibited only transient, time-dependent variation in
oviposition following exposure to C. javanica, without persistent reductions. Against
the pests, the fungal isolates exhibited pathogenic effects on B. tabaci and influenced
the performance of T. urticae. Overall, the results indicate that B. bassiana and C.
javanica, at the evaluated concentration, can be used in combination with predatory
mites of the genus Amblyseius without pronounced negative effects on key predator
life-history traits. These findings support the feasibility of combining these agents
within IPM programs and contribute to the development of integrated strategies for
managing arthropod pest complexes.

Keywords: biological control; predatory mites; entomopathogenic fungi.



RESUMO

CUESTA, Larissa Lucas Coca, M.Sc., Universidade Federal de Vigosa, fevereiro de
2026. Seletividade e patogenicidade de Beauveria bassiana e Cordyceps
javanica em sistemas de manejo de pragas artropodes. Orientador: Angelo
Pallini Filho.

O manejo integrado de pragas (MIP) pode se beneficiar do uso combinado de
agentes de controle bioldgico para reduzir a dependéncia de pesticidas e contribuir
para a sustentabilidade dos sistemas agricolas. No entanto, a integracao de
multiplos inimigos naturais requer avaliacdo prévia de sua compatibilidade,
especialmente quando agentes microbianos sdo aplicados em sistemas nos quais
artropodes predadores também estao presentes. Este estudo avaliou a seletividade
e a patogenicidade de isolados comerciais dos fungos entomopatogénicos Beauveria
bassiana e Cordyceps javanica por meio de bioensaios laboratoriais com artropodes
que comumente coexistem em agroecossistemas, incluindo a mosca-branca Bemisia
fabaci, o acaro-rajado Tetranychus urticae e &caros predadores do género
Amblyseius. Os bioensaios foram conduzidos utilizando a concentracdo de campo
recomendada para o controle de Bemisia tabaci. Nessa concentracdo, foram
avaliados os efeitos da exposicéo fungica sobre a sobrevivéncia, o desenvolvimento
e a reproducdo dos acaros predadores Amblyseius herbicolus e Amblyseius
tamatavensis, ap0s exposicao direta por imersdao. Em paralelo, foram avaliadas a
patogenicidade e a eficacia dos fungos contra a praga-alvo B. tabaci, bem como
seus efeitos sobre T. urticae. A exposicdo a ambas as espécies fungicas, na
concentracdo testada, ndao afetou significativamente a sobrevivéncia dos estagios
adulto ou juvenil de nenhuma das espécies de predadores. A oviposicdo de A.
tamatavensis nao foi afetada, enquanto A. herbicolus apresentou apenas variagao
transitéria e dependente do tempo na oviposicdo apds a exposi¢do a C. javanica,
sem redugles persistentes. Em relagdo as pragas, os isolados fungicos exibiram
efeitos patogénicos sobre B. tabaci e influenciaram o desempenho de T. urticae. De
modo geral, os resultados indicam que B. bassiana e C. javanica, na concentracao
avaliada, podem ser utilizados em combinagdo com acaros predadores do género
Amblyseius sem efeitos negativos pronunciados sobre tragos-chave do histérico de
vida dos predadores. Esses achados sustentam a viabilidade da combinagéo desses
agentes em programas de MIP e contribuem para o desenvolvimento de estratégias
integradas para o0 manejo de complexos de artrépodes-praga.

Palavras-chave: controle biolégico; acaros predadores; fungos



entomopatogénicos



SUMMARY

General IntroducCtion ......... ... 8
REFEIENCES ... ... e et e e e e e e e e 14
L0 4 - T o =T e PRSP 21
INErodUCHION ... .o 23
Materials and Methods................ooo oo 26
0] =T o PP 26
Rearing of Amblyseius RerbiCOIUS. ... 26
Rearing of Amblyseius tamatavensis.............ccccooeeeiii 27
Preparation of fungal SUSPENSIONS.............coiiiiiiiiiicc e 28
Adult survival and OVIPOSItION..........oiiiiiiieee e 28
Juvenile development and SUMNVIVAl ...........coooiiiiiiiiiii e 29
Statistical @NAIYSES .......oovveeii i 29
RESUILS ... e e e e e e e et e e e e e e e e ee s 29
DS CUSSION ... e e e e e e e e e e e e 34
[ =T = 1o = 39
L0 4 - T o =Y PSS 48
INErodUCHION ... .o 49
Materials and Methods...............cooo e 52
Obtaining BemiSia tabaci ..................ccuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeee e 52
Rearing of TefranyChus UrtiCae..................cooooiiiiiiiii 52
Preparation of fungal SOIULIONS ..........ooomiiiiiiiii e 52
Exposure of Bemisia tabaci to fungal suspensions and biological evaluation........ 53
Exposure of adult Tetranychus urticae to fungal suspensions and biological
=TT TS 0 0= o | 54
Development of Tetranychus urticae larvae exposed to fungal suspensions ........ 55
Confirmation of fungal growth in Tetfranychus urticae....................ccccovvvvveeeiien... 55
Statistical @NAIYSES .......oovveeiii e 55
RESUILS ... e et e et e 56
[ 17 oW L1 oY o ST 63
[ =T = Lo = 68

GENEIAl CONCIUSTON ..o e e et r e 73



General Introduction

Pest infestations and the consequent reduction in crop productivity stand out as
some of the main challenges faced by modern agriculture, intensified by land-use
intensification and ongoing climate changes of the Anthropocene (Marshman et al.,
2019; Dror et al., 2021). Pests and pathogens are responsible for a 17% to 30%
reduction in global agricultural production (Savary et al., 2019). However, these
losses are not exclusively driven by pest pressure, but are also strongly influenced by
inadequate management practices, including the improper use of control strategies
within agricultural systems (Li et al., 2011; Leskovac & Petrovi¢, 2023). Among the
principal contributors to these losses are phytophagous arthropods, which cause
direct and indirect damage by impairing plant vigor, development, and physiological
performance (Hauser et al., 2013; Showler, 2013; Kumar et al., 2024). These impacts
are intensified by the high reproductive capacity, rapid development, and high
adaptability of these organisms to different environmental conditions (Fox & Czesak,
2000; Shrestha, 2019). As a result, many phytophagous species complete multiple
generations within a single cropping cycle, and this high rate of population turnover
can promote demographic outbreaks (Carey & Krainacker, 1988; Paredes et al.,
2022), which favor the development of pesticide resistance under high selective
pressures (Gul et al., 2023; Naggar et al., 2025). In this context, Integrated Pest
Management (IPM) emerges as an essential approach, especially in intensive
production systems, where high host availability and favourable environmental
conditions often promote rapid pest population growth, thereby challenging effective
infestation control.

Among the most economically important agricultural pests worldwide, the
whitefly Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) stands out as a key
challenge for modern crop production and integrated pest management programs
(Oliveira et al., 2001; Perring et al., 2018). This species is considered a major pest in
a wide range of agricultural systems, including vegetables (e.g., tomato, pepper, and
cucumber), fiber crops such as cotton, and several ornamental and industrial crops
worldwide (Cock, 1986; Horowitz et al., 2011). This phloem-feeding insect lives
predominantly on herbaceous plants (Sani et al., 2020) and causes both direct and

indirect damage to crops, directly by extracting plant sap and indirectly through



honeydew excretion, which favors sooty mold development (Byrne & Bellows, 1991;
Byrne & Miller, 1990). Moreover, B. tabaci can act as a vector for phytopathogenic
viruses, including those belonging to the genera Begomovirus, Ipomovirus, Crinivirus,
Torradovirus, and Carlavirus (Gilbertson et al., 2015). Its wide geographic
distribution, broad host range, and high ecological plasticity contribute to its ability to
cause significant economic losses, reinforcing its relevance as a key target within
integrated pest management strategies (Naranjo et al., 2009; Horowitz et al., 2020;
Cremonez et al., 2023).

Similarly to the whitefly Bemisia tabaci, the two-spotted spider mite
Tetranychus urticae Koch (Acari: Tetranychidae) is a cosmopolitan and highly
polyphagous pest that poses a major challenge to agricultural systems worldwide
(Duso et al., 2010; Domingos et al., 2014; Lagziri et al., 2015; Jakubowska et al.,
2022). This herbivore causes damage to more than 1,100 cultivated plant species
and results in significant losses both in Brazil and in several other regions worldwide
(Jeppson et al., 1975; Oliveira et al., 2007; Adesanya, 2019). This species causes
direct damage by feeding on leaf cellular contents, leading to reduced photosynthetic
rates, defoliation, and loss of plant vigor (Parmagnani et al., 2023). At high population
densities, these effects are intensified and may result in tissue necrosis and severe
defoliation, significantly compromising crop development and productivity (Helle &
Sabelis, 1985; Gorman et al., 2002; Kumari et al., 2017). T. urticae is characterized
by a high reproductive rate and short life cycle, traits that favor rapid population
growth and frequent outbreaks, particularly in warm, dry environments (Mitchell,
1973; Gallo et al., 2002; Riahi et al., 2013; Teodoro-Paulo et al., 2024). In addition to
its wide geographic distribution and high adaptability across different niches, T.
urticae exhibits rapid proliferation, intensifying its impact on horticultural, ornamental,
and fruit crops, underscoring the need for highly efficient management strategies.

Even today, pest control relies heavily on the frequent use of chemical
products, frequently applied outside an integrated management framework (Deguine
et al.,, 2021; Araujo et al., 2023). However, the continuous application of these
compounds exerts strong selective pressure on pest populations, favoring the
emergence of resistance, reducing control efficacy, and increasing production costs
(Sparks & Nauen, 2015; Galli et al., 2024). In the case of whiteflies, resistance to
more than 50 chemical compounds has already been reported (Sparks & Nauen,

2015; Horowitz et al., 2020; Victor et al., 2022). Similarly, populations of the two-
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spotted spider mite have also shown reduced sensitivity to pesticides (Van Leeuwen
et al., 2015), and the species has been reported to rank first among those that
develop resistance most rapidly worldwide (APRD, 2025). In light of this scenario, an
emphasis on Integrated Pest Management (IPM) tactics focused on biological control
emerges as an environmentally safe, sustainable, and economically viable alternative
to chemical control (Van Lenteren, 2012; Lahlali et al., 2022).

