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Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) is a globally destructive pest

that is particularly damaging to tropical and subtropical agricultural systems. The

sap-feeding behavior, coupled with its rapid reproduction, causes substantial

direct crop damage and facilitates the transmission of over 350 plant viruses,

leading to significant yield losses in crops such as tomato, potato, cabbage,

cotton and soybean among others. Conventional control strategies rely heavily

on synthetic insecticides; however, their intensive use has led to the emergence

of insecticide resistance in B. tabaci biotypes, environmental degradation, and

detrimental effects on non-target organisms. Biological control using natural

enemies, including predators, parasitoids, and entomopathogens, serves as a

sustainable option within several integrated pest management (IPM) frameworks.

In this review, the effectiveness of key biocontrol agents such as predatory

beetles (Delphastus catalinae), mirid bugs (Macrolophus pygmaeus), parasitoid

wasps (Encarsia formosa), and entomopathogens in controlling B. tabaci

populations is evaluated. It highlights implementation challenges, including

environmental sensitivity, host specificity, cost, scalability, and insecticide

compatibility. Further, future directions are discussed with a focus on genetic

and ecologica l innovat ions , improved del ivery mechanisms for

entomopathogens, climate-resilient biocontrol agents, and farmer-centric
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training and policy support. Promoting these multidisciplinary strategies is crucial

for enhancing long-term pest suppression while preserving ecological

communities and the integrity of agricultural landscapes by reducing reliance

on synthetic insecticides.
KEYWORDS

whitefly, biocontrol, natural enemies, entomopathogens, Integrated Pest Management,
sustainable agriculture
GRAPHICAL ABSTRACT
1 Introduction

The whitefly, Bemisia tabaci (Gennadius) (Hemiptera:

Aleyrodidae), specifically the Middle East-Asia Minor 1

(MEAM1) known as biotype B (Hemiptera: Aleyrodidae), is a

cryptic species, globally distributed and a highly economically

destructive pest that affects a wide range of agronomic, vegetable,

and horticultural crops. It poses a significant threat to agricultural

plants productivity, particularly in cotton and vegetable systems,

due to both direct damage and its role as a virus vector (Oliveira

et al., 2001; Wei et al., 2006; Prompiboon et al., 2010; Bowers et al.,

2020; Abubakar et al., 2022). Bemisia tabaci is a polyphagous and

multivoltine sap-feeding insect that can feed on more than 1,000

plant species, ensuring its survival and year-round proliferation

across various agroecosystems (Oliveira et al., 2001; Simmons et al.,

2008; Li et al., 2011).

Its capacity to utilize diverse plant resources throughout the

year contributes to the persistence and stability of populations

(Abd-Rabou and Simmons, 2010; Barman et al., 2022). Notably,

B. tabaci is one of the most prolific virus vectors, capable of

transmitting over 350 plant viruses, including members of the
02
genera Carlavirus, Begomovirus, Ipomovirus, Crinivirus, and

Torradovirus (Brown, 1992; Wei et al., 2006; De Barro et al.,

2011; Lee et al., 2014). This viral transmission ability leads to

significant yield losses in crops such as potato, tomato, okra,

soybean, and cassava, with Begomovirus infections alone causing

yield reduction of up to 100% (Taggar and Singh, 2020; Sani et al.,

2020; Srinivasan et al., 2024). Threshold levels, such as four nymphs

per leaf or one adult per seedling tray, can result in economic losses

for tomato growers (Abubakar et al., 2022). The biological

complexity of B. tabaci further complicates its management. It is

now known that B. tabaci consists of at least 43 different cryptic

species that require using mitochondrial cytochrome oxidase I

(COI) markers as well as morphological methods for

identification, as they look very similar (de Moya et al., 2019;

Peng et al., 2025). Each species differ in host preference, virus

transmission efficiency, insecticide resistance, and response to

biological control (de Moya et al., 2019; Abubakar et al., 2022).

Bemisia tabaci was initially identified as a tobacco pest in

Greece in 1889 (Zafar et al., 2016), but it gained global

recognition as a major pest following the introduction of the

biotype B into the southwestern United States through the
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ornamental plant trade in the 1980s. Since then, it spread across the

Middle East, Southeast Asia, East Asia, North America, Central

America, South America, and Africa, establishing itself as a globally

invasive pest (Gerling et al., 2001; Oliveira et al., 2001; Peng et al.,

2025). Warm climates and abundant host availability contribute to

explosive population growth, which can lead to severe crop damage

through phloem-feeding, honeydew secretion, and viral

transmission. Both nymphs and adults inflict damage by

extracting plant sap and excreting sugary honeydew, supporting

the growth of sooty mold which interferes with photosynthesis,

reduces fruit quality, and marketability of the produce. Moreover, B.

tabaci introduces salivary enzymes during feeding that modulate

plant physiological processes, resulting in chlorosis, leaf curling,

stunted growth, and deformation of fruits (Tan et al., 2016;

Hasanuzzaman et al., 2016).

Management of B. tabaci has primarily relied on synthetic

insecticides, though insecticide resistance has emerged as a

significant challenge, highlighting the need for alternative control

strategies (Yang et al., 2013; Perier et al., 2022). Overreliance on

insecticides for management has also led to a resurgence of

secondary pest populations, environmental pollution, and non-

target effects, which include harm to pollinators and natural

enemies (Horowitz et al., 2005; Ou et al., 2019; Zhang et al,

2020a). The high cost of insecticides further limits effective

control for small farmers, which contributes to persistent B.

tabaci infestations and reduced crop productivity. Hence,

biological control has gained renewed attention as a cornerstone

of sustainable pest control through integrated pest management

(IPM). The use of natural enemies including predators, parasitoids,

and entomopathogenic fungi, bacteria, and viruses offers an

ecologically sound alternative to synthetic insecticides. These

natural enemies can suppress B. tabaci populations through

parasitism, predation, and pathogen induced mortality, thereby

reducing pest pressure with minimal adverse side effects

compared to synthetic insecticides (Shah et al. , 2015;

Hasanuzzaman et al., 2016; Vafaie et al., 2020; Abubakar et al.,

2022; Shapiro-Ilan and Lewis, 2024). Integrating natural enemies

into IPM programs can provide long-term, cost-effective, and

environmentally friendly control of B. tabaci. However, challenges

concerning their establishment, effectiveness under field conditions

and compatibility with other control strategies exist (Ou et al., 2019;

Pirzadfard et al., 2020). This review critically examines the role of

predators, parasitoids, and entomopathogens, in the management

of B. tabaci, highlighting their successes, limitations, and potential

for integration into comprehensive IPM strategies.
2 Keywords used in collecting peer-
reviewed literature

This review summarizes existing research on the role of

entomopathogens, parasitoids, and predators as biological control

agents of B. tabaci. A comprehensive literature search was carried
Frontiers in Agronomy 03
out across multiple academic databases including PubMed, Scopus,

Google Scholar, and Web of Science, using keywords like “B. tabaci

biocontrol,” “predators,” “parasitoids,” “IPM programs,”

“environmental variability to B. tabaci,” “B. tabaci virus as well as

vectors,” “synthetic insecticides,” “pest ecological niche,” and

“entomopathogens to B. tabaci,” to identify relevant peer-

reviewed articles and scientific reports. The selected studies were

screened for relevance based on their focus on whitefly biology, pest

management, and the use and/or evaluation of natural enemies

within agroecosystems. The relevant literature was then

thematically organized, with key findings synthesized into the

major categories discussed in the subsequent sections.
3 Natural enemies in Bemisia tabaci
management

Biological control is a fundamental component of IPM that

involves the use of natural enemies, such as predators, parasitoids,

and beneficial microorganisms, to regulate pest populations

through conservation, augmentation, or classical introduction in

agroecosystems (Naranjo, 2001, Naranjo, 2007; Dainese et al., 2017;

Ou et al., 2019). This method of control has deep evolutionary roots;

having the natural enemies’ prey on and parasitize pests for over

500 million years, thus shaping ecological interactions across

terrestrial habitats (Naranjo and Ellsworth, 2009; Vacante and

Bonsignore, 2017). Even without direct human intervention,

biological control is a pervasive and essential ecological process

that can offer substantial economic benefits in agricultural settings.

Entomopathogenic microorganisms such as fungi, bacteria,

viruses, nematodes, and microsporidia play a key role in the

natural regulation of insect populations (Wei et al., 2006; Khan

et al., 2012; Deka et al., 2021; Legarrea et al., 2022b) and are often

highly specific to pest species. Entomopathogenic fungi (EPF),

particularly those in the Entomophthoromycotina subphylum,

demonstrate a wide breadth of host specificity. While these fungi

can infect a variety of insect species, their host specificity can vary

greatly depending on the environmental conditions and the

pathogen’s ecological niche (Cuthbertson et al., 2005a, Cuthbertson

et al., 2007; Sacco and Hajek, 2023). This specificity allows them to

effectively target pest species while minimizing effects on non-target

organisms, making them invaluable for integrated pest management

(IPM) strategies. Arthropod-associated microbes have increasingly

been recognized for their potential in biocontrol, with interactions

between pests and microbial pathogens offering promising strategies

for B. tabaci suppression (Naranjo, 2001; Deka et al., 2021; Li et al.,

2024). Highly specific interactions between pests and pathogen

enemies contrast with broad-spectrum insecticide applications that

kill pest and non-pest species as well as eliminating beneficial

organisms, destabilizing ecosystem balance and reducing

biodiversity (Dainese et al., 2017; Vacante and Bonsignore, 2017).

