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Highlights

e New approaches have been proposed in the evaluation of pesticide selectivity towards
natural enemies, in particular predatory mites.

e Predatory mites (i.e. phytoseiids) can become resistant to pesticides by mainly
detoxification but also target-site mutations.

e Some recently developed acaricides show natural differential affinity for the target-site
between spider mites and phytoseiids.

e Pesticide-free refuges and pesticide-treated nets increase the compatibility of pesticides
with phytoseiids.

e Providing alternative foods can reduce the impact of pesticides on phytoseiids.

Abstract

Integrated pest management (IPM) greatly relies upon the application of selective pesticides that
do not hinder the efficiency of biological control. Successful integration of chemical and biological
control requires an in-depth consideration of both the physiological and ecological factors
involved in this selectivity. Phytoseiid mites (Acari Phytoseiidae) represent an interesting case-
study: they are amongst the most frequently used biological control agents and often are less
affected by pesticides than their prey by natural tolerance or by developing resistance. The toxicity
and selectivity of a pesticide is determined by physiological processes that include metabolism,
transport, and the affinity to the target-site. Genomic and transcriptomic studies have started to
elucidate the genetic and molecular mechanisms of differential toxicity in some phytoseiid species,
such as mutation in the sodium channel conferring pyrethroid resistance. On the other side,
ecological selectivity is achieved by smart applications of pesticides and management practices
that influence the persistence of phytoseiid mites on plants. These include creating pesticide-free
refuges, low application rates, bagging branches of insecticide-treated trees during spraying, and
the use of treated nets. We further argue that although modern pesticides often show lower
acute toxicity to phytoseiids and overall higher selectivity, there is a need for robust assays and
procedures that quantify lethal and sublethal effects, through different routes and times of
exposure.
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Introduction

The compatibility between pesticides and biological control agents (BCA) is a major concern in
agriculture, in particular in perennial crop systems where pest management programs can change
rapidly, causing concerns for Integrated Pest Management (IPM) practitioners. In an attempt to
reduce the impact on human health and the environment, broad-spectrum pesticides have been
widely replaced by reduced-risk pesticides in many regions worldwide. This has led to an overall
positive effect on IPM and conservation biological control [1-3]. However, even if the evolution to
more selectivity is evident in modern crop protection chemistry, some of the reduced-risk
insecticides are still harmful to BCA [4-6]. Also in organic crop systems, the selectivity of some
natural pesticides proved to be lower than anticipated [7,8].

The aim to drastically reduce pesticide use is a priority in several countries, but many factors
counteract this objective. For example, recent issues with invasive pests such as the brown
marmorated stink bug Halyomorpha halys in America and Europe promoted insecticide use,
disrupting IPM in fruit orchards [9]. Secondly, alternatives to fungicides, such as bio-pesticides are
promising [10], but their implementation remains limited and extensive use of non-selective
fungicides negatively affects BCA [1,11]. Very little is known whether other plant protection
products (e.g., herbicides) may influence BCA [12].

Mesostigmatid predators (Acari Mesostigmata) are common in agricultural systems where they
regulate population densities of arthropod and nematode pests. There is worldwide interest in the
ecosystem services they provide and the identification of new biological control agents (BCA), and
their use as alternatives to pesticides is still a hot topic [13]. The family Phytoseiidae is the most
studied within the Mesostigmata (89% of papers using the keyword “predatory mites” in Scopus,
URL: https://www.scopus.com) and a number of phytoseiid species are key-predators of spider

mites, thrips, and whiteflies. Studies on phytoseiid biology, ecology, and behavior continue to
increase in number. However, how pesticides affect phytoseiid persistence in crop systems and
their efficiency to control pests remains poorly investigated.

Interestingly, several phytoseiid species became indicator species in eco-toxicological studies for
regulatory purposes [14], but there is no agreement on how best to assess and evaluate pesticide
effects on phytoseiids. Here, current trends in the evaluation of pesticide effects on phytoseiids
are analyzed, together with factors determining the compatibility between pesticides and
phytoseiids, focusing on ecological and physiological selectivity.

How to test pesticide effects on phytoseiids?

When evaluating the selectivity of pesticides on phytoseiids, laboratory tests are most often
chosen due to the uncertainty of biotic and abiotic factors acting in the open field [15,16].
However, laboratory procedures do not reproduce the effects of the repeated application of
pesticides in a growing season which commonly occurs with many products (e.g., fungicides). Field
tests are considered more realistic for a variety of reasons: non-perfect coverage (and the
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presence of refugia), the ability of the BCA to leave pesticide-treated areas and return, the decay
of residues in the field (due to UV and other environmental factors), etc. Moreover, the
application of a non-selective pesticide in field trials can induce an outbreak of secondary pests
even during the trial, providing a clear picture of its impact on selected BCA and their functions
[17]. Conversely, the availability of prey or alternative foods can alleviate the pesticide impact on
phytoseiids independently of its selectivity [18]. Semi-field tests could represent a good
compromise even if this approach has been seldom followed [19].