Biological control uses living organisms to reduce pest populations or limit the
damage they cause in cropping systems (Van Lenteren, 2012; Stenberg et al., 2021).
Among these organisms, predatory mites have received increasing attention over
recent decades, particularly those belonging to the family Phytoseiidae, which is
recognized as one of the most relevant groups for the natural control of
phytophagous arthropods (Knapp et al., 2018). These predators prey on different
groups of phytophagous arthropods, including pest mites and economically important
small insects, making them widely applicable in management programs (McMurtry &
Croft, 1997; Gerson et al., 2003). Within this group, species of the genus Amblyseius
stand out for their adaptability and effectiveness in managing key pests, including
whiteflies, thrips, tarsonemid mites, and tetranychid mites, reinforcing their potential
for biological control in productive contexts (Calvo et al., 2010; Cavalcante et al.,
2017; Barbosa et al., 2019; Pio, 2023; Cardoso et al., 2025).

Predators of the genus Amblyseius have a generalist feeding habit, being able
to develop and reproduce on multiple prey types (McMurtry et al., 2013). The
predatory mite Amblyseius herbicolus (Chant, 1959) (Acari: Phytoseiidae) feeds on
small phytophagous arthropods, including B. tabaci, and is also able to exploit
alternative food resources such as pollen and nectar (Rodriguez-Cruz et al., 2013;
Duarte et al., 2015; Marcossi et al., 2020; Kalile et al., 2023; lasczczaki et al., 2024).
Another relevant species within the genus is Amblyseius tamatavensis Blommers
(Acari: Phytoseiidae), which is known to consume tetranychid mites, astigmatid
mites, nematodes, pollen, and the eggs of small hexapods (Cavalcante et al., 2015;
Massaro et al.,, 2016). In Brazil, A. tamatavensis has stood out particularly for its
performance in managing B. tabaci, leading to its production and commercialization
as a biological control agent against this pest (Cavalcante et al., 2017; Promip,
2023). In general, the generalist habit is positively correlated with these predators’
ability to establish and persist on plants (Tylianakis et al., 2004; Généau et al., 2012),
although this persistence does not necessarily translate into consistent performance
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across cropping systems, as it may be modulated by plant traits, prey density, and
management practices, which impose ecological trade-offs and Ilimit predator
effectiveness under certain conditions (Ibrahim & Rahman, 1997; Buitenhuis et al.,
2014; ElImoghazy et al., 2024).

In addition to predators, biological control strategies may also include the use
of microorganisms (Fontes & Valadares-Inglis, 2020; Kumar et al., 2024). Among the
microbial agents used in this context, entomopathogenic fungi stand out, as they
have well-described application methodologies, a wide variety of strains available on
the market, and infect target pests through contact with the cuticle, without relying on
ingestion by the host (Hajek & St. Leger, 1994; Vega et al., 2012). Entomopathogenic
fungi are organisms capable of causing disease or leading to the death of insect
hosts (Fontes & Valadares-Inglis, 2020). After the death of the insect, the fungus
continues its development and reproduction, completing its life cycle through the
production and release of spores capable of infecting new susceptible individuals
(Wolfart et al.,, 2022). Demonstrating the ability to infect different groups of
arthropods, including both sap-sucking and chewing pests, fungal bioinsecticides
have gained space in the market as a possible alternative to chemical control (Shah
& Pell, 2003; De Faria & Wright, 2007; Panwar & Szczepaniec, 2024).

Among the entomopathogenic fungi used commercially, Beauveria bassiana
(Bals.-Criv.) Vuill.,, 1912, and Cordyceps javanica (Frieder. & Bally) Kepler, B.
Shrestha & Spatafora (formerly known as [saria javanica) stand out, as they are
formulated as biopesticides and registered for the management of several
agricultural pests (Zimmermann, 2007; Mascarin et al., 2016; Behle et al., 2022; Xing
et al., 2024). In Brazil, products derived from these fungi are regulated and
authorized for agricultural use by the Ministry of Agriculture and Livestock (MAPA)
and are registered as biological control agents in the official AGROFIT system,
allowing their application across different crops and production systems. Both B.
bassiana and C. javanica are recognized for their broad spectrum of action and their
ability to infect hosts through the production of conidia that germinate and penetrate
the insect cuticle, leading to internal colonization and host death, and are effective
against a wide range of insects and mites (Shah & Pell, 2003; De Faria & Wraight,
2007; Zimmermann, 2007; Zimmermann, 2008; Mascarin et al., 2016; Xing et al.,
2023). Both fungi show remarkable efficacy against sap-sucking insects such as
whiteflies (Ou et al., 2019; Shah et al., 2020; Wari et al., 2020; Gebremariam et al.,
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2022). The availability of multiple commercial strains of these fungi, adapted to
different environmental conditions and cropping systems, consolidates them as
central tools in integrated management programs aimed at reducing dependence on
chemical insecticides (De Faria & Wraight, 2007; Fontes & Valadares-Inglis, 2020).

The integration of different biological control agents, such as
entomopathogenic fungi and predatory mites, may enhance pest management
resilience and effectiveness (Van Lenteren, 2012; Dent & Binks, 2020). This
approach is based on manipulating food webs to create trophic cascades that can
impact pest populations (Janssen et al., 2006). However, in agricultural systems,
these induced cascades may be disrupted by intraguild interactions or by the actions
of natural enemies of the control agents themselves (Rosenheim et al., 1995; Ulug et
al., 2014), leading to management failure (Rosenheim et al., 1995). Importantly, an
integration strategy is not limited to the application of agents alone. The introduction
of multiple natural enemies into a crop creates an artificial food web in which direct
and indirect interactions among species determine pest population dynamics and
control efficacy (Ehler, 1996; Janssen et al., 1998). In this context, the effects on pest
populations go beyond the additive mortality caused by each agent in isolation and
are instead modulated by interactions such as apparent competition, intraguild
predation, and behavioral interference (Holt & Polis, 1997; Janssen et al., 1998).
Therefore, it is essential to assess how these agents will coexist and interact within
this novel community.

Thus, the combined application of different biological control agents requires a
prior assessment of compatibility among candidate organisms, since
entomopathogenic fungi, although selective toward target pests, may potentially
affect natural enemies such as predatory mites (Roy & Pell, 2000; Quesada-Moraga
et al., 2022). This issue is particularly relevant in intensive cropping systems, such as
vegetable crops grown under protected or open-field conditions (e.g., cucumber,
bean, pepper, and cotton), where B. tabaci and T. urticae frequently co-occur and are
often managed simultaneously using multiple biological control agents (Schoonhoven
& Cardona, 1980; Zhang et al., 2003; Aslan et al., 2004; Abou Jawdah et al.; 2024; ).
In these systems, entomopathogenic fungi such as B. bassiana and C. javanica are
commonly applied for whitefly suppression, but their application may influence the

entire assemblage of organisms present within the local food web (Meyling & Hajek,
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2010; Quesada-Moraga et al., 2022). Otherwise, generalist predatory mites of the
genus Amblyseius are released to target whiteflies and associated secondary pests.

Therefore, investigating the compatibility between commercial isolates of B.
bassiana and C. javanica and key predators of the genus Amblyseius is essential for
developing combined release protocols aimed at controlling the target pest, in this
case B. tabaci, as well as the indirect control of T. urticae, a pest frequently
associated with agroecosystems impacted by B. tabaci (Aslan et al., 2004,
Soleymani et al., 2016). The success of an integrated pest management program
combining these agents will depend on how these interactions shape the structure
and dynamics of the artificial food web within the agroecosystem.

In various agricultural systems, the whitefly Bemisia tabaci and the two-
spotted spider mite Tetranychus urticae often occur simultaneously, sharing host
plants and causing significant economic damage. For the integrated management of
these pests, two biological control tactics are frequently employed: the use of
predatory mites, such as mites from the genus Amblyseius, and the application of
entomopathogenic fungi, such as Beauveria bassiana and Cordyceps javanica. Both
of these control agents can act against B. tabaci, and in some cases, against T.
urticae as well, making them promising tools for simultaneous pest suppression.
However, to effectively integrate these strategies, it is essential to understand the
potential interactions between them.

Therefore, the present study was designed to evaluate both the selectivity of
these entomopathogenic fungi to the predatory mites and their direct pathogenicity
against the target pests. Specifically, in Chapter 1, we assessed the compatibility of
commercial isolates of B. bassiana and C. javanica with the predators Amblyseius
herbicolus and Amblyseius tamatavensis, testing the hypothesis that exposure to
field-recommended concentrations does not negatively affect key predator
performance parameters. In Chapter 2, we evaluated the pathogenicity and efficacy
of the same fungal isolates against the target pest B. tabaci, as well as their effects
on the co-occurring pest T. urticae. Together, these chapters provide an evaluation of
the potential for combining entomopathogenic fungi and predatory mites within
sustainable pest management programs, establishing a foundation for their combined

application in agroecosystems.
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Chapter 1

Compatibility of Beauveria bassiana and Cordyceps javanica with two
predatory mites of the genus Amblyseius