Improving natural enemy populations through habitat

manipulation and/or augmentative releases has emerged as a key
frontiersin.org

https://doi.org/10.3389/fagro.2025.1684672
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org


Jalloh et al. 10.3389/fagro.2025.1684672
strategy for restoring ecological balance and minimizing

insecticides use. This approach not only improves biological

control but also promotes sustainable pest management by

fostering resilient ecosystems. Habitat manipulation, such as the

strategic use of cover crops, floral resources, and refuge areas, can

significantly enhance the abundance and diversity of natural

enemies, thereby improving pest control efficacy (Naranjo, 2001;

Venzon et al., 2006; Naranjo and Ellsworth, 2009; Gurr et al., 2017;

Bowers et al., 2020). Furthermore, augmentative releases of natural

enemies have shown promise in enhancing biological control,

particularly in regions where pest pressures are high. For

example, in South America, studies demonstrated the effectiveness

of habitat manipulation strategies in improving conservation

biological control, offering a more sustainable alternative to

conventional pest control methods and contributing to the

restoration of ecological balance in agroecosystems (Peñalver-

Cruz et al., 2019).

Predators, particularly arthropods like mites in the family

Phytoseiidae, are widely used in augmentative biological control

due to their generalist feeding behavior, short reproduction times,

and rapid life cycles. Predatory mites account for over 60% of the

global arthropod natural enemy sales (van Lenteren et al., 2017;

Knapp et al., 2018; Kheirodin et al., 2020). However, thier

effectiveness is limited due to plant morphological traits, like

glandular trichomes on tomato plants, that release defensive

exudates that hinder predator mobility and reduce survival

(Schuurink and Tissier, 2019; Legarrea et al., 2022a). Despite

these limitations, species such as Amblyseius herbicolus (Chant)

(Acari: Phytoseiidae) and A. tamatavensis Blommers (Acari:

Phytoseiidae) have shown significant predatory activity against B.

tabaci (Cavalcante et al., 2016; Barbosa et al., 2019; Cardoso et al.,

2025). Moreover, parasitoids and predators are commonly used to

manage B. tabaci at every life stage, from eggs to pupae, thereby

acting as essential biological regulators (Arnó et al., 2010).

The goal of biological control is to harness these natural enemies,

with their behaviors and ecological interactions, to reduce reliance on

insecticides and enhance the overall effectiveness of IPM .(Figure 1).

Field tests and controlled experiments have shown that introducing

or conserving natural predators effectively suppresses B. tabaci

populations (Naranjo and Ellsworth, 2009; Vandervoet et al., 2018;

Zhang et al, 2020a). Habitat manipulation is a vital approach

employed to augment the efficacy of natural enemies. This involves

maintaining indigenous predator and parasitoid species by

minimizing the use of insecticides, introducing new biocontrol

species, or cultivating companion crops that offer refugia and

alternative prey (Zhang et al., 2018, Zhang et al., 2020a; Taggar and

Singh, 2020). Yet, choosing the suitable species or combination of

natural enemies necessitates careful evaluation of existing pest-enemy

interactions. Policies should therefore be informed by field-based

research, ecological modeling, and life table analysis to accurately

forecast outcomes and support sustainable, long-term success (Arnó

et al., 2008, Arnó et al., 2010; Vafaie et al., 2020).
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3.1 Predators of Bemisia tabaci

Abubakar et al. (2022) reported that more than 150 species of

natural enemies have been identified, although comprehensive

evaluations have been limited to only a few taxonomic groups. A

diverse range of naturally occurring predators for B. tabaci has been

identified, but only a limited number have been studied and assessed

for biocontrol effectiveness (Arnó et al., 2008; Calvo et al., 2009;

Cardoso et al., 2025) (Table 1). Key predators on B. tabaci include

coccinellid beetles, lacewings, mirid bugs, predatory mites, and

anthocorids (Li et al., 2021a) (Table 1). The coccinellid Delphastus

catalinae (Horn) (Coleoptera: Coccinellidae),D. pusillus (LeConte) and

predatory mites Amblyseius barkeri (Hughes) (Acarina: Gamasida:

Phytoseiidae) and A. cucumeris (Oudemans) as well as Neoseiulus

bicaudus (Wainstein) (Acari: Phytoseiidae) have been widely utilized in

greenhouse conditions and have demonstrated significant effectiveness

in decreasing B. tabaci populations on tomato among other plants (Al-

Zyoud and Sengonca, 2004; Simmons and Legaspi, 2007; Han et al.,

2020). Likewise, introducing six Macrolophus pygmaeus Rambur

(Hemiptera: Miridae), per plant substantially reduced whitefly

populations in watermelon (Abubakar et al., 2022). In regulated

greenhouse conditions, Nesidiocoris tenuis Reuter (Hemiptera:

Miridae), suppressed whitefly populations by more than 90% on

tomato plants (Calvo et al., 2009). However, its efficacy against

whiteflies feeding on sweet peppers was negligible (Legaspi et al.,

2006). Additionally, Chrysoperla carnea (Stephens) (Neuroptera:

Chrysopidae), green lacewing, has been shown to manage B. tabaci

when introduced at a density of 10 adults per plant in tomato

greenhouses. Moreover, the synergistic use of C. carnea, Orius

albidipennis Reuter (Hemiptera: Anthocoridae), and Phytoseiulus

persimilis Athias-Henriot (Acari Phytoseiidae), a predatory mite,

augmented the control of pests and increased cucumber production

(Hagler and Naranjo, 2005; Arnó et al., 2008, Arnó et al., 2010). Table 1

shows a summary of the key predators of B. tabaci with notes on their

preference and effectiveness. Additionally, certain species, such as

Dicyphus hesperus Knight (Hemiptera: Miridae), have been shown to

reduce B. tabaci egg and nymph populations by up to 60%, with the

most significant impact observed during the nymphal stages (Smith

and Krey, 2019). Similarly, some species, like Serangium parcesetosum

Sicard (Coleoptera: Coccinellidae), suppress the B. tabaci population

within six weeks of release on Euphorbia pulcherrima plants (Ellis et al.,

2001; Kheirodin et al., 2020), while A. tamatavensis (predatory mite)

colonized nightshade infested with B. tabaci, and has the potential to be

utilized as a predator against this pest (Döker et al., 2018) (Table 1).

3.1.1 Effectiveness of predators in different
environments

The efficacy of predators in managing B. tabaci varies

significantly across agroecological regions such as open

agricultural fields, greenhouses, and controlled habitats. These

differences are influenced by several factors, including

temperature, humidity, prey availability, release rates, timing,
frontiersin.org
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habitat complexity, and existing management programs (Arnó

et al., 2008; Gurr et al., 2017; Kheirodin et al., 2020). In open-

field environments, predators such as D. catalinae andM. pygmaeus

shows potential as a predator of this pest. Delphastus catalinae is

specifically adapted to conditions that are favorable to B. tabaci,

including moderate temperature and humidity (Simmons and

Legaspi, 2007). However, extreme vapor pressure conditions,

ranging from as low as 5.04 millibars (mb) to as high as 30.25

mb, can limit its field effectiveness by decreasing its survival and

predation efficiency. These vapor pressure levels correspond to very

low and high humidity conditions, respectively. Macrolophus

pygmaeus has demonstrated positive effects in field evaluation;

introducing six individuals per watermelon plant resulted in a

90% decrease in B. tabaci density (Cavalcante et al., 2016). These

results demonstrate its potential for broader application in outdoor

agricultural farming systems based upon ideal environmental

conditions. Predatory species typically exhibit greater efficiency in

controlled greenhouses because of constant microclimatic

conditions. Predators such as O. laevigatus and Amblyseius

swirskii (Athias-Henriot) (Acari: Phytoseiidae) efficiently prey on

whitefly eggs and early nymphs in stable humidity and temperature

conditions (Arnó et al., 2008; van Lenteren et al., 2017; Knapp et al.,

2018). Amblyseius swirskii may endure low prey densities by
Frontiers in Agronomy 05
consuming alternate food sources, including pollen and honeydew

(Knapp et al., 2018). Amblyseius tamatavensis Blommers

(Mesostigmata: Phytoseiidae) demonstrates enhanced efficacy

when provided with cattail pollen, as evidenced by Cardoso et al.

(2025), underscoring the significance of food supplementation for

predator survival and dispersal in greenhouse environments.

Notwithstanding their successes in greenhouse conditions,

difficulties exist regarding sustainability and economic viability in

commercial farming. Successfully incorporating predators into

protected agricultural farming systems necessitates habitat

modification, thorough species selection, and ongoing monitoring.