The evaluation of pesticide effects on phytoseiids evolved from assessing acute contact toxicity
[20] to new protocols considering different life stages and effects on fecundity and fertility [21].
More recently, sublethal effects have also been considered with increasing interest as they
influence reproduction, lifespan, response to sex pheromones, learning performance, searching
behavior, and neurophysiology [22,23]. In addition, pesticides can act through multiple routes of
exposure (direct or residual contact, food ingestion) and this was considered in studies on
phytoseiids and their prey [24]. Applications of these concepts provided fundamental knowledge
on the compatibility between pesticides and key-phytoseiids [25].

Procedures based on demographic parameters proved to be more effective than evaluations
based on short-term mortality in estimating pesticide impacts on BCA [19]. They can estimate the
effects that may occur in pesticide-exposed populations of pests and BCA over long periods and
are currently widely adopted [26—29].

Whether the disruptive effects of pesticides on BCA seen in the laboratory can predict similar
impacts in field conditions still remains an open question. In a recent study, the non-target effects
of insecticides were studied in field trials by assessing their impact on selected natural enemies
and the outbreaks of secondary pests [15]. The same insecticides had been previously tested in
the laboratory. Authors tested two hypotheses: 1) pesticides found to be non-selective in
laboratory bioassays will predict reductions in natural enemies in the field, and 2) these reductions
will result in outbreaks of secondary pests. These hypotheses were only partially demonstrated
because of many variables (e.g., field trial conditions, duration of the negative effects, plot
size/inter-plot movement of BCA). Nevertheless, laboratory bioassays remain useful for
developing IPM programs: pesticides showing severe effects over a great number of natural
enemies were more frequently associated with pest outbreaks.

Generalizations across species phylogenetic groups are also to be interpreted carefully. For
example, a recent study showed that acaricides marketed as selective for predatory mites (e.g.
bifenazate, acequinocyl, cyflumetofen) are not selective for every phytoseiid species. Due to a high
response variability between species within the same family, the authors concluded that there is a
need to examine the non-target effects of pesticides for all key predator species individually [30].

Studies on the impact of pesticides on phytoseiids should be coupled with those on other BCA
representatives of a crop, to create a comparative database predicting their harmful effects.
Results obtained from several laboratory bioassays of acute mortality and life table response
experiments were combined to estimate lethal and sublethal effects of several pesticides on seven



BCA, including a phytoseiid species, adopting stage-structured population models [16]. The aim
was to extrapolate a single index that would predict the response of BCA populations to pesticides
considering the life history parameters obtained from measurement of individuals in the bioassays
and thus combining the “reduction coefficient approach” [21] and the “demographic approach”
[16] into a single matrix model.

The final aims of laboratory, semi-field and field bioassays are to gain insights in the response of
phytoseiids to pesticides and hereby provide crucial information for the design of IPM strategies.
The information on the mechanisms involved in selectivity of predatory mites should be
investigated using complementary approaches. Studying the mechanisms of physiological
selectivity can inform on the rational development of pesticides with higher selectivity and lies at
the basis for genetic and genomic improvement of biocontrol agents [31]

Physiological selectivity

Upon contact, the toxicity of a pesticide to phytoseiids is determined by key physiological
processes, including penetration, activation, metabolism, transport, excretion and finally affinity
for the target-site. These are usually referred to as toxicokinetic and toxicodynamic mechanisms
[32] that can determine selectivity.

The metabolization of insecticides and acaricides is not only important as a major detoxification
route, but also for the activation of pro-insecticides that are not toxic as such, but need in vivo
metabolism [33]. Species-specific activation is most likely determining the selectivity of bifenazate,
which has excellent activity on spider mites, but is harmless to most species of phytoseiids [34]. In
addition, target-site selectivity can also determine selectivity, even when pesticides target very
conserved processes. This was elegantly demonstrated for the recently developed acaricides
cyflumetofen, cyenopyrafen and puflubumide, that target complex Il of the mitochondrial electron
transport chain. Concentrations of active metabolite inhibiting 50% of complex Il activity differed
more than 1000-fold between spider mites and some key pest insects species, and corresponded
well with the observed differential toxicity. In addition, a 10- to 50-fold difference in affinity for
the target-site was also observed between spider mites and phytoseiids [35-37].

Next to natural selectivity, phytoseiids can become resistant to pesticides, either by selection in
the field, or by targeted laboratory selections. One of the first success stories was the use of
organophosphate, carbamate and pyrethroid resistant lines of Galendromus occidentalis and
Typhlodromus pyri in orchards and vineyards in USA and EU respectively [1,19,38]. Resistance can
have a profound effect on species composition in natural systems, as was recently shown in
Japanese fruit orchards where the naturally occurring Neoseiulus womersleyi was replaced by
more resistant Neoseiulus californicus [39]. Resistance evolves by changes in the toxicodynamic
and toxicokinetic processes underlying toxicity, as described above [32, 409]. Most frequently, this
entails increased detoxification or mutations in the target-site that alter binding kinetics, although
a more complete variety of genetic mechanisms has been described recently [39]. For phytoseiids,
resistance to etoxazole, hexythiazox, pyrethroids, and spirodiclofen has been associated with
increased detoxification, as inferred from synergism tests and measuring detoxification enzymes



with model substrates [41-43]. However, potential target-site mediated resistance was not
investigated in these studies, possibly by a lack of sequence data. Recently, genomic and
transcriptomic studies have generated such genetic information for some phytoseiid species,
which allows to identify and study both target-sites and detoxification genes. This will allow in the
future to link resistance with specific genes, more than overall general processes