Abstract

The integration of entomopathogenic fungi and predatory mites represents a
promising strategy within Integrated Pest Management (IPM) programs; however, its
success depends on the compatibility and selectivity of microbial agents toward
beneficial arthropods. In several agricultural systems, including protected crops and
open-field production, the whitefly Bemisia tabaci and the two-spotted spider mite
Tetranychus urticae frequently co-occur and are often managed simultaneously. In
these systems, both entomopathogenic fungi and predatory mites of the genus
Amblyseius may be employed against whiteflies and spider mites, either individually
or in combination, which makes it essential to assess whether fungal applications
interfere with predator performance. This chapter evaluated the compatibility of the
entomopathogenic fungi Beauveria bassiana and Cordyceps javanica, applied at
field-recommended concentrations for the management of Bemisia tabaci, with two
predatory mite species of the genus Amblyseius: Amblyseius herbicolus and
Amblyseius tamatavensis. Adult females and immature stages of both predators
were directly exposed to fungal suspensions by immersion, and the effects on
survival, developmental time, and oviposition were assessed under controlled
laboratory conditions. Adult survival and juvenile survival did not differ significantly
among fungal treatments and the control for either species, and no effects on
developmental duration from larva to adult were detected. Oviposition responses
were species-specific: A. herbicolus exhibited transient, time-dependent variation in
egg production in fungal treatments, particularly with C. javanica, whereas A.
tamatavensis showed no treatment-related effects on oviposition. Overall, the
absence of lethal and persistent sublethal effects indicates a high degree of
selectivity of the tested fungal products toward both predatory mite species. These
results support the tactical compatibility of B. bassiana and C. javanica with
Amblyseius spp. and reinforce their potential for combined use in IPM programs
targeting whiteflies, contributing to the development of biologically based strategies

that reduce reliance on chemical insecticides.
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Introduction

The conventional approach to pest control, often focused on isolated and reactive
actions, may fail to achieve long-term suppression. Measures such as recurrent
pesticide applications can select for resistant populations (Georghiou, 1983;
Tabashnik et al., 2013) and destabilize agroecosystems by eliminating natural
enemies, thereby favoring pest resurgence and outbreaks of secondary pests
(Gutierrez et al., 2013). To overcome these limitations, the Integrated Pest
Management (IPM) paradigm proposes the coordinated combination of different
control methods, aiming at synergy, sustainability, and effectiveness (Van Lenteren,
2012; Dent & Binks, 2020). The success of IPM is therefore closely linked to the
ability to integrate complementary tactics (Casula et al., 2006; Tylianakis & Romo,
2010; Stenberg, 2017).

In this context, biological control, using both macrobials and microbial agents,
has assumed a central role, particularly in tropical systems prone to population
outbreaks (Van Lenteren, 2012; Stenberg et al., 2021). Augmentative control
programs frequently involve the release of multiple biological control agents (BCAs)
against one or more pests (Midthassel et al., 2016; Messelink et al., 2011; Calvo et
al., 2009). This multifaceted approach aims to create a comprehensive management
program, including the combination with bioinputs, to reduce dependence on broad-
spectrum pesticides (Cock et al., 2010). However, the simultaneous combination of
multiple natural enemies introduces an additional layer of ecological complexity:
interactions among different BCAs may be antagonistic, neutral, or synergistic, and
one agent may potentially impair the effectiveness of another (Van Lenteren, 2012;
Janssen & Sabelis, 2015), highlighting the need for knowledge regarding
compatibility and selectivity among the agents used.

One way to structure the integration of different BCAs is by employing
strategies that differ in nature and timing, such as preventive and curative control
(Flint & Van den Bosch, 1981). Preventive control aims to establish a line of defense
before pest population outbreaks occur, often by maintaining generalist natural
enemies within the agroecosystem (Pedigo & Rice, 2021). In contrast, curative
control is implemented in response to established infestations, aiming to rapidly
reduce the target pest's population density (Roberts & Hajek, 1992; Pedigo & Rice,

2021). The juxtaposition of these temporal strategies creates an expanded control
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window, in which agents can act in a complementary and synergistic manner
(Midthassel et al., 2016; Castillo-Ramirez et al., 2020).

An illustrative example of this integration is the preventive release of generalist
predatory mites, such as Amblyseius swirskii, which are able to establish in crops by
exploiting alternative food sources like pollen and nectar (Van Rijn, 2002; Nomikou et
al., 2001), thereby suppressing early populations of key pests including thrips and
whiteflies (Calvo et al., 2015; Midthassel et al., 2016). This strategy can be combined
with curative applications of entomopathogenic fungi, such as Beauveria bassiana
and Cordyceps javanica, applied upon pest detection to reduce ongoing infestations
(Roberts & Hajek, 1992; Lacey et al., 2015). Combined biological control strategies
(predators plus microbial agents) have also shown synergistic potential in systems
affected by the two-spotted spider mite, Tetranychus urticae (Hernandez-Valencia et
al., 2024). In addition to acting at complementary times, recent studies suggest that
phytoseiid mites may transport conidia adhered to their bodies, potentially
contributing to the dissemination of the pathogen within the plant structure, thereby
allowing the microbial agent to reach pest individuals that are not directly exposed
during spraying (Baverstock et al., 2009; Lin et al.,, 2019; Castillo-Ramirez et al.,
2020).

However, this interaction is not risk-free. Entomopathogenic fungi may affect
natural enemies in multiple ways, including reducing survival, altering foraging
behavior, or impairing reproduction and development (Furtado et al., 1996; Wu et al.,
2015; Liu et al.,, 2019). The selectivity of entomopathogenic fungi toward natural
enemies is a major concern in programs that integrate predators and microorganisms
(Cardoso et al., 2008; Maddalena et al., 2024; Hernandez-Valencia et al., 2024). In
this context, selectivity refers to the ability of these fungi to suppress target pest
populations while causing minimal or no adverse effects on non-target beneficial
organisms (Sharma et al., 2022; Albana et al., 2025). Therefore, before implementing
integrated strategies involving predators and pathogens, it is indispensable to
experimentally evaluate the compatibility between these agents, ensuring that their
combined use does not compromise the efficiency of biological control (Mesquita et
al., 1997; Alma et al., 2007; Labbé et al., 2009; Avery et al., 2020). Although
Beauveria bassiana and Cordyceps javanica are considered relatively safe for many
beneficial organisms (Midthassel et al.,, 2016; Ou et al., 2019; Seiedy, 2015),

sublethal effects on reproductive, behavioral, and developmental parameters may
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impair predatory efficacy and reduce the population regulation potential exerted by
phytoseiid mites (Gémez-Marco et al., 2016).

Compatibility assessment is particularly relevant for joint applications involving
generalist predators, such as phytoseiid mites of the genus Amblyseius, whose
persistence and performance on plants strongly depend on their ability to feed,
reproduce, and maintain population stability under variable cropping conditions,
factors that may be affected by susceptibility to pathogens (McMurtry et al., 2013).
Among species of the genus Amblyseius, at the global level, Amblyseius swirskii
is among the most important commercially used phytoseiid predator and became
widely adopted in protected cultivation worldwide after its introduction to the market
(Calvo et al., 2015). In the Neotropical context, A. herbicolus and A. tamatavensis
have been highlighted as efficient suppressors of key pests such as whiteflies, thrips,
tetranychid mites, and tarsonemid mites (Franco et al., 2007; Reis et al., 2007;
Duarte et al., 2015; Cavalcante et al., 2017; Toledo et al., 2018; Barbosa et al., 2019;
Cardoso et al., 2025; Yang et al., 2025), and they can also exploit alternative food
sources such as pollen and nectar (Rodriguez-Cruz et al., 2013; Duarte et al., 2015;
Marcossi et al.,, 2020; Kalile et al., 2023, lasczczaki et al., 2025). The dietary
versatility and colonization capacity of Amblyseius spp., typical features of type llI
generalist predators (McMurtry et al., 2013), position them as ideal candidates for
integrated programs combining predatory and microbial control. Nevertheless, the
literature still lacks detailed studies assessing their biological parameters following
direct exposure to commercial fungal products.

In intensive cropping systems (e.g., cucumber, bean, pepper, and cotton),
Bemisia tabaci is often managed using selected strains of entomopathogenic fungi
(e.g., B. bassiana and C. javanica), while predatory mites of the genus Amblyseius
are released as biological control agents against whiteflies and to associated
secondary pests. This planned joint use implies co-presence of both agents in the
crop and may create a bottleneck for IPM: fungal applications targeting whiteflies can
directly expose predatory mites, making compatibility and selectivity critical factors to
verify under field-relevant doses. Because detailed information on the predator’s
performance following direct exposure to commercial fungal products remains limited,
the objective of this chapter was to evaluate the selectivity of commercial B. bassiana
and C. javanica isolates toward A. herbicolus and A. tamatavensis.

To achieve this objective, the following specific objectives were established:
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1. To evaluate the survival of adults and immature stages of A. herbicolus and A.
tamatavensis after direct exposure by immersion in fungal suspensions at the
concentration recommended for the field management of B. tabaci.

2. To quantify the impact of fungal exposure on the developmental rate of
immature stages of both predatory mite species.

3. To determine the effects of exposure on the oviposition capacity of adult
females of the predators.

Assessing these effects at a concentration relevant to the management of the
target pest is essential for determining the tactical compatibility of these agents. The
results will support inferences regarding the safety of joint use and provide a
scientific basis for developing IPM protocols that reduce reliance on chemical

insecticides in agroecosystems.

Materials and Methods

Pollen

The pollen used for rearing and conducting experiments with predatory mites was
collected from plants of the genus Typha (Typha spp.) located in rural areas of the
municipality of Vigosa, Minas Gerais, Brazil. This pollen allows for development and
reproduction of both predator species (Cavalcante et al., 2015; Duarte et al., 2015;
Marcossi et al., 2020).

After harvesting, the pollen was dried in a forced-air oven at 60 °C for 48 h to
remove moisture and ensure preservation during storage. The material was then
placed in airtight containers and kept in a freezer at approximately —18 °C until use.
For routine use, small amounts of pollen were removed from the main stock,
transferred to 1.5 mL microtubes (Eppendorf), and dried again at 60 °C for an
additional 48 h. Subsequently, the pollen was stored at 8 °C and used during

subsequent weeks for bioassays and predator rearing.