The timing of predator release is essential for optimal

management. In greenhouse research, Nephaspis oculatus

demonstrated superior suppression of B. tabaci populations when

introduced at a beetle-to-whitefly ratio of 1:4 one day post-

infestation, in contrast to later releases at reduced ratios (Liu and

Stansly, 2005). These findings highlight the significance of adequate

release rates and quick implementation for achieving optimal

biological control. Roda et al. (2020) conducted field tests to

compare the predatory effectiveness of three mirid species, N.

tenuis, M. praeclarus, and Engytatus modestus, on tomato crops.

All three species markedly reduced B. tabaci populations; however,

the phytophagous activities of N. tenuis and E. modestus caused
FIGURE 1

Illustration of a tomato plant infested by the whitefly Bemisia tabaci, with insets depicting its principal natural enemies. The top left inset shows
characteristic plant damage caused by the pest; the bottom left illustrates parasitoids (e.g., Eretmocerus eremicus); the top right presents predators
(e.g., Amblyseius swirskii); and the bottom right depicts entomopathogens (e.g., Beauveria bassiana) (image created in Biorender)..
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TABLE 1 Key predators of Bemisia tabaci: taxonomy, mechanisms, and efficacy.

Arthropod Family Key predators Prey stage preference Effectiveness Mechanism
and sensory

cues

Locations References

Chewing, relies on
colors to detect
prey and visual
cues.

Germany, USA Al-Zyoud and Sengonca
(2004); Simmons and
Legaspi (2007)

– USA Hagler and Blackmer
(2013)

Chewing and
intraguild
predation.

USA, among
other regoins

Arnó et al. (2010);
Hagler and Blackmer
(2013)

USA Legaspi et al. (2006)

Piercing-sucking,
tactile cues, and
movement
detection.

Netherland,
Spain

Arnó et al. (2008); van
Lenteren (2012); van
Lenteren et al. (2017)

Intraguild
predation and type
II response.

USA Naranjo (2007); Razze
et al. (2016)

Zoophytophagy Spain Calvo et al. (2009)

Olfactory cues
(attracted to plant
volatiles).

Brazil, among
other regions

Auad et al. (2001); de
Moura et al. (2015)

– Italy Bonsignore (2016)

Predation USA Hagler and Naranjo
(2005)

Olfactory, tactile
cues, and trichome
exudates.

Netherlands Nomikou et al (2001) ,
Nomikou et al, 2003a, &
Nomikou et al, 2003b)

Contact predation USA Döker et al. (2018);
Vafaie et al. (2020)

(Continued)
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parts;
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taxonomic
group

Coleoptera Coccinellidae Serangium
parcesetosum,
Delphastus catalinae

Eggs, late instar nymphs Consumed more B. tabaci than other whiteflies; hig
effective in greenhouse conditions.

Melyridae Collops vittatus Eggs, and adults Consumes B. tabaci eggs at rate of 13.1 eggs per ho

Coccinellidae Hippodamia
convergence

Eggs, parasitized nymphs Caused 45.5% mortality in a petri-dish laboratory
experiment. Also, 50% of B. tabaci DNA was found
Hippodamia convergence gut.

Delphastus pallidus Eggs and early nymphs Inoculation of four Delphastus palisades per plant re
to 60% mortality.

Nephaspis oculetus eggs Preys on B. tabaci eggs at an average of 72.55% in 2
in greenhouse conditions.

Heteroptera Anthocoridae Orius laevigatus, Orius
majusculus

All life stages Higher consumption of B. tabaci than thrips.

Geocoridae Geocoris punctipes,
Orius insidiosus

Adult, and parasitized 4th nymps High mortality in cotton under field conditions.

Miridae Nesidiocoris tenuis 1st – 3rd instars, parasitized nymphs 90% reduction in tomato plants.

Neuroptera Chrysopidae Chrysoperla carnea,
Ceraeochrysa cincta

Eggs, and nymphs Effective across multiple crops, due to influenced by
plant.

Diptera Muscidae Coenosia attenuata Adults Preyed on adult whiteflies and other insects; active
varied temperature ranges.

Diptera Empididae Drapetic nr. divergens Adults and eggs 32.4% of Drapetic nr. divergens had B. tabaci DNA
their gut.

Mesostigmata Phyloseiidae Amblyseius swirskii,
Euseius scutalis

Eggs, nymphs, and crawlers Reduced populations on cucumber via sharp mouth
feed on pollen and honeydew when pre density is lo
Effective control on greenhouse crops; strong preda
efficiency.

Phyloseiidae A. tamatavensis Nymphs Demonstrated potential for cotton field application.
h
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TABLE 1 Continued

Arthropod Family Key predators Prey stage preference Effectiveness Mechanism
and sensory

cues

Locations References

Predation rate increases with prey density, and 1st to 2nd

instar nymphs are preferred due to their lower mobility
and soft bodies.

Type II functional
response.
Predatory
behavior, uses
tactile and
chemical cues to
locate prey.

China Han et al. (2020)

High density corrected with reduced B. tabaci populations. Ambush predation USA Hagler and Blackmer
(2013)

High predation rates on B. tabaci, but intraguild
interactions with parasitoids reduce its overall
effectiveness. Orius albidipennis exhibits a type II and III
functional response. In the presence of parasitoids like
Encarsia formosa, the predator’s efficiency can be
compromised due to competition.

Tactile and
olfactory cues,
predatory behavior
based on prey
movement and
chemical signals.

Iran, among
other regions

Shahpouri et al. (2019);
Pirzadfard et al. (2020)

High potential for B. tabaci control in the USA, but
effectiveness depends on environmental conditions and
prey availability. Predatory mirids are more effective in
combination with other biocontrol agents.

Tactile and
chemical cues,
predation strategy
based on
movement and
prey size.

USA Roda et al. (2020)
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taxonomic
group

Phyloseiidae Neoseiulus bicaudus Eggs, and early nymphs

Aranea Thomisidae Misumenops celer –

Hemiptera Anthocoridae Orius albidipennis Eggs and nymphs

Miridae Tupiocoris notatus,
Macrolophus
pygmaeus, Dicyphus
tamaninii

Eggs, nymphs, and adults
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crop damage, including necrotic rings. Conversely, M. praeclarus

caused negligible harm, rendering it a more appropriate option for

integrated approaches. Moreover, companion planting with sesame

increased mirid populations, underscoring the potential of habitat

alteration to boost predator survival and effectiveness. Intraguild

predation (IGP), in which generalist predators feed on both pests

and beneficial parasitoids, is an important ecological interaction

that can impact biological control outcomes. Naranjo (2007)

conducted laboratory tests to examine IGP interactions among G.

punctipes, O. insidiosus, H. convergens, and the parasitoid

Eretmocerus sp. nr. emiratus. The results revealed that these

predators frequently consumed parasitized whitefly nymphs,

demonstrating a lack of preference between parasitized and non-

parasitized hosts and a general preference for readily available prey.

However, field data revealed that IGP had a minimal negative

impact on the overall suppression of B. tabaci. This indicates that,

although intraguild may occur under certain conditions, generalist

predators still contribute significantly to pest management across

varied habitats, particularly when predator densities are high and

pest pressure is substantial (Naranjo and Ellsworth, 2009).
3.2 Parasitoids of Bemisia tabaci

Parasitoids are crucial agents for biological control in the

suppression of whiteflies (Table 2), as they exploit B. tabaci

nymphs for reproduction and larval development as well as

nourishment (Gelman et al., 2005; Childs et al., 2011; Shah et al.,

2015; Ebrahimifar and Jamshidnia, 2022). They are taxonomically

diverse and widely distributed across different agroecological

regions (Table 2). Gerling et al. (2001) and Goolsby et al. (2008)

identified 34 Encarsia and 12 Eretmocerus (Hymenoptera:

Aphelinidae) species, along with additional species from genera

such as Amitus, Metaphycus, and Signiphora. Arnó et al. (2010)

further documented 10 Eretmocerus and 15 Encarsia species across

Mediterranean regions. In Western Sydney, Childs et al. (2011)

discovered eight species from the Encarsia and Eretmocerus genera.

Li et al. (2011) recorded 51 parasitoid species from multiple regions

in China. To date, over 115 whitefly parasitoid species have been

identified across 23 genera and five families, including Aphelinidae,

Encyrtidae, and Platygastridae (Lahey and Stansly, 2015; Liu et al.,

2015; Sani et al., 2020). Among these, the genera Encarsia and

Eretmocerus (Hymenoptera) dominate and are widely used in

biocontrol strategies (Zang and Liu, 2007; Zang et al., 2011; van

Lenteren et al., 2017). These reports highlight the ecological

richness and importance of parasitoids in the biological

management of pests such as B. tabaci across different geographic

locations (Table 2).