Rearing of Amblyseius herbicolus

The line of the predatory mite A. herbicolus was collected from tomato plants in the
municipality of Prados, Minas Gerais, Brazil (latitude: 21°03'00" S; longitude:
44°04'47" W), and was maintained at the Laboratory of Acarology of the Federal
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University of Vigosa since 2014 (Cardoso et al., 2025). The mites were reared on
arenas consisting of a black plastic sheet (10 x 14 cm) surrounded by a moistened
cotton wool barrier, supported on a wet sponge placed inside a plastic tray containing
water, following the methodology described by McMurtry and Scriven (1965). The
arenas were kept at 25 £ 2 °C, 70 £ 10% relative humidity, and a 12:12 h (light:dark)
photoperiod. Mites were fed Typha pollen twice per week. Cotton threads were
provided as oviposition sites placed beneath a piece of folded black plastic (1 x 1
cm), serving as refuge.

To obtain individuals of similar age, cotton threads were placed in the rearing
arenas for oviposition and removed the following day, resulting in eggs with a
maximum age difference of one day. The threads containing eggs were then
transferred to new arenas and supplied with ample pollen. For the developmental
experiment, newly hatched larvae were collected immediately after egg eclosion. For
the oviposition experiment, the phytoseiids used were 7 + 1 days old from egg to
adult.

Rearing of Amblyseius tamatavensis

The rearing of A. tamatavensis used in the experiments was established from
individuals collected from Tetranychus urticae cultures maintained at the Laboratory
of Acarology of the Federal University of Vicosa (Cardoso et al., 2025). They were
reared in plastic containers (15 cm diameter, 9 cm height) placed on a foam pad (15
cm diameter, 3 cm height). The pad was positioned inside a tray (length x width x
hight: 30.3 x 22.1 x 7.5 cm) containing a 2 cm layer of water and covered with
another tray to maintain humidity. This tray was placed inside a larger tray (length x
width x hight: 34.9 x 28.9 x 7.5), filled with a water—detergent solution to prevent
predator escapes and contamination by other arthropods. Rearing arenas were kept
in a climate-controlled room at 25 + 2 °C, 70 £ 10% relative humidity, and a 12:12 h
(light:dark) photoperiod. Predators were fed T. cracentiseta weekly.

The mite T. cracentiseta was reared in transparent plastic containers placed in
trays, as described above for A. tamatavensis, and fed wheat germ previously
sterilized in an autoclave (120 °C at 1.4 atm for 20 min).

To standardize the age of adult predators used in the experiments, adult A.
tamatavensis females were transferred to an arena with Typha sp. pollen. After 24 h,
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the adults were removed, and their eggs were maintained with pollen provided twice
per week. Age-synchronized larvae and adults were obtained as above.

Preparation of fungal suspensions

The conidial suspensions used in the experiments were prepared from commercial
wettable powder formulations of Beauveria bassiana (isolate IBCB 66; commercial
product GRANADA®, Lallemand Solugbes Agrobioldgicas Ltda., containing 1 x 10"
CFU g™ of product) and Cordyceps javanica (isolate BRM 27666; commercial
product LALGUARD JAVA®, Lallemand Solugdes Agrobiolégicas Ltda.; containing 1
x 10" viable conidia g™'). The concentrations tested corresponded to the field-
recommended application rates for the control of Bemisia tabaci and were selected to
reflect application levels commonly used in pest management programs. For B.
bassiana, 0.0375 g of the product was diluted in 100 mL of distilled water containing
0.01% (v/v) Tween 80®, resulting in a final concentration of approximately 5.75 x 107
conidia/mL. For C. javanica, the suspension was prepared by diluting 0.1 g of the
commercial formulation with the same volume of surfactant solution, yielding an
estimated concentration of 8.5 x 102 conidia/mL. Both suspensions were kept on a
magnetic stirrer for 30 min to ensure adequate conidial dilution. A solution containing
only distilled water and Tween 80® was used as control. Once prepared, 3 mL of
each solution was transferred to a Petri dish for topical application. Before topical

application, all solutions were manually homogenized to prevent sedimentation.

Adult survival and oviposition

To evaluate effects of the fungi on reproduction and survival, adult females of
Amblyseius herbicolus and A. tamatavensis were immersed in one of three
suspensions: (1) the Beauveria bassiana suspension, (2) the Cordyceps javanica
suspension, and (3) the control solution containing 0.01% Tween 80®. Each
treatment included 20 females from the same cohort, each individually immersed
using a fine brush for 30 s in 3 mL from the suspensions described below.
Subsequently, the mites were transferred to Petri dishes lined with filter paper, where
they remained until dry; resumption of movement was then verified as an indicator of
survival. The experimental procedures were adapted from Midthassel et al. (2016).

Predators were subsequently transferred to Petri dishes containing ample Typha sp.
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pollen and moistened cotton wool, used as food and water source, respectively. The
Petri dishes were maintained under controlled conditions (25 + 2 °C; 70 + 10% RH;
12 h photophase) and the number of eggs laid and survival of the females was
evaluated daily for 10 days to check for infection signs. The cotton and pollen were

replaced daily to ensure adequate moisture and feeding conditions.

Juvenile development and survival

The larval development assay followed the same procedure as used for adult
females, with newly hatched larvae immersed in similar suspensions and for the
same duration as above. They were subsequently allowed to dry as above and
movement was assessed as an indicator of survival. Subsequently, individuals were
incubated as above. Evaluations were conducted daily until individuals reached
adulthood, and survival and developmental stage were recorded. As in the adult

experiment, pollen and cotton wool were renewed daily.

Statistical analyses

Oviposition (number of eggs per female per day) was analyzed using linear mixed-
effects models with the ‘nime’ package. The identity of individual mites was included
as a random factor to account for repeated measures, and treatment and time and
their interaction were included as fixed factors. Significance of interactions and
factors were assessed through model simplifications and comparing models using
likelihood ratio tests. Survival of adults and juveniles were analyzed using the Cox
proportional hazards model (coxph). Multiple comparisons among treatments were
performed using pairwise contrasts with Tukey adjustment with the ‘emmeans’

package. All statistical analyses were done using R (v. 4.5.2).

Results

Survival and oviposition of Amblyseius herbicolus and A. tamatavensis adults

For A. herbicolus, there was a significant treatment x day interaction (Likelihood ratio
= 34.1; d.f. = 2; p < 0.0001), indicating that treatment effects varied over time (Fig.

1A). Oviposition on day 1 was significantly higher in the Cordyceps javanica
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treatment than in the Beauveria bassiana and control treatments. The C. javanica
treatment showed significantly higher oviposition than B. bassiana on days 2 and 8,
and lower oviposition than the control on day 7.

For A. tamatavensis, oviposition was not affected by the treatments (L. ratio =

1.40; d.f. = 2; p = 0.497), and there was no significant treatment x day interaction (L.

ratio = 1.86; d.f. = 2, p = 0.395). However, there was a significant effect of time (L.

ratio = 12.23; d.f. = 1; p = 0.0005), indicating that oviposition increased over the
observation period regardless of treatment (Figure 1B).

The survival of A. herbicolus adults (Figure 2A) was not affected by exposure
to either of the two entomopathogenic fungi tested (Cox proportional hazards: L. ratio
=1.55; d.f. = 2; p = 0.5). Similarly, for A. tamatavensis (Figure 2B), adult survival did

not differ significantly among treatments (L. ratio = 0.91; d.f. = 2; p = 0.6).

Survival and development of Amblyseius herbicolus and A. tamatavensis juveniles

Juvenile survival of A. herbicolus (Figure 3A) showed no significant effect of
treatment (Cox proportional hazards: Likelihood ratio = 5.51; d.f. = 2; p = 0.06). For
A. tamatavensis (Figure 3B), juvenile survival was also not significantly affected by
the treatments (L. ratio = 2.28; d.f. = 2; p = 0.3).

Development from larva to adult was not significantly affected by the
treatments for either species. (A. herbicolus, Figure 4A, L. ratio = 1.31; d.f. = 2; p =
0.5; A. tamatavensis, Figure 4B, x*=0.20; d.f. =2; p =0.9).
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Figure 1. Daily oviposition rate of predatory mite females after exposure to
entomopathogenic fungi Beauveria bassiana and Cordyceps javanica by immersion
in conidial suspensions. (A) Amblyseius herbicolus egg production per female (mean
+ SE). Significant treatment x day interaction. Asterisks above bars indicate
significant pairwise differences among treatments within each day (* = p < 0.05; *** =
p < 0.001). Day 1: Cordyceps > Beauveria (***) and Cordyceps > Control (***); Day 2:
Cordyceps > Beauveria (***); Day 7 - Control > Cordyceps; Day 8 - Cordyceps >
Beauveria. (B) A. tamatavensis egg production per female (mean + SE), which

significantly increased over time.
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Figure 2. Kaplan-Meier survival curves for (A) Amblyseius herbicolus and (B) A.

tamatavensis adults immersed in conidial suspensions of Beauveria bassiana,

Cordyceps javanica, or Tween 80% solution (Control).
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Figure 3. Kaplan-Meier survival curves for (A) Amblyseius herbicolus and (B) A.

tamatavensis juveniles immersed in conidial suspensions of Beauveria bassiana,

Cordyceps javanica, or Tween 80% solution (Control).
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Figure 4. Cumulative development curves showing time to adulthood for (A)
Amblyseius herbicolus and (B) A. tamatavensis larvae exposed to entomopathogenic

fungi.

Discussion

The results obtained in this chapter demonstrate that the entomopathogenic fungi
Beauveria bassiana and Cordyceps javanica, when applied at concentrations
recommended for Bemisia tabaci management, do not negatively affect the survival
or key biological parameters of the predatory mites Amblyseius herbicolus and
Amblyseius tamatavensis. This absence of lethal effects on different developmental

stages of the predators suggests a favorable selectivity profile of these fungal
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isolates, acting against the target pest while sparing these non-target natural
enemies (Albana et al., 2025; Seiedy et al., 2015; Roy & Pell, 2000). These findings
are consistent with studies reporting minimal impacts of entomopathogenic fungi on
various beneficial arthropods (Huang et al., 2012; Ullah et al., 2019; Castillo-Ramirez
et al., 2020; Rizwan et al., 2021) and reinforce the potential for integrating predatory
mites and entomopathogenic fungi within IPM programs, especially considering that,
under field conditions, the intensity and frequency of predator exposure to pathogens
tend to be lower than those simulated in laboratory bioassays (Butt & Goettel, 2000;
Lacey et al., 2015; Sain et al., 2021).

Adult survival of both Amblyseius species was not affected by direct exposure
to the fungal suspensions, a result that corroborates previous studies indicating high
selectivity of entomopathogenic fungi toward phytoseiid mites (Wekesa et al., 2007;
Cavalcanti et al., 2008; Wu et al., 2016a; Lin et al., 2017; Castillo-Ramirez et al.,
2020). This tolerance has been associated with various factors, including
morphological and behavioral characteristics of predators, such as cuticle structure
and the ability to mechanically remove conidia through grooming behavior (Wu et al.,
2016a; Wu et al., 2016b; Hassan et al., 2017; Shang et al., 2018).

Similarly, the survival of immature stages was also not affected by the fungi
tested, indicating that the initial exposure by immersion did not result in lethal
infection during predator development. The high survival of immature stages of both
Amblyseius species can be explained by biological processes inherent to their
development. During molting, the cuticle is renewed, which helps remove conidia
adhered to the body and reduces the likelihood of infection (Vey & Fargues, 1977;
Wekesa et al., 2006). As A. herbicolus and A. tamatavensis undergo several molts
over a short period before reaching adulthood, this process occurs frequently,
hindering fungal establishment.

Although no significant effects on survival or development were detected for A.
herbicolus or A. tamatavensis under the conditions evaluated in this study, responses
to entomopathogenic fungi may vary among predatory mite species, including
species within the same genus. Such interspecific variation has been documented in
experiments using Beauveria bassiana isolates (Devi et al., 2008), including negative
effects on the survival of Amblyseius swirskii (Seiedy et al., 2015; Midthassel et al.,
2016), in contrast to the absence of negative effects observed in Amblyseius

cucumeris (Jacobson et al., 2001). These differences may be associated with
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physiological and behavioral traits among species (Hajek & St. Leger, 1994;
Eilenberg et al., 2019), leading to high levels of pathogen—host specificity, or may be
linked to genetic differences that result in genotype-level specificity, in which
particular fungal genotypes exhibit greater virulence toward more susceptible host
genotypes (Edwards et al., 2025).

Pathogen—host specificity is also evident at the pathogen species level, as no
negative effects of another species within the genus Cordyceps, C. fumorosea, were
observed on A. herbicolus in previous studies (Beghelli, 2024). Therefore,
compatibility between biological control agents should be evaluated on a species-by-
species basis. Entomopathogenic fungi have been reported to induce species-
specific sublethal effects on predatory mites under certain conditions, even in the
absence of lethal outcomes (Dogan et al., 2017; Ullah & Lim, 2017; Liu et al., 2019).
Developmental delay is a possible response to biotic stress and may arise from
physiological costs associated with immune activation, transient metabolic
alterations, or indirect effects of metabolites produced by the biotic agent (Schmid-
Hempel, 2003; Li & Zhang, 2019). Similar responses have already been documented
in other mite species, including compensatory effects on longevity, as observed in
Tyrophagus putrescentiae under predation stress (Wei et al., 2022).

Regarding oviposition, responses to fungal exposure differed between the two
predatory mite species. For Amblyseius herbicolus, a significant treatment x time
interaction indicates that fungal exposure influenced oviposition dynamics during the
experiment, with treatment-related differences occurring on specific days rather than
as a uniform effect across the evaluation period. Oviposition was higher in the first 2
days of the experiment and lower on days 7 and 8 in the Cordyceps treatment
compared with the Beauveria and control treatments. These temporal variations were
not cumulative and did not result in a sustained reduction in egg production over
time. Similar effects in oviposition have been reported for other predatory mites, such
as Neoseiulus californicus, in which exposure to Cordyceps fumosorosea led to
decreased egg production (Vergel et al., 2011). Fecundity is a central parameter for
the persistence of predator populations used in preventive biological control
strategies (Stiling & Cornelissen, 2005; Ouattara et al., 2024), and that sublethal
effects on oviposition can compromise the efficiency of natural enemies even in the

absence of direct mortality (Desneux et al., 2007; Gentz et al., 2010), but, given our
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results for other life trait parameters, this pattern may suggest a time-dependent
modulation of reproductive output rather than persistent reproductive impairment.

In contrast, oviposition of Amblyseius tamatavensis was not affected by fungal
treatments, and no treatment x time interaction was detected, although egg
production increased over time irrespective of treatment. This pattern is consistent
with previous studies involving other Cordyceps species, in which no sustained or
long-term changes in oviposition rates were reported for A. herbicolus females
exposed to C. fumorosea (Beghelli, 2024). Overall, these results indicate species-
specific responses to fungal exposure, with A. herbicolus showing transient, time-
dependent variation in oviposition in fungal treatments and A. tamatavensis showing
no significant treatment-related effects.

The compatibility observed, together with studies demonstrating synergistic
effects in pest control when entomopathogenic fungi such as B. bassiana are
combined with phytoseiid mites (Chandler et al., 2005; Ullah & Lim, 2017,
Hernandez-Valencia et al., 2024), reinforces the potential of this integrated strategy
for IPM. Thus, there is scope to further explore the potential for positive interactions
between agents, such as the passive dissemination of conidia by predators, a
mechanism already suggested to enhance the efficacy of entomopathogenic
pathogens within agroecosystems (Zhang et al., 2015; Castillo-Ramirez et al., 2020).

Although the direct effects of the fungi on predators were minimal, indirect
interactions via infected prey may occur (Roy & Pell, 2010; Quesada-Moraga, 2022).
Entomopathogenic pathogens can alter the nutritional quality of prey, thereby
influencing predator performance, as already demonstrated for other predatory mites
feeding on prey treated with B. bassiana (Seiedy et al., 2012; Wu et al., 2015; Zhang
et al., 2025). Therefore, future assessments should consider not only direct exposure
of predators to fungi, but also the effects of consuming infected prey on survival,
development, and reproduction.

Finally, it is important to consider that the bioassays were conducted under
controlled laboratory conditions, with a single exposure to the fungi and using specific
isolates. In cropping systems, factors such as microclimate, plant architecture,
application frequency, and prey availability can modify interactions between
predators and pathogens (Jaronski, 2010). In addition, different isolates of the same
fungal species may exhibit distinct levels of pathogenicity toward predatory mites
(Ferron, 1978; Goettel et al., 1990; Brodeur, 2012; Seiedy et al., 2015). Therefore,
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future studies evaluating repeated exposures, behavioral responses (such as
predation and foraging), and effects across generations may contribute to a more
realistic understanding of the results of integrating these agents into pest

management.
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Chapter 2

Pathogenicity of Beauveria bassiana and Cordyceps javanica for Bemisia
tabaci and Tetranychus urticae

Abstract

Entomopathogenic fungi are widely used in biological control programs targeting sap-
feeding pests; however, their performance against co-occurring pest species
exposed to the same applications remains less explored. In several agricultural
systems, including protected horticulture and open-field crops, the whitefly Bemisia
tabaci and the two-spotted spider mite Tetranychus urticae frequently co-occur and
are often managed simultaneously using biological control agents. Under these
conditions, fungal applications targeting whiteflies may also expose spider mite
populations, making it essential to evaluate their effects beyond the primary target
pest. This study evaluated the pathogenicity and effects of commercial isolates of
Beauveria bassiana and Cordyceps javanica on the whitefly Bemisia tabaci and the
two-spotted spider mite Tetranychus urticae, two economically important pests.
Laboratory bioassays were conducted using the field-recommended concentration for
B. tabaci control. Whitefly nymphs were exposed through immersion of infested host
leaves, whereas T. urticae adults and larvae were directly immersed in fungal
suspensions. Mortality, sporulation, and confirmation of fungal infection were
evaluated for B. tabaci. For T. urticae, survival, development from larva to adult,
oviposition, and visible signs of fungal infection were assessed under controlled
conditions. Both fungi caused significantly higher mortality of B. tabaci nymphs
compared with the control, and pathogenicity was confirmed by sporulation and re-
isolation of the pathogens. Exposure to both fungi reduced survival of T. urticae
adults, while juvenile mortality was significantly increased by B. bassiana.
Developmental time was not affected by fungal treatments. Oviposition of T. urticae
females was significantly reduced by both fungal species. These results indicate that
entomopathogenic fungi applied at concentrations recommended for whitefly
management can also affect co-occurring T. urticae populations, highlighting their
potential role within integrated pest management strategies targeting multitrophic
pest complexes.

Keywords: biological control; entomopathogenic fungi; sap-feeding pests; spider mite
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Introduction

Global food production faces increasing pressure from agricultural pests, whose
population dynamics and damage potential are being altered by land-use
intensification and ongoing climate change (Leblanc et al., 2015; Deutsch et al.,
2018; Ma et al., 2025). These changes have contributed to increased incidence and
severity of phytophagous arthropods in cropping systems, including sap-sucking
insects, leaf-chewing Lepidoptera, and polyphagous mite species (Bottrell &
Schoenly, 2018; Kaushik et al., 2023; Mahanta et al., 2023). The resulting crop
losses generate substantial economic costs for growers and threaten food supply
stability (Mateos Fernandez et al., 2021; Irsad et al., 2023).

Historically, growers have relied on synthetic pesticides as the primary
strategy for pest suppression. However, their frequent and sometimes inappropriate
application has raised concerns regarding human health, environmental
contamination, and adverse effects on non-target organisms (dos Santos et al., 2018;
Torres & Bueno, 2018; Lopes-Ferreira et al., 2022; Zhou et al., 2024). Among the
non-target groups most affected are pollinators, which suffer exposure through direct
contact or contaminated resources, compromising essential ecosystem services (dos
Santos et al., 2018; Nath et al., 2022; Gebhardt et al., 2025). Furthermore, repeated
pesticide applications imply strong selective pressure on pest populations, favoring
resistance evolution and demaging the long-term effectiveness of chemical control
(Sparks & Nauen, 2015; Galli et al., 2024). These limitations highlight the need for
sustainable alternatives, such as biological control, within Integrated Pest
Management (IPM) programs.