Parasitoid efficacy is shaped by host stage preference. Several

studies indicate that whitefly parasitoids preferentially target 2nd

and 3rd instar nymphs for oviposition, though parasitism of late

nymphal stages can occur depending on species and environmental

context (Antony et al., 2003, Antony et al. (2004)) (Table 2). For

instance, Eretmocerus (Er) melanoscutus and Encarsia (En)
Frontiers in Agronomy 08
pergandiella show strong host feeding and parasitism of B. tabaci

nymphs (3rd instar), particularly under high density conditions

(Zang et al., 2011). Encarsia sophia and Er. hayati effectively

parasitizes early instars but avoids late instars (Shah et al., 2015).

Host feeding of female parasitoids provides nutrients for egg

production rather than oviposition, while honeydew availability

enhances fecundity and longevity (Qiu et al., 2004b; Antony et al.,

2004; Gauthier et al., 2015). Depriving adult parasitoids of food for

six hours before release increases parasitism and feeding rates.

Host-feeding by females, where parasitoids consume the host

instead of ovipositing, is essential for obtaining nutrients for egg

maturation and increases parasitism potential when food is limited

(Luo and Liu, 2011; Zang et al., 2011). Interestingly, some species

such as En. sophia demonstrate a preference for larger hosts, likely

due to greater nutritional resources, even though smaller instars are

more efficiently controlled (Luo and Liu, 2011). Manipulating

environmental conditions, such as withholding food for brief

periods before field release, has been shown to boost feeding and

parasitism activity among adults (Qiu et al., 2004a). Moreover,

parasitoids suppress B. tabaci populations either through

oviposition within the host or by external feeding (Table 2), both

of which disrupt development and reduce pest numbers effectively

in field and greenhouse environments (van Lenteren et al., 2017).

3.2.1 Parasitoid efficiency and impact in
ecological interactions

The growth and development of parasitoids are strongly

influenced by the suitability of the host species. According to Luo

and Liu (2011), adults of En. sophia that emerged from T.

vaporariorum were larger and more fecund than those from B.

tabaci, even though their development durations were equal.

Increased parasitism and feeding rates were observed when females

were sexed, as demonstrated under high-density host conditions for

En. melanoscutus and En. sophia (Zang et al., 2011). Parasitoids need

to modulate their host’s physiology in order to successfully develop.

For example, Gelman et al. (2005) reported that parasitoids enhance

their developmental success by suppressing the host’s immune

response through the injection by the adults or production of

immunosuppressive biochemicals by the embryos. Using

parasitoids and predators simultaneously can improve or delay

biological control results. Tan et al. (2016) studied the relationships

of En. formosa, En. sophia, and the predatory ladybird Harmonia

axyridis (Pallas) (Coleoptera: Coccinellidae). They observed that

while predation and parasitism increased when the species were

introduced together, H. axyridis markedly decreased parasitoid

emergence. This underscores the necessity for compatibility

evaluation while employing diverse natural enemy populations in

IPM. Vafaie et al. (2020) compared Eretmocerus eremicus and

Amblyseius swirskii in integrated pest control against conventional

insecticides-based strategies in poinsettia greenhouses in the USA.

Significantly, B. tabaci populations were comparable in both systems,

indicating that biological control presents a practical and

environmentally advantageous alternative to whitefly management

in commercial horticulture.
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TABLE 2 Common parasitoids of Bemisia tabaci.

Species Host preference Key characteristics Effectiveness/observations Locations References

Variable success against B. tabaci; but more effective on T.
vaporariorum.

China, among
other regions

Xu et al. (2013); van
Lenteren et al. (2017)

High performance in southwestern USA (e.g., Arizona)
among other regions and country; higher host-feeding than
Encarsia formosa.

China, USA Naranjo (2007); Zang
and Liu (2007); Naranjo
and Ellsworth (2009); Xu
et al. (2013)

Effective in Florida and Mexico; coexists with Eretmocerus
spp.

North
America

Schauff et al. (1996)

Effective under diverse conditions; rapid reproduction in
laboratory settings and dominant in India and China.
Development observed in B. tabaci nymphs.

India Antony et al. (2004)

Common in the southern USA, effective in crop
diversification.

USA, among
other regions

Schauff et al. (1996);
Gerling et al. (2001)

Dominant in Mediterranean countries and USA, control
multiple whitefly species.

USA Goolsby et al. (2008)

Highly effective in greenhouses in USA; competitive with Er.
mundus in arid zones.

China, among
other regions

Gerling et al. (2001); Qiu
et al. (2004a)

Widely used in USA; high adaptability to different regions;
effective in parasitism rates. High effectiveness when used in
barrier cropping systems in China; reduces whitefly
populations on cotton.

USA, China Qiu et al. (2004b); Gould
et al. (2009); Zhang et al.
(2020b)

Accounted for 82% of total parasitism in field trials in
southern China.

China Qiu et al. (2004a)

Emerging as a promising species in Asia and Africa. This
parasitoid has proven effective against various whitefly
species, especially in agricultural environments where
Bemisia tabaci is a significant pest.

Iran, India Ebrahimifar and
Jamshidnia (2022);
Ghongade and Sood
(2023)

Effective against B. tabaci in greenhouse and open fields in
Asia and Latin America.

India, among
other regions

Antony et al. (2003)
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Encarsia formosa 3rd and 4th instars Uniparental; widely used in greenhouses against Trialeurodes
vaporariorum; oviposits in whitefly nymphal instars.

Encarsia sophia Early-mid stage nymphs Cryptic species with geographic variations; strong host-feeding capacity.

Encarsia luteola 2nd and 3rd instars Native to the Americas; develops in multiple whitefly species.

Encarsia bimaculata 3rd and 4th instars Biparental; temperature tolerant.

Encarsia pergandiella 2nd and 3rd instars Native to North America; facultative parasitoids.

Eretmocerus mundus All nymphal instars Biparental; high fecundity rates; non-autoparasitic.

Eretmocerus eremicus 2nd and 3rd instars Parasitizes both B. tabaci and T. vaporariorum; short development time.

Eretmocerus hayati All nymphal instars High tolerant; adapted to dry regions.

Eretmocerus sp. nr.
furuhashii

All instars High parasitism rates, field survivorship, and reproduction.

Eretmocerus
delhiensis

2nd and 3rd instars Native to India; adapted to subtropical conditions. Its ability to adapt to
different environmental conditions makes it a candidate for IPM strategies,
particularly for managing whitefly populations in diverse crops such as
cotton, tomato, and peppers.

Encarsia transvena 2nd – 4th instars Globally important parasitoids; widely used and highly tolerant.
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3.3 Entomopathogens of Bemisia tabaci

Entomopathogenic organisms, including fungi, viruses,

nematodes, and bacteria, are commonly used to mitigate B. tabaci

damage and serve as key components of many pests’ management

programs (Deshpande, 1999; Grewal et al., 2005; Bahadur, 2018;

Deka et al., 2021; Bonaterra et al., 2022). These biological agents are

an environmentally sustainable alternative to synthetic insecticides

and are less harmful to farmers, non-target insect-pests, and other

organisms (Oliveira et al., 2001; Abubakar et al., 2022; Li et al.,

2024). Due to their natural occurrence in many pest-infested

production systems, several entomopathogens have been studied

and commercialized as biopesticides (Mascarin et al., 2013; Islam et

al, 2014; Bahadur, 2018; Deka et al., 2021).

Entomopathogenic nematodes such as Steinernema feltiae and

St. carpocapsae are virulent against B. tabaci (Cuthbertson et al.,

2007, Cuthbertson et al., 2008; Li et al., 2021a, Cuthbertson et al.,

2008; Perier et al., 2025a). For example, St. feltiae caused mortality

rates of 32% and 28% of whiteflies in tomato and cucumber plants,

respectively (Head et al., 2004). When combined with synthetic

insecticides like thiacloprid and spiromesifen, St. carpocapsae

caused mortality rates of 86.5% and 94.3%, respectively

(Cuthbertson et al., 2008), highlighting the potential for

synergistic applications for improved B. tabaci management.

Similarly, Entomopathogenic fungi (EPF), such as Beauveria

bassiana, Isaria fumosorosea (now redescribed as Cordyceps

javanica), and Lecanicillium muscarium, have been widely

explored (Cuthbertson et al., 2005b; Gabarty et al., 2014; Li et al.,

2024). For instance, studies have demonstrated that over 90% of

these EPF caused nymphal mortality within 8 days after application

in vegetable crops like cucumber, melon, and zucchini squash

(Wraight et al., 2000; Cuthbertson et al., 2005a, Cuthbertson

et al., 2005b; Olleka et al., 2009; Mascarin et al., 2013). In

controlled laboratory conditions, combinations of C. fumosorosea

(C. javanica) with neem-based products like azadirachtin or with

other fungal agents have achieved up to 90% mortality on various

crops including beans, cucumbers, and melons (James and Elzen,

2001; Cuthbertson et al., 2005a; Mascarin et al., 2013).