Agricultural pests such as whitefly Bemisia tabaci (Hemiptera: Aleyrodidae)
and the two-spotted spider mite Tetranychus urticae (Acari: Tetranychidae) represent
major phytosanitary challenges in productive agroecosystems worldwide (Aslan et
al., 2004). In the case of whiteflies, resistance to dozens of active ingredients has
already been reported worldwide (Sparks & Nauen, 2015; APRD, 2025). In Brazil, the
introduction and rapid spread of Bemisia tabaci biotype B have resulted in significant
challenges to chemical control, with recurrent reports of low insecticide efficacy
(Lourencao et al., 2015). In parallel, populations of the two-spotted spider mite have
shown reduced sensitivity to pesticides (Van Leeuwen et al., 2015), and the species
has been reported to rank first among those that develop resistance most rapidly
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worldwide (APRD, 2025). Both species are well adapted to tropical and subtropical
conditions, as well as to greenhouse cultivation (Aslan et al., 2004; Stansly &
Castillo, 2009), and can coexist in a wide range of crops. Consequently,
management strategies targeting one of these species, such as spray applications to
control B. tabaci, often expose T. urticae to the same inputs used in the field.

In this context, biological control emerges as a promising and widely
recognized alternative to chemical control (Van Lenteren, 2012; Brodeur et al., 2018;
Lahlali et al.,, 2022). Among its tools, entomopathogenic fungi are notable as a
particularly promising option (Shehzad et al., 2025; Irsad et al.,, 2023). Unlike
conventional chemical insecticides, these microorganisms act through direct contact,
infecting hosts by penetrating the cuticle (Ortiz-Urquiza & Keyhani, 2013; Shehzad et
al., 2025). Well-established species such as Beauveria bassiana and Cordyceps
javanica are widely used due to their broad spectrum of action, commercial
availability, and infection mechanisms that minimize the risk of cross-resistance
development (Dubovskiy et al., 2013; Mascarin et al., 2018; Boaventura et al., 2021,
Wu et al., 2021; Gutiérrez et al., 2024; Oliveira et al., 2025).

However, to demonstrate the efficacy of fungi commonly used in biological
control strategies, it is necessary to conduct bioassays to confirm their pathogenicity
(Sain et al.,, 2019; Landa et al., 1994; Al-Deghairi, 2008; Zhang et al., 2016).
Pathogenicity bioassays that quantify pest mortality and verify infection signs and
fungal sporulation ensure confirmed mortality attributable to the applied pathogen, a
fundamental principle in insect pathology that establishes the tested microorganism
as the causal agent of death rather than abiotic factors or other pathogens (Goettel &
Inglis, 1997; FAO, 2017). Furthermore, by monitoring the progression of fungal
infection, commonly expressed as mortality rates or the proportion of individuals
exhibiting sporulation, these assessments can also provide insights into the potential
performance of fungal biological control agents under field conditions (De Faria &
Wraight, 2007; Lacey et al., 2015). Although these evaluations are commonly
conducted during product development and registration, this chapter investigates
how biological differences between Bemisia tabaci and Tetranychus urticae, as well
as the fungal application method used, shape infection outcomes under controlled
conditions.

Thus, this chapter aims to evaluate the pathogenicity and viability of

commercial strains of Beauveria bassiana and Cordyceps javanica against Bemisia
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tabaci and Tetranychus urticae, two economically important pests that frequently
coexist within the same agroecosystems, such as protected horticultural crops, and
are therefore simultaneously exposed to the same chemical and biological
management strategies. Under such conditions, control measures targeting one pest
species may inadvertently affect co-occurring pests, highlighting the need to assess
fungal performance across multiple targets within a shared system. By investigating
these parameters using conidial concentrations commonly applied in field
management of B. fabaci, this chapter aims to assess the extent to which existing
biological control strategies can be extrapolated to co-occurring pest species, thereby
contributing to more robust and ecologically realistic integrated pest management
approaches. To achieve this goal, the following specific objectives were established:
1. To quantify the mortality of B. tabaci nymphs and the manifestation of fungal
infection signs after exposure to suspensions of Beauveria bassiana and
Cordyceps javanica at the concentration recommended for field application,
using the host leaf immersion method.
2. To evaluate the impact of fungal treatments applied by immersion of T. urticae
individuals in suspensions of Beauveria bassiana and Cordyceps javanica at
the concentration recommended for field application in systems infested by B.
tabaci, on survival, development from larva to adult, and oviposition capacity.
3. To confirm the causal relationship between mortality and application of the
fungal agent by re-isolating the fungi from cadavers on culture plates and by
observing characteristic sporulation indicative of pathogenicity in individuals
subjected to the treatments.
Investigating these parameters using conidial concentrations commonly
applied in field management of B. tabaci may provide a basis for using these agents
in pest control and contribute to the development of integrated pest management

strategies.
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Materials and Methods
Obtaining Bemisia tabaci

Individuals of B. tabaci were obtained by exposing uninfested kale plants in an open
experimental area of the Acarology Laboratory at the Federal University of Vigosa
that was previously colonized by the pest. Clean plants were placed in this area for
four hours, a period sufficient to allow naturally occurring adult whiteflies to oviposit,
the plants were immediately transferred to the laboratory. Adult insects were then
removed, and the plants were maintained in a climate-controlled room (25 £ 2 °C; 70
+ 10% RH; 12 h photophase). The infested leaves were subsequently used as a
source of nymphs for the mortality experiments and the recording of fungal infection

symptoms.

Rearing of Tetranychus urticae

The stock population of the two-spotted spider mite, Tetranychus urticae, maintained
at the Acarology Laboratory of the Federal University of Vigosa, was reared in a
greenhouse on jack bean plants (Canavalia ensiformis). Plants were cultivated in
plastic pots (3 L) containing commercial substrate (Bioplant®, Bioplant Misturadora
Agricola Ltda., Minas Gerais, Brazil). Seeds were sown weekly in ten pots, with five
seeds per pot, and plants were irrigated twice daily with 250 mL of water to ensure
the continuous replacement of host plants and the maintenance of the stock
population, as plants unsuitable for sustaining mite rearing were regularly replaced.
For experimental infestation, clean jack bean plants were grown under the same
greenhouse conditions and subsequently colonized with T. urticae by placing leaves
obtained from infested plants belonging to the stock population. They were then
transferred to the climate-controlled room (25 + 2 °C; 70 + 10% RH; 11L:13D).

Preparation of fungal solutions

The conidial suspensions used in the experiments were prepared from commercial
wettable powder formulations of Beauveria bassiana (isolate IBCB 66, commercial
product GRANADA®, Lallemand Solugdes Agrobioldgicas Ltda., containing 1 x 10"
CFU g™ of product) and Cordyceps javanica (isolate BRM 27666, commercial
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product LALGUARD JAVA®, Lallemand Solugdes Agrobiolégicas Ltda., containing 1
x 10" viable conidia g™'). The concentrations tested corresponded to the field-
recommended application rates for the control of Bemisia tabaci and were selected to
reflect application levels commonly used in pest management programs. For
Beauveria bassiana, 0.0375 g of the commercial product was added to 100 mL of
distilled water containing 0.01% (v/v) Tween 80®, resulting in a suspension with an
approximate concentration of 5.75 x 107 conidia/mL. For Cordyceps javanica, 0.1 g of
the formulation was mixed with the same volume and composition of solution,
yielding approximately 8.5 x 10® conidia/mL. Both suspensions were mixed with a
magnetic stirrer for 30 min prior to use to ensure homogenization of the suspension.
A solution containing only distilled water and 0.01% Tween 80® was used as the
control. Once prepared, 3 mL of each solution was transferred to a Petri dish for
topical application. For the immersion of leaves infested with B. tabaci, 300 mL of the

solution described above was prepared.

Exposure of Bemisia tabaci to fungal suspensions and biological evaluation

To evaluate the effects of B. bassiana and C. javanica on B. tabaci, five plants were
assigned to each of the three treatments, and two leaves per plant were selected for
application of the fungal suspensions. Prior to treatment, the number of B. tabaci
individuals on each selected leaf was recorded. Application consisted of immersing
each infested leaf, while still attached to the plant, for 30 s in one of the following
solutions: (1) Beauveria bassiana suspension, (2) Cordyceps javanica suspension, or
(3) control solution containing 0.01% Tween 80®. After treatment, excess solution
could naturally runoff without rinsing, maintaining plant integrity and ensuring uniform
inoculum deposition. The fungal application protocol was adapted from Garrido-
Jurado et al. (2017), with adjustments to allow the experimental evaluation to be
conducted over the required time period. Plants were placed in individual cages
according to treatment and maintained in an area with natural light, protected from
rainfall, with temperatures ranging from 14 to 30 °C. Relative humidity was not
controlled or continuously monitored, as the cages were kept under semi-natural

conditions.
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Evaluations were conducted daily for 10 days using a stereomicroscope in the
laboratory. For each assessment, plants were taken to the laboratory and leaves
were examined individually without being detached from the plant. For each treated
leaf, the following were recorded: nymphal mortality, the presence of deformities, and
the presence of typical signs of fungal infection, such as changes in coloration, body
desiccation, external mycelial growth, or sporulation on cadavers. Individuals were
surface-disinfected by sequential immersion for 30 s in 70% ethanol and 1% sodium
hypochlorite, with a brief rinse in distilled water between these steps to remove
residual ethanol, followed by a final rinse in distilled water for 30 s. Subsequently,
individuals were placed on filter paper to dry and then transferred to a humid
chamber maintained in the dark at 25 °C in a climate-controlled chamber to favor
pathogen development. After the incubation period, individuals showing evident
fungal outgrowth were aseptically transferred to Petri dishes containing potato
dextrose agar, with separate plates prepared for Cordyceps sp. and Beauveria sp.
Culture plates with isolates were maintained in a climate-controlled chamber,
conditions described above. After two weeks of growth, fungal structures were
removed from the culture plates, mounted on microscope slides, and examined
under a light microscope to verify the presence of morphological characteristics

compatible with the evaluated pathogens.