3.3.1 Fungal pathogens
Entomopathogenic fungi are effective against a broad spectrum

of insect pests, including sap-sucking pests like B. tabaci (Sani et al.,

2020) (Table 3). EPF infect the host via direct contact, with conidia

adhering to the cuticle, germinating, and penetrating through

enzymatic and mechanical means (Sandhu et al., 2012; Gabarty

et al., 2014; Li et al., 2021a; Ma et al., 2024). The infection efficiency

of EPF depends heavily on surface contact and host susceptibility.

Some insects secrete compounds that inhibit or enhance conidial

adhesion and germination (Sani et al., 2020). After adhesion, the

fungus forms an appressorium, a specialized structure that

generates pressure and enzymatic action to breach the cuticle.

Once inside the insect body, the fungus acts parasitically until the

host dies, after which it shifts to saprophytic behavior, colonizing

the cadaver and releasing new infective spores. Recent
Frontiers in Agronomy 10
advancements in EPF formulations, such as incorporating

biosurfactants, oils, and UV-protectants, have markedly enhanced

spore viability and persistence under field conditions (Wraight

et al., 2000; Zafar et al., 2016). Formulation techniques such as

solid-state, liquid, and diphasic fermentation have facilitated large-

scale EPF production from insect cadavers and soil sources

(Esparza-Mora et al., 2016). New strains like Clonostachys rosea

are under evaluation for pathogenicity and potential commercial

use (Sani et al., 2020). Mycoinsecticides are now used both alone

and in combination with other biological agents. For instance, C.

javanica andMetarhizium anisopliae have demonstrated the ability

to target multiple whitefly life stages, making them promising

candidates for integration into IPM frameworks (Islam et al.,

2014, Islam et al., 2015; Huang et al., 2020). Additionally, new

strains are still being identified, therefore increasing the options of

EPF that target B. tabaci (Wu et al., 2023a).

Many studies are increasingly exploring EPF as effective

biological control agents against B. tabaci. These fungi initiate

infection when their conidia adhere to the insect cuticle and

germinate under favorable humidity. The resulting germ tube

physically penetrates the cuticle through a combination of

mechanical pressure and enzymatic activity. Once inside the

hemocoel, the fungi proliferate as hyphal bodies that utilize the

host internal nutrients, leading to nutrient depletion, physiological

dysfunction, and eventually death. In addition, EPF produces toxins

that invade host tissues and obstruct hemolymph circulation,

further increasing whitefly mortality (Sandhu et al., 2012; Gabarty

et al., 2014; Li et al., 2021a, Li et al., 2021b; Ma et al., 2024). Most

current studies focus on fungal groups within the Entomophthorales

and Hyphomycetes orders, which collectively comprise about 700

identified species (Khan et al., 2012; Gabarty et al., 2014; Anwar

et al., 2018). Among these, B. bassiana, M. anisopliae, Isaria

fumosorosea, L. lecanii, and A. aleyrodis have demonstrated

promising efficacy in both greenhouse and open-field settings.

The virulence of these EPF ’s can vary depending on

environmental conditions (e.g., humidity, temperature, host

stage), the developmental stage of B. tabaci, and the fungal strain

used (Liu et al., 2006; Huang et al., 2010a, Huang et al., 2010b; Islam

et al., 2014, Islam et al., 2015; Zafar et al., 2016; Sani et al., 2020).

Large-scale production of EPF from insect cadavers on soil can be

achieved using solid-state, liquid-state, or di-phasic fermentation in

artificial media (Esparza-Mora et al., 2016). Application methods

such as foliar spraying or leaf dipping have proven effective for

direct delivery of spores to B. tabaci infested surfaces. Table 3

provides a summary of the use of EPF’s in greenhouse and open-

field settings in B. tabaci control.
3.3.2 Viral pathogens
In recent years, insect-specific viral pathogens have emerged as

potential biocontrol agents for B. tabaci. These viruses are distinct

from plant-infecting viruses such as Begomovirus and Torradovirus,

which B. tabaci transmits as a vector (Nouri et al., 2018). Instead,

insect-targeting viruses infect and disrupt the whitefly physiological

processes, resulting in reduced fitness, reproduction, mobility, and
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TABLE 3 Efficacy of entomopathogenic fungi against Bemisia tabaci.

Fungi species Host plants Bioassay methods Significant trial setting and mortality Locations References

s (1 × 107 conidia/ Laboratory: 53 – 71% across stages; LT50: 4.6 days. China Zhang et al. (2018)

rious crops. Field: Eggs 65%, Nymphs 88%; LT50: 5.4 days on cotton. Pakistan Zafar et al. (2016)

formulations. Laboratory and Greenhouse: 60 – 90% mortality under optimal
humidity; effectiveness varies with crop canopy.

Kenya, Egypt Ekesi et al. (2002); Abd
El-Baky (2009)

/mL). Laboratory: 91% mortality (eggs), 86 – 90% (nymphs); LT50: 4–6
days.

Malaysia Huang et al (2010a),
Huang et al, 2010b,
Huang et al, 2020)

s formulations and Laboratory and Greenhouse: mortality up to 97% under specific
conditions; LT50: ~2–3 days.

Open-field: 65 to 95% mortality; field persistence affected by
rainfall and high temperature exposure.

Nigeria Cherry et al. (2004)

Greenhouse: mortality up to 100% with high doses and synergistic
combinations.

Egypt Ghongade and Sangha
(2021)

tion persistence trial). Open-field: effective persistence under field conditions; maintained
mortality over 5–7 days post-application. A relatively novel fungal
agent for B. tabaci.

USA Wu et al. (2023a)
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Aschersonia aleyrodis Eggplant (Solanum
melongena)

Sprayed on eggplant leave
mL).

Beauveria bassiana Cotton (Gossypium
hirsutum) and other
various plants

Sprayed on cotton and va

Tomato (Solanum
lycopersicum), Cassava
(Manihot esculenta),
among other vegetables

Foliar spray and oil-based

Isaria fumosoroseus
(C. javanica)

Pea (Pisum sativum) Leaf dip (1 × 107 conidia

Metarhizium anisopliae Not specified Sprayed/dipped in variou
spore concentrations.

Cassava (Manihot
esculenta), Tomato
(Solanum lycopersicum)

Sprayed foliage.

Mixed species (e.g., B. bassiana + L.
lecanii)

Cucumber (Cucumis
sativus)

Combined applications.

C. javanica Cotton (Gossypium
hirsutum)

Foliar spray (post-applica
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ultimately lead to mortality (Nouri et al., 2018; Legarrea et al.,

2022b). Among these, iridoviruses (double-stranded DNA viruses)

have shown high mortality rates. Given that these pathogens are

highly host-specific, there are no negative impacts on non-target

organisms such as beneficial arthropods and pollinators, an

advantage over synthetic insecticides. However, their relatively

slow action presents a challenge. Unlike synthetic insecticides,

viral pathogens may take several days to weeks to establish

infection and cause significant population suppression and death

(Zhang et al, 2020a). Laboratory studies have demonstrated that

Invertebrate iridescent virus 6 (IIV-6) can cause mortality rates

exceeding 70% in B. tabaci, with visible signs of infection including

iridescence and reduced movement (Prompiboon et al., 2010).

Similarly, Whitefly densoviruses (WFDVs), a group of

parvoviruses, have been isolated from B. tabaci and shown to

induce high nymphal and adult mortality, while also impairing

feeding behavior and virus transmission ability (Wei et al., 2006).

The mode of action begins, when viral particles attach to the

whitefly’s cuticle and penetrate via natural openings and/or

wounds. After entering, they replicate in host cells, leading to

tissue degradation and host’s death. These viral pathogens are

highly host-specific, minimizing risks to non-target organisms

such as pollinators and predatory arthropods. This ecological

specificity presents a key advantage over broad-spectrum

synthetic insecticides. Moreover, some viruses also reduce the

ability of whiteflies to transmit plant pathogens by interfering

with their internal physiology (e.g., salivary gland function),

thereby offering dual benefits, direct pest suppression and reduced

vector competence (Lee et al., 2014; Legarrea et al., 2022b).

Despite promising laboratory outcomes, large-scale adoption of

viral biological control agents remains limited. Challenges include the

high cost of mass production, formulation instability under open-field

conditions, and the need for continuous applications due to the B.

tabaci rapid reproduction rates, hence regular treatments are needed

to reduce populations. Bemisia tabaci typically acquire the virus

through contact or ingestion, after which the particles enter via

natural openings (e.g., spiracles, mouthparts, or wounds), replicate

within host cells, degrade tissue integrity, and cause lethal effects or

lead to death (Nouri et al., 2018; Legarrea et al., 2022b). Environmental

conditions, including temperature, humidity, and UV radiation, can

impact these viruses stability and effectiveness. For instance, UV rays

can destroy virus particles before they infect hosts, significantly

impacts viral efficacy. As a result, UV-protective formulations are

under development to improve open-field performance and efficacy

(Firdaus et al., 2012). Ongoing research aims to identify novel viral

strains, improve environmental tolerance, use of recombinant viral

constructs to increase virulence and specificity, and develop cost-

effective delivery systems. Moreover, integrating other IPM

components, such as EPF and/or selective insecticides as well as

development of microencapsulated and oil-based delivery for

improved environmental tolerance to improve synergistic outcomes.