Exposure of adult Tetranychus urticae to fungal suspensions and biological
assessment

To evaluate the effects of Beauveria bassiana and Cordyceps javanica on adult T.
urticae, twenty individuals per treatment were immersed in 3 mL of one of the
suspensions for 30 s, and transferred to Petri dishes lined with filter paper to dry.
Resumption of movement was assessed as an indicator of survival. Subsequently,
mites were individually incubated in Petri dishes containing a leaf disc (2 cm
diameter) obtained from jack bean plants (Canavalia ensiformis) placed on
moistened cotton wool; the latter served as a moisture source and a barrier against
escapes. Leaf discs were replaced every three days to maintain suitable feeding
conditions. The plates were maintained under controlled conditions (25 + 2 °C; 70
10% RH; 12 h photophase). Evaluations were conducted daily for 10 days, recording

survival, oviposition, and the occurrence of characteristic signs of fungal infection,
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such as external mycelial growth. The experimental procedures were adapted from
Midthassel et al. (2016).

Development of Tetranychus urticae larvae exposed to fungal suspensions

The larval development assay followed the same exposure procedure and the same
three suspensions as used for the adults. Twenty newly hatched larvae of
Tetranychus urticae per suspension were immersed, dried and survival of the
immersion was assessed as above. Individuals were then placed in Petri dishes
containing a leaf disc (2 cm diameter) obtained from jack bean plants (Canavalia
ensiformis) placed on moistened cotton wool. Leaf discs were replaced every three
days to maintain suitable feeding conditions. positioned on moistened cotton.
Survival and developmental stage were assessed daily until individuals either died or

reached adulthood.

Confirmation of fungal growth in Tetranychus urticae

To confirm fungal growth in treated individuals, Tetranychus urticae adults and
juveniles exhibiting visible signs of infection were selected. These signs included
changes in body coloration, reduced body turgidity, and the presence of external
fungal structures, such as initial mycelial growth or visible sporulation on the cuticle.
Individuals were surface-disinfected by sequential immersion for 30 s in 70% ethanol
and 1% sodium hypochlorite, with a brief rinse in distilled water between these steps
to remove residual ethanol, followed by a final rinse in distilled water for 30 s.
Subsequently, individuals were placed in a humid chamber maintained in a climate-
controlled chamber in the dark at 25 °C to favor pathogen development. After the
incubation period, confirmation of fungal growth was performed by direct observation

of individuals showing fungal signs under a stereomicroscope.

Statistical analyses

Mortality data of B. tabaci (number of dead insects out of total insects per replicate)
were analyzed using generalized linear models (GLM) with quasibinomial distribution
to account for overdispersion. Treatment effects on overall mortality were assessed

using analysis of deviance with F-tests. Pairwise comparisons among treatments
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were performed using contrasts with Tukey adjustment via the 'emmeans' package.
To evaluate sporulation (proportion of mycosed insects among total dead insects) for
the fungal treatments only (excluding control, which showed no sporulation), a
separate GLM with quasibinomial distribution was fitted. The proportion of confirmed
mortality of the total mortality and efficacy corrected with Abbott's formula were also
calculated for the fungal treatments.

Oviposition of Tetranychus urticae females (number of eggs per female per
day) was analyzed using linear mixed-effects models with the ‘nlme’ package. The
identity of individual mites was included as a random factor to account for repeated
measures, and treatment and day and their interaction were included as fixed factors.
Significance of interactions and factors was assessed through model simplification
and comparison using likelihood ratio tests. Multiple comparisons among treatments
were performed using pairwise contrasts with Tukey adjustment with the ‘emmeans’
package. Survival of adults was analyzed using the Cox proportional hazards model
(coxph).

Survival of juveniles of T. urticae, as well as development from larva to adult,
were also analyzed using Cox proportional hazards. The 'emmeans' package (Lenth,
2023) was used to perform pairwise comparisons among treatments through

contrasts. All analyses were done using R (v. 4.5.2).

Results

Mortality of Bemisia tabaci

Entomopathogenic fungi caused significant mortality in B. tabaci. Generalized linear
model analysis with quasibinomial distribution revealed significant differences among
treatments (Fig. 1, F(2,27) = 14.1; p < 0.0001). Pairwise comparisons showed that
both Beauveria bassiana and Cordyceps javanica caused significantly higher
mortality than the control, with no significant difference in mortality between the two
fungal treatments (Figure 1).

Sporulation analysis, considering only the fungal treatments (control
excluded), showed no significant difference in the proportion of mycosed insects

between B. bassiana and C. javanica. (Figure 1).
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The proportion of mortality with signs of fungal infection relative to total
mortality was 83.2 + 7.98% for B. bassiana and 41.5 + 16.0% for C. javanica. Abbott-
corrected efficacy was 46.4% for B. bassiana and 39.6% for C. javanica.
Representative signs of fungal infection in treated B. tabaci individuals are shown in
Figure 2. Juveniles exposed to B. bassiana showed characteristic sporulation of the
pathogen (Fig. 2A), whereas individuals treated with C. javanica exhibited symptoms
consistent with fungal infection, such as color changes and the onset of sporulation
(Fig. 2B).

The causal relationship between the observed mortality and fungal action was
confirmed by re-isolation of the pathogens from infected cadavers. The growth of
colonies with typical morphology of Beauveria bassiana and Cordyceps javanica on
PDA medium (Fig. 3), together with the observation of characteristic conidiophores
and conidia under microscopy (Fig. 4), confirmed fungal infection as the cause of

mortality.

Survival and oviposition of Tetranychus urticae adults

Oviposition of T. urticae was significantly affected by the entomopathogenic fungi
(linear mixed-effects model: df = 2; p < 0.0001). No significant interaction between
treatment and day was detected (L.ratio test: x> = 1.54; df = 2; p = 0.46), indicating
that the oviposition pattern over time was similar among treatments, although at
different overall levels (Figure 5).

Multiple comparisons with Tukey's adjustment revealed significant reductions
in oviposition for both fungal treatments compared to the control. Both treatments
showed lower oviposition than control ( p < 0.0001). However, there was no
significant difference in oviposition between the two fungal treatments (p = 0.834).

The survival of T. urticae adults was significantly affected by the treatments
(Cox proportional hazards: likelihood ratio = 20.48; d.f. = 2; p < 0.0001). Beauveria
bassiana caused 8.5 times higher mortality than Control (HR = 8.51, 95% CI: 2.84—
25.51, p = 0.0004) and 1.7 times higher mortality than Cordyceps javanica, although
this latter difference was not statistically significant (HR = 1.75, 95% CI: 0.85-3.60, p
= 0.285). Cordyceps javanica caused 4.9 times higher mortality than Control (HR =
4.87,95% Cl: 1.34-17.68, p = 0.0160) (Figure 6).
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During the experiment, visual signs consistent with fungal infection were observed on

T. urticae cadavers (Figure 7).

Survival and development of Tefranychus urticae juveniles

Juvenile survival of T. urticae was significantly affected by the entomopathogenic
fungi (Figure 8, Cox proportional hazards: likelihood ratio = 9.77; d.f. = 2; p = 0.008).
Beauveria bassiana caused 5.0 times higher mortality than the control (HR = 5.03,
95% CI: 1.63-15.52, p = 0.0136) and 1.7 times higher mortality than Cordyceps
Javanica, although this latter difference was not statistically significant (HR = 1.67,
95% CI: 0.71-3.91, p = 0.467). Cordyceps javanica caused 3.0 times higher mortality
than the control, but this difference was not statistically significant either (HR = 3.00,
95% CI: 0.93-9.68, p = 0.158).

Development from larva to adult was not significantly affected by the
treatments (Cox proportional hazards: likelihood ratio = 0.08; d.f. = 2; p = 1.000)
(Figure 9).

During the experiment, visual signs consistent with fungal infection were

observed on T. urticae cadavers (Fig. 10)
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Figure 1. Effects of Beauveria bassiana and Cordyceps javanica on Bemisia tabaci

mortality and sporulation. Left: Mortality proportion across all treatments (dead
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insects/total insects). Different letters indicate significant differences between
treatments. Right: Sporulation proportion for fungal treatments. (mycosed
insects/total insects). Sporulation did not differ between fungi (p = 0.846). Bars show

mean + SE.

Figure 2. Signs of fungal infection in B. tabaci individuals during the experiment. B.
tabaci juveniles (A) showing sporulation by B. bassiana and (B) exhibiting symptoms

of infection by C. javanica.
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Figure 3. Culture plates containing colonies of (A) Beauveria bassiana and (B)
Cordyceps javanica obtained after inoculation of infected B. tabaci cadavers on PDA

medium.
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Figure 4. Asexual reproductive structures (conidiophores) and conidia of (A)
Beauveria bassiana and (B) Cordyceps javanica. Images obtained at 400 x

magnification under a microscope.
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Figure 5. Oviposition of Tetranychus urticae exposed to entomopathogenic fungi.

Mean number of eggs per female per day (+ SE). Different letters indicate significant

differences between treatments (p < 0.0001)

Survival of Tetranychus urticae adults

1.001 @
Aq_x—x_x
!
0.75 1
za
= —
=
=
=
=
2 0.50
=
&
@
0.25 1 Beauveria
-e- Control
& Cordyceps b
0.00 1
0 i 2 3 4 5 6 7 8 9 10

Time (days)

Figure 6. Survival of Tetranychus urticae adults exposed to entomopathogenic fungi.