Additionally, advances in formulation technology, field validation, and

delivery mechanisms are necessary to move from experimental

applications to widespread open-field use.
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3.3.3 Pathogenic bacteria
Bacterial biocontrol agents have garnered increasing interest in

B. tabaci management due to their environmental safety, host

specificity, and compatibility with IPM strategies (Bravo et al.,

2007; Abubakar et al., 2022). Among these, Bacillus thuringiensis

(Bt), have gained prominence due to their high specificity and safety

profile, and are commonly used to manage chewing insect pests.

Bacillus thuringiensis is a Gram-positive, spore-forming bacterium

that produces crystal (Cry) and cytolytic (Cyt) proteins that are

toxic to several insect pests, including B. tabaci. These proteins are

activated in the alkaline midgut of the insects, where they bind to

epithelial cell receptors, forming pores that disrupt osmotic balance

as well as ion transport. This leads to cell lysis, gut paralysis, and

increasing insect mortality (Bravo et al., 2007; Soberón et al., 2010;

Palma et al., 2014). Interestingly, some Bt toxins serve as an

attractive component of IPM program due to its high specificity,

which reduces the risk of harming non-target organisms such as

pollinators and natural enemies. Laboratory assays have

demonstrated promising efficacy against B. tabaci, however, field

testing yielded inconsistent results. One major limitation is that the

B. tabaci phloem sap feeding behavior limits ingestion of Bt toxins,

compared to chewing pests like Lepidopteran larvae that consume

large quantities of treated plant tissue (Bravo et al., 2007; Abubakar

et al., 2022). Synergistic strategies have been established to address

this issue. This involves integrating Bt with EPF and/or chemical

surfactants can enhance spore adhesion to the insect cuticle and

increase the likelihood of and ingestion. Genetic engineering has

resulted in transgenic plants that produce Bt toxins designed for

sap-feeding insects, yet regulatory and environmental challenges

remain (Esparza-Mora et al., 2016; Huang et al., 2020). Beyond Bt,

other bacterial species have shown potential in controlling B. tabaci.

Some strains have demonstrated moderate toxicity and behavioral

deterrence in greenhouse trials (Sani et al., 2020; Abubakar et al.,

2022). For example, Chromobacterium subtsugae and Burkholderia

spp. These species have also emerged as naturally occurring soil

bacteria with insecticidal properties; has been developed into

commercial formulations that have shown promising effects

against soft-bodied insects, including B. tabaci under semi-field

conditions. Its cell-free extracts significantly reduce adult survival

and nymph counts, with bioactive compounds that remain stable

under various environmental conditions. These species have also

emerged as potential biocontrol agents, certain strains may interfere

with whitefly symbionts and reduce vector capacity, although field

validation is still limited (Martin et al., 2007; Abubakar et al., 2022;

Shannag, 2025).

Despite these promising avenues, several environmental

stressors hinder the large-scale use of bacterial biocontrol agents,

including UV light and hot temperatures, can deteriorate Bt spores

and Cry proteins, among other bacteria spp., thereby reducing their

efficacy. Techniques such as encapsulation and UV-protective

coating have been explored to mitigate such limitations (Bravo

et al., 2007; Esparza-Mora et al., 2016). Another challenge is the

emergence of insecticide resistance in target populations (Huang

et al., 2010a, Huang et al., 2020). To ensure sustained effectiveness,
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resistance management measures, including habitat planting and

the rotation of Bt strains with different modes of action, are crucial

(Palma et al., 2014; Vacante and Bonsignore, 2017). To enhance the

sustainability of pest management, ongoing advancements in

formulation technologies, resistance management, and integration

with other IPM tools will be crucial for improving the effectiveness

and field adoption of bacterial biocontrol agents.

3.3.4 Entomopathogenic nematodes
Entomopathogenic nematodes (EPNs) are efficient biocontrol

agents due to their active host-seeking behavior and high

pathogenicity (Koppenhöfer and Kaya, 2001; Perier et al., 2025a).

EPNs are naturally found in the soil. However, increasing reports of

efficacy in several pest species have led to more adaptation of their

use in other systems, such as above-ground areas (Shapiro-Ilan

et al., 2002a; Shapiro-Ilan and Gaugler, 2002b). Steinernema and

Heterorhabditis are the most prevalent pest control genera, which

are commercially available (Shapiro-Ilan et al., 2016). These

nematodes enter hosts through natural openings (like spiracles,

anus, and mouth), releasing symbiotic bacteria, such as

Xenorhabdus spp., in Steinernema, and Photorhabdus in

Heterorhabditis, which rapidly proliferates and digest host tissues

within approximately 24–48 hours, ultimately providing nutrients

for EPN development and reproduction. Upon depletion of host

resources, infective juveniles (IJs) emerge to seek new hosts (Head

et al., 2004; Oliveira-Hofman et al., 2023; Shapiro-Ilan and Lewis,

2024). Infective juveniles are the only free-living stage of the EPN

lifecycle, making them prime targets for many pests management

programs (Shapiro-Ilan and Lewis, 2024). EPN infective juveniles

are virulent against B. tabaci under several experimental conditions,

including laboratory, greenhouse, and open-field settings,

specifically targeting whitefly immature and adult life stages on

the undersides of plant leaves (Cuthbertson et al., 2008; Li et al.,

2021a, Li et al., 2021b; Perier et al., 2025a).

Steinernema feltiae and H. bacteriophora are among the most

efficacious EPNs that have been tested for virulence against B. tabaci

among other insect-pests (Koppenhöfer and Kaya, 2001;

Cuthbertson et al., 2007; Laznik and Trdan, 2014; Li et al.,

2021b). EPN variability in efficacy can also be improved with

pheromone treatments (Oliveira-Hofman et al., 2019; Perier et al.,

2024) based on their biological compounds (Kaplan et al., 2012),

even when managing B. tabaci (Perier et al., 2025b). EPN success in

pest management is based on environmental factors, including

humidity, temperature, and protection from UV light (Wu et al.,

2023b; Perier et al., 2025b). High humidity is vital for their survival,

movement, and host infection, reducing the application of EPNs in

arid environments (Koppenhöfer and Kaya, 2001). One key

advantage of EPNs in whitefly management is their ability to

infect concealed or sedentary life stages, such as later nymphal

instars and pupae, which are often physically protected from

predators, parasitoids, and foliar-applied agents like fungi. EPNs

can be applied using conventional agricultural sprayers and

irrigation systems, enhancing their compatibility with established

farming methods (Koppenhöfer and Kaya, 2001; Cuthbertson et al.,

2007; Shapiro-Ilan et al., 2002a, Shapiro-Ilan et al., 2016).
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Innovations such as gel-based carriers and UV-protective coatings

are being investigated to improve field performance (Pirzadfard

et al., 2020; Wu et al., 2023b; Shapiro-Ilan and Lewis, 2024; Perier

et al., 2025a, Perier et al., 2025b). The compatibility of EPNs also

extends to other management tools, such as biocontrol agents,

insecticides, and other entomopathogens (Naranjo and Ellsworth,

2009; Laznik and Trdan, 2014; Oliveira-Hofman et al., 2023; Perier

et al., 2024, Perier et al., 2025b). Notwithstanding its potential, the

application of EPNs requires strict adherence to its optimum

conditions in any crop production setting. The production and

formulation for extensive deployment can be expensive, which may

further limit their use (Shapiro-Ilan et al., 2002a; Shapiro-Ilan and

Gaugler, 2002b). However, farmers may utilize adapted methods for

EPN production for management uses (Oliveira-Hofman et al.,

2023). Moreover, methods for the in vivo production of EPNs

continue to improve (Shapiro-Ilan et al., 2016).
4 Integration of natural enemies into
integrated pest management

Integrated pest management is a cornerstone of modern

agriculture, aimed at minimizing reliance on the use of synthetic

insecticides to mitigate their adverse effects on human health, non-

target organisms and the environment (Firdaus et al., 2012; van

Lenteren, 2012; Parkins et al., 2024). To manage B. tabaci, effective

IPM strategies include integrating biological control, host plant

resistance, cultural practices, and judicious usage of selective

insecticides (Sani et al., 2020; Perier et al., 2022). Biological

control utilizing predators, parasitoids, and entomopathogens is

essential for attaining sustainable and environmentally friendly pest

management. These methods not only help to maintain pest

populations below economic threshold level but also promote

biodiversity and ecosystem health. By fostering natural enemies

and employing diverse agricultural practices, farmers can create

resilient systems that are better equipped to withstand pest

pressures (Gurr et al., 2017; Vandervoet et al., 2018; Abubakar

et al., 2022). The intricacy of pest ecosystems necessitates

coordinated and particular approaches that ensure maximum

effectiveness (Firdaus et al., 2012).
4.1 Benefits of synergistic interactions of
predators, parasitoids, and pathogens

Using predators, parasitoids, and entomopathogens together

enhances the effectiveness of B. tabacimanagement, as these natural

enemies work via complementary mechanisms and collectively

target multiple stages of the pests life. While there is overlap in

the stages they attack, and some degree of IGP may occur, these

agents can still function synergistically within an IPM framework.

For example, generalist predators likeM. pygmaeus andD. catalinae

actively feed on whitefly eggs, nymphs, and adults, which suppresses

B. tabaci numbers at different stages of development and/or life

cycle. These predators are not only voracious but also highly
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adaptable to diverse environmental conditions and cropping

systems, making them valuable assets in IPM programs

(Cuthbertson et al., 2007; Arnó et al., 2010; Shah et al., 2015;

Cavalcante et al., 2016; Bowers et al., 2020; Pirzadfard et al., 2020).

Meanwhile, parasitoids such as En. formosa and Er. eremicus attack

immature whitefly life stages (2nd and 3rd instars), thereby reducing

the number of individuals (B. tabaci nymphs) that progress to

adulthood (Naranjo, 2007). Studies have shown that even low

release rates of these parasitoids can result in significant

parasitism levels and contribute to long-term suppression of B.

tabaci populations (Liu and Stansly, 2005; Liu et al., 2015).

Entomopathogens, for example Bt, Beauveria bassiana, and St.

feltiae, act through infection, leading to internal tissue degradation

and eventual host death. These microbial agents are integral

components of IPM due to their high host specificity and

relatively low impact on target pests/organisms (Bahadur, 2018;

Abubakar et al., 2022). While they may persist in the environment

under favorable conditions, such as adequate humidity, moderate

temperatures, and protection from UV exposure, their effectiveness

can decline rapidly when exposed to environmental stressors (Faria

and Wraight, 2001; Inglis et al., 2001). Therefore, the success of

microbial control strategies depends heavily on matching the agent

to the local agroecological conditions and optimizing application

timing and formulation for improved persistence. Additionally,

integrating these biological agents into a unified IPM strategy can

prevent pest resurgence and escape, which are common limitations

when using a single control method (Cuthbertson et al., 2008). For

instance, EPNs, pathogens and parasitoids are especially effective

against stationary life stages such as nymphs and pupae, while

predators are more efficient at capturing mobile stages. Using

Beauveria bassiana with Er. hayati has been found to reduce

whiteflies more than using either one alone (Olleka et al., 2009;

Ou et al., 2019). Also, using lower dose of chemical insecticides help

keep pollinators safe, supports beneficial insects, and slows down

pests from becoming resistant, which is essential for the long-term

success of IPM (Zhang et al, 2020a).

Combining biological agents leads to synergistic interactions

that enhance pest suppression beyond the sum of individual effects

(Liu and Stansly, 2005). For example, using Er. mundus and

predatory mites like A. swirskii have greatly reduced B. tabaci

populations in crops grown in greenhouses. These combinations

use different behaviors and attack methods to target various life

stages of the pests, which helps reduce the chances of the pests

adapting or becoming resistant (Liu et al., 2015). Similarly, the co-

application of EPF with selective insecticides can improve efficacy,

although success depends on compatibility between agents and the

precise timing of their applications (Razze et al., 2016; Abubakar

et al., 2022). A similar synergistic effect is observed when generalist

predators are combined with selective insecticides for managing B.

tabaci populations. Recent studies have shown that selective

insecticides can affect both the direct and indirect interactions

between predators and prey, with varying impacts on predator

efficiency. The combination of insecticides with predators,

particularly those targeting B. tabaci, can either increase or

reduce predator performance depending on the insecticides
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toxicity, residual activity, and impact on predator behavior

(Parkins et al., 2024). When thoughtfully integrated, these

strategies minimize non-target impacts and enhance ecosystem

resilience. Reduced insecticides inputs lower the risk of resistance

development, mitigate environmental pollution, and support

consumer demand for residue-free agricultural plant products.

Furthermore, these methods are particularly valuable for small

farmers, as they reduce reliance on costly synthetic insecticides

and improve productivity in low-resource settings (Vandervoet

et al., 2018; Sani et al., 2020; Ghongade and Sangha, 2021).
5 Biocontrol enhancement
approaches and factors influencing
beneficial fauna

The effectiveness of entomopathogens, predators, and

parasitoids in controlling B. tabaci largely depends on

establishment, augmentation, and preservation of their native

populations within the agroecosystem. Habitat diversity strategies,

such as cover cropping, intercropping, and mixed cropping systems,

as well as plants like floral strips and banker plants, provide pollen

and nectar, thus influencing the abundance and diversity of natural

enemies (Abd El-Baky, 2009; Mkenda et al., 2019; Bowers et al.,

2020; Li et al., 2022; Abubakar et al., 2022). According to Bianchi

and Wäckers (2008), the attractiveness of flowers and the presence

of nectar are the two most important elements that increase natural

enemies population in open-field plant settings. Whiteflies have

been shown to be effectively suppressed by natural enemies, whose

abundance and diversity are enhanced by the floral nectar of non-

crop plants in arable systems (Hernandez et al., 2013; Mkenda et al.,

2019). Moreover, sustainable farming practices such as crop

rotation and mulching protect agricultural fields thereby

improving quality and quantity of ecological habitats of natural

enemies (Mkenda et al., 2019). A careful release of important

biocontrol agents listed in Tables 1–3 positively enhanced B.

tabaci control in open agricultural fields and greenhouse

conditions (Naranjo and Ellsworth, 2009; Xu et al., 2013; Razze

et al., 2016; van Lenteren et al., 2017; Wu et al., 2023a). Similarly,

selective application of biopesticides as well as natural plant base

produce are equally significant in reducing the non-target effects

and aligns with IPM programs (Cuthbertson et al., 2008; Ayilara

et al., 2023; Ghongade and Sangha, 2021; Abubakar et al., 2022).

Agroecological and environmental conditions have a significant

impact on beneficial fauna efficiency. The impact of these abiotic

factors on performance at the cell, tissue and organ level is often

indicated in suppression of whole organism behavior. For example,

Beauveria bassiana is most effective in humid conditions, while

abiotic factors like humidity, temperature, and light have a positive

impact on predator and parasitoid growth and feeding performance

(Mishra et al., 2015). Moreover, these factors have a significant

influence on effectiveness of entomopathogens (Shapiro-Ilan et al.,

2002a; Qiu et al., 2004a , Qiu et al., 2004b; Javar et al., 2023). While

sublethal levels of synthetic insecticides may inhibit predator

feeding or oviposition of parasitoids (Parkins et al., 2024), plant
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chemical and morphological traits could contribute (either

positively or negatively) and impair biocontrol. The intraguild

interactions, such as hyperparasitoid activity and predator

ingestion of target or non-target insect-pests, may further limit

the effectiveness of biocontrol (Velasco-Hernández et al., 2013).

Integrating sustainable cropping systems, preservation of ecological

habitats and minimal exposure to environmental hazards will

positively enhance the management approaches that maximize

natural enemy populations in the long-term management of B.

tabaci (Naranjo and Ellsworth, 2009; Peñalver-Cruz et al., 2019; Li

et al., 2022). However, the efficiency of natural enemies maybe

frequently reduced by monoculture cropping systems.
6 Challenges in the implementation of
biocontrol

One of the major significant challenges in the implementation

of biocontrol lies in the establishment of biocontrol agents, as well

as the frequent lack of consistency in its performance over time.

Several biocontrol agents exhibit positive results in greenhouse and

laboratory settings. However, they do not often thrive well in an

open agricultural field conditions where their ability to reproduce
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and survive are negatively influenced by climatic conditions

(Gerling et al., 2001; Nomikou et al., 2003a, Nomikou et al.,

2003b). Even though using natural enemies is a sustainable way

to control B. tabaci, many scientific, ecological, and practical

problems make it hard to incorporate it into IPM programs

(Table 4). These challenges include biological limitations (e.g.,

host specificity, prey scarcity, and IGP), climatic conditions and

environmental sensitivity (such as UV light, humidity, atmospheric

pressure, and temperature), scalability issues and high cost of mass-

rearing, and incompatibility with commonly used synthetic

insecticides (Gerling et al., 2001; Nomikou et al., 2003a, Nomikou

et al., 2003b; Gould et al., 2009; van Lenteren et al., 2017) (Table 4).

Also, prolonged insecticide use has resulted in resistance

development and genetic alterations in B. tabaci, adding

complexity to biocontrol efforts and requiring integrated,

simultaneous multi-tactic management approaches (Oliveira

et al., 2001; Horowitz et al., 2005; De Barro et al., 2011; Taggar

and Singh, 2020).
6.1 Future directions

To overcome current limitations and enhance biological control

integration in IPM, future pest management should focus on filling
TABLE 4 Key challenges and recommended solutions for integrating natural enemies and entomopathogens into whitefly Integrated Pest
Management programs .

Challenge Description Proposed solution References

Host specificity Natural enemies often target narrow host
ranges, limiting effectiveness in mixed-pest
environment, hence increases complexity and
cost.