Kaplan-Meier curves showing survival probability of mites treated with Beauveria

bassiana, Cordyceps javanica, or control solution. Different letters indicate significant

differences between treatments given by pairwise contrasts after survival analysis (p

<0.05).
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Figure 7. Signs of fungal infection in adult T. urticae individuals during the oviposition

experiment. Individuals affected by (A) B. bassiana and (B) C. javanica.
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Figure 8. Survival of Tetranychus urticae juveniles exposed to entomopathogenic
fungi. Kaplan-Meier curves showing survival probability of mites treated with
Beauveria bassiana, Cordyceps javanica, or control solution. Different letters indicate
significant differences between treatments given by pairwise contrasts after survival

analysis (p < 0.05).
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Figure 9. Development of Tetranychus urticae exposed to entomopathogenic fungi.

Figure 10. Signs of fungal infection in juvenile T. urticae individuals during the
developmental experiment. Individuals affected by (A) B. bassiana and (B) C.

Javanica.

Discussion

The results obtained in this chapter demonstrate that the entomopathogenic fungi
Beauveria bassiana and Cordyceps javanica, when applied at concentrations

recommended for the management of Bemisia tabaci, exhibit pathogenicity not only
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toward the target pest but also toward the two-spotted spider mite Tetranychus
urticae, a pest commonly co-occurring in cropping systems with whitefly infestations.
Overall, B. bassiana showed a higher proportion of mycosis in exposed B. tabaci
nymphs and stronger effects on T. urticae, whereas C. javanica produced more
variable infection expression, though it still caused substantial mortality and showed
potential for integrated management. This outcome aligns with B. bassiana’s
reputation as a broad-spectrum, consistently effective agent (Vega et al., 2012; Al-
Deghairi, 2008; Mascarin & Jaronski, 2016).

However, the similar corrected efficacy of C. javanica (~40%) to that of B.
bassiana (~46%) indicates that it also possesses considerable virulence against B.
tabaci. This is consistent with reports of other Cordyceps (syn. Isaria) species, such
as C. fumosorosea, showing high efficacy under certain conditions (Corréa et al.,
2020). These findings reinforce that entomopathogenic fungi performance is isolate
and context-dependent, and that evaluation should include not only total mortality but
also confirmed sporulation, distinguishing between infectious and non-infectious
causes of death, as well as sublethal impacts on life history, as recommended in
standard protocols for entomopathogen evaluation (Goettel & Inglis, 1997; Hajek &
Goettel, 2007; Vega et al., 2012).

The experimental methodologies employed in this study differed between B.
tabaci and T. urticae due to clear differences in their morphology, biology, and
behavior. While B. tabaci nymphs are sessile organisms adhered to plant tissue, they
were exposed to the fungi through immersion of infested host leaves, a method that
preserves pathogen contact within their natural substrate and reflects field spraying
conditions, in which infection may occur through both direct contact with spray
droplets and subsequent contact with treated leaf surfaces (Negasi et al., 1998; Sain
et al., 2019). In contrast, the highly mobile mite T. urticae was exposed by individual
immersion in fungal suspensions, ensuring homogeneous contact with conidia, as
commonly applied in bioassays with phytophagous and predatory mites (Midthassel
et al., 2016; Zhang et al., 2018). Consequently, exposure differed in both mode and
duration, being potentially prolonged for B. tabaci due to its continuous presence on
treated tissue, and limited to initial exposure for T. urticae. These methodological
distinctions represent necessary adaptations to ensure realistic exposure and allow

comparison of the effects of entomopathogenic fungi across pests with contrasting
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ecologies, in accordance with guidelines for pathogen bioassays (Goettel & Inglis,
1997).

The mortality of B. tabaci nymphs caused by Beauveria bassiana and
Cordyceps javanica corroborates previous studies highlighting the potential of these
entomopathogenic fungi for microbial control of this pest (Vega et al.,, 2012; Al-
Deghairi, 2008; Mascarin & Jaronski, 2016). Both fungi differed significantly from the
control in terms of mortality, and fungal infection (mycosis) was confirmed in a
proportion of exposed individuals, fulfilling the principle of causal confirmation of
pathogenicity recommended in insect pathology and in protocols for evaluating
entomopathogenic microorganisms (Goettel & Inglis, 1997; Hajek & Goettel, 2007;
Vega et al., 2012).

In addition to the direct effects on Bemisia tabaci, the results obtained for
Tetranychus urticae demonstrate that exposure to fungal suspensions prepared at
doses recommended for whitefly management can significantly affect non-target
pests coexisting within the same agroecosystem. For adult mites, exposure to both
Beauveria bassiana and Cordyceps javanica resulted in significantly reduced survival
compared with the control, indicating that fungal applications targeting whiteflies may
also exert lethal effects on adult T. urticae populations. In juvenile stages,
susceptibility differed between fungal agents: B. bassiana caused a marked and
significant increase in mortality risk, whereas exposure to C. javanica resulted in an
increasing, though not statistically significant, trend in juvenile mortality.

These patterns are consistent with previous studies demonstrating that
entomopathogenic fungi can induce mortality in phytophagous mites (Chandler et al.,
2000), particularly when exposure methods promote efficient conidial deposition on
the integument, as occurs with topical immersion (Midthassel et al., 2016; Zhang et
al., 2018).

The reduction in oviposition observed in both fungal treatments represents a
relevant finding, as fecundity is an important determinant of Tetranychus urticae
population growth, and sublethal effects on oviposition are known to influence
population density in subsequent generations (Helle & Sabelis, 1995). Reductions in
oviposition may be associated with physiological costs related to infection stress and
immune activation, as well as indirect effects of fungal metabolites, which can affect
metabolism and feeding efficiency even in individuals that do not succumb rapidly to
infection (Schmid-Hempel, 2003; Li & Zhang, 2019). Sublethal effects of this type
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have been reported in studies involving entomopathogenic fungi and the target pests
evaluated here, including altered development in whiteflies (Sain et al., 2021) and
reduced fecundity in the two-spotted spider mite (Shi & Feng, 2009; Al-Zahrani et al.,
2023; Liu et al., 2019).

From an applied perspective, such effects may contribute to population
regulation over time, even when direct mortality is not maximized (Desneux et al.,
2007). Accordingly, these results support the inclusion of parameters beyond
mortality in the evaluation of microbial control agents, particularly for mites, whose
populations are capable of rapid recovery following population declines (Mitchell,
1973). Changes in oviposition rate, such as those observed in this study, are
commonly incorporated into estimates of the intrinsic rate of increase (rm), which is
used to interpret population dynamics and inform pest management strategies
(Janssen & Sabelis, 1992).

Taken together, the data from this chapter support the conclusion that
applications of entomopathogenic fungi to control B. tabaci may have a collateral
effect on T. urticae. This overlap is particularly relevant in intensive production
systems and protected crops, where both pests are recurrent and selective pressure
from insecticides and acaricides is high, favoring the evolution of resistance (Sparks
& Nauen, 2015; Van Leeuwen et al., 2015). Thus, the use of commercial formulations
of B. bassiana and C. javanica may contribute to IPM strategies by reducing reliance
on chemical compounds, diversifying modes of action, and possibly reducing
selection pressure associated with repeated chemical use, while potentially acting in
an integrated manner against multiple pests within the same agroecosystem (Van
Lenteren, 2012; Brodeur et al., 2018; Lahlali et al., 2022).

Finally, it is important to consider that the bioassays were conducted under
controlled conditions and with a standardized exposure regime (30 s immersion),
which ensures comparability among treatments but does not reproduce the full
complexity of field conditions. Factors such as microclimate, radiation, canopy cover,
application frequency, conidial deposition, and variation among isolates and
commercial batches can influence fungal performance and the expression of
sporulation on cadavers (De Faria & Wraight, 2007; Lacey et al., 2015; Mascarin et
al., 2018). In addition, although this chapter confirmed pathogenicity through re-
isolation and observation of fungal signs, future investigations may further elucidate

the underlying mechanisms by incorporating dose—-response assessments,
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evaluating different commercial formulations or strains, and conducting analyses
across contrasting microclimates, particularly temperature and relative humidity, key
factors in infection and sporulation (Devi et al., 2005). Nevertheless, the results
obtained provide preliminary evidence that the evaluated commercial strains are
viable and capable of significantly affecting both target pests and associated pests,
supporting their inclusion as a relevant component in integrated pest management

programs.
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General Conclusion

The results demonstrated that both isolates, Beauveria bassiana IBCB 66 and
Cordyceps javanica BRM 27666, at concentrations recommended for controlling
Bemisia tabaci, showed a high level of compatibility with the predatory mites
Amblyseius herbicolus and Amblyseius tamatavensis under controlled laboratory
conditions. Predator survival was not affected by exposure via immersion in fungal
suspensions, and only a developmental delay was observed in A. herbicolus
exposed to C. javanica BRM 27666, without any negative impact on oviposition.
These results suggest that the combined use of these fungal isolates and predatory
mites may be compatible within integrated biological control programs for whiteflies,
although further studies under field or semi-field conditions are necessary to confirm
these interactions.

In addition, the pathogenicity of both isolates against Bemisia tabaci was
confirmed. Beyond the target species, exposure to both isolates at concentrations
recommended for whitefly control was associated with detrimental effects on
Tetranychus urticae, indicating that these applications may also contribute to
suppressing non-target pest populations, particularly in treatments involving B.
bassiana.

Thus, the results indicate that these entomopathogenic fungi can contribute to
the suppression of B. tabaci populations, are associated with effects on T. urticae,
and did not cause pronounced or detrimental effects on key life-history traits of the
predatory mites A. herbicolus and A. tamatavensis, under the experimental
conditions evaluated. The combination of lethal and sublethal effects observed,
together with the limited impact on predators under controlled conditions, suggests
that the joint use of the predators and fungi evaluated may be considered within
integrated pest management programs, although further studies are required to
assess their performance and interactions under field conditions.

Although based on laboratory bioassay conditions, these findings provide
preliminary evidence supporting the potential for the combined use of these agents
under field conditions. Future field studies are recommended to further validate this
integrated strategy, with particular attention to assessing the effectiveness of these

agents when applied together for the control of target pests.