Combine generalist predators with specialist parasitoids
to enhance broader and complementary pest control.

Gerling et al. (2001); van Lenteren
et al. (2017)

Environmental
factors

High temperatures, UV radiation, and low
humidity reduce survival, reproduction, and
infectivity as well as adaptation of natural
enemies, EPFs, and EPNs.

Select climate-resilient species; modify habitat
management strategies (e.g., cover crops, rotation, and
intercropping) to improve microclimate.

Wraight et al. (2000); Faria and
Wraight (2001); Naranjo and
Ellsworth (2009)

Entomopathogens
dependency

Short persistence of entomopathogens. EPFs
and EPNs degrades quickly under sunlight and
dry conditions; they have limited shelf-life and
require careful handling. EPNs needs moist
microhabitats and are ineffective in arid regions.

Develop oil based and microencapsulated formulations
with UV-resistant, anti-desiccants, and targeted leaf-
surface application tools. Apply during early morning or
evening to minimize exposure. Integrate EPFs and EPNs
with predators with parasitoids in open-field settings.

Inglis et al. (2001); Ekesi et al.
(2002); Grewal et al. (2005); Zandi-
Sohani and Shishehbor (2011);
Cuthbertson et al. (2007); Shapiro-
Ilan et al (2002a), Shapiro-Ilan et al,
2016)

Scalability and
cost

Mass-rearing, formulation, storage, and
distribution of natural enemies as well as
entomopathogens remain expensive and labor-
intensive.

Public-private investment in biocontrol infrastructure
and production, and subsidies to offset costs. Promote
policy support to reduce costs for small farmers.

Khan et al. (2012); Laznik and
Trdan (2014); Knapp et al. (2018)

Compatibility
with insecticides

Broad-spectrum insecticides harm natural
enemies as well as kill beneficial bottom-up-
organisms; leave residues that can interfere with
biocontrol.

Educate farmers on selective insecticides and phase out
disruptive chemistries. Optimizing application timing to
maximize pest control without negatively affecting
beneficial organisms.

Firdaus et al. (2012); Vacante and
Bonsignore (2017); Parkins et al.
(2024)

Insecticides
resistance and
genetic evolution

Overuse of insecticides drives rapid resistance
evolution in B. tabaci populations, reducing
effectiveness of both chemicals and biological
agents due to co-evolution.

Rotate control agents; combine biocontrol with
molecular surveillance of resistance genes. Apply
molecular diagnostics to monitor resistance alleles in
whitefly populations.

Zhang et al. (2018), Zhang et al,
2020a); Bowers et al. (2020); Perier
et al. (2022)

Inconsistent field
efficacy

Biological agents often show variable efficacy
under open-field conditions due to inconsistent
pest pressure, weather and season, and host
plant interactions.

Conduct adaptive open-field trials across diverse
agroecological zones; co-deploy biologicals with
companion cropping and targeted application
techniques.

Oliveira et al. (2001); Gerling et al.
(2001); Shah et al. (2015)
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knowledge gaps and developing technologies that improve

efficiency, scalability, and farmer adoption. Breeding and genetic

alteration can improve natural enemy and entomopathogen

adaptability, fecundity, and host-finding capacity. In open-field

strategies such as planting flower strips, cover crops, mixtures,

and/or intercropping systems provide alternative food sources and

habitats for natural enemies, enhancing their persistence in

cropping systems. Technological advances in metagenomics, 16s

amplicon sequencing, and molecular gut content analysis offer

promising avenues for identifying novel microbial consortia and

endophytic fungi, and evaluating trophic interactions between pests

and natural enemies (Hagler and Naranjo, 2005; Dinsdale et al.,

2010; González-Chang et al., 2016; Gurr et al., 2017). These tools

can inform better matching of predators and parasitoids to specific

agroecosystems and crop diversification. To efficiently control B.

tabaci populations in the future, a synthesis of RNA interference

(RNAi) approaches, as described by Shelby et al. (2020), should be

explored for targeting important whitefly genes, along with

chemical control measures such as cyantraniliprole. This method

not only reduces whitefly populations but also limits the spread of

Tomato Yellow Leaf Curl Virus (TYLCV), hence improving IPM

strategy and fostering more sustainable pest control (Lee et al.,

2014). Also, the use of transgenic crops and entomopathogens that

are tolerant to adverse environmental conditions and support

natural enemies are needed.

Further studies should explore application technology to

improve the delivery efficiency of biological control agents. For

instance, novel sprayer tips that target the abaxial leaf surface, where

whiteflies, among other pests, predominantly reside, may improve

entomopathogens propagule deposition (Ou et al., 2019; Li et al.,

2024; Ma et al., 2024). Additionally, anti-desiccation and UV-

protection innovations for entomopathogens are urgently needed

to maintain efficacy under field conditions. Future studies should

also assess the compatibility of biological agents with synthetic

insecticides, ensuring minimal antagonistic interactions while

improving efficacy (Sani et al., 2020; Quesada-Moraga et al.,

2023). Co-operative extension programs must provide farmer

training on integrating biological control into pest management

practices, including the timing and application of selective

insecticides. Public awareness and marketing support will also be

crucial in encouraging broader adoption of biocontrol products

(Dainese et al., 2019).

Many whitefly biocontrol studies have focused on laboratory or

greenhouse settings, limiting their practical application. There is a

need for research under commercial open-field settings, including

studies on landscape complexity and different agroecological zones,

which influence the recruitment and movement of natural enemies

(Dinsdale et al., 2010; Dainese et al., 2019; Gurr et al., 2017; Bowers

et al., 2020). Additionally, research in the USA, has predominantly

focused on cotton, despite whiteflies being a significant pest in

vegetable crops. Given the variation in plant architecture and

cropping systems, whitefly control strategies must be tailored to

crop type and regional conditions. Regional field trials should

optimize natural enemy release ratios and identify dominant
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predator guilds based on local climate conditions and crop cycles

(Goolsby et al., 2008; Bowers et al., 2020).

Projecting forward, it is critical to understand that the efficiency

of biocontrol strategies against B. tabaci will depend on policies that

promote effective extension and outreach programs alongside

developments in scientific research. The contribution of extension

services to addressing the knowledge gap between research and

practice is equally significant. Real-time recommendations on pest

pressure and natural enemy activity can be obtained by routine field

scouting, farmer field schools, and digital decision-support

technologies. Sustainable biocontrol implementation can be

advanced through policies that promote IPM programs,

encourage diversified ecological farming practices, restrict the use

of broad-spectrum synthetic pesticides, and provide subsidies for

biocontrol inputs. Overall, these approaches will help growers make

informed decisions about the timing and type of control strategy,

chemical or biological, based on current pest pressures and natural

enemy dynamics (Wilson and Daane, 2017; Goode et al., 2019).
7 Conclusion

This review provides a comprehensive synthesis of natural

enemies’ critical role in the sustainable management of B. tabaci, a

globally destructive and genetically diverse pest species. Predators,

parasitoids, and beneficial microbes (like fungi, bacteria, viruses, and

nematodes) can effectively control B. tabaci by attacking it at different

stages of its life cycle. Their integration within IPM frameworks

reduces pest populations and aligns with environmentally conscious

farming practices by minimizing the reliance on conventional

insecticides. The effectiveness of these natural enemies comes from

how they work together. For example predators like Macrolophus

pygmaeus feed on eggs, nymphs, and adult pests; parasitoids such as

Encarsia formosa and Encarsia eremicus weaken whitefly nymphs by

laying eggs inside them; and entomopathogens infect whiteflies in

various ways, leading to death. These biocontrol agents provide a

combined strategy that improves whitefly control while protecting

beneficial pollinators, biodiversity, and the environment. The overuse

of synthetic insecticides poses serious environmental challenges,

including disruption of food chains, loss of beneficial species, and

the development of insecticide resistance in B. tabaci, underscoring

the need to adopt natural pest control strategies. However,

environmental variability, including UV exposure, humidity, and

temperature extremes, limits the field efficacy of biocontrol agents like

entomopathogens. Host specificity of some agents restricts their use

in mixed-pest systems, while high production and application costs

hinder adoption among farmers.

The new generation of IPM must adopt a multidisciplinary

approach to tackle B. tabaci control. Future research should focus

on evolutionary biology and population genetics to monitor

resistance development and optimize natural enemy deployment.

Advancements in biotechnology, precision application

technologies, and expanding biological control trials to diverse

cropping systems and landscapes will enhance biocontrol
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applicability. Strengthening extension services, policy support, and

farmer education is crucial for promoting the widespread adoption

of biocontrol tools, while reducing dependency on broad-spectrum

chemical insecticides, will help to pave the way for more sustainable

and resilient agricultural systems. Realizing the full potential of

biocontrol agents will depend on sustained investment in research,

capacity building, public-private collaboration, and policy support.

With coordinated global and local actions, natural enemies can

become the cornerstone of climate-smart B. tabaci management,

contributing to food security, environmental conservation, and

resilient agroecosystems.
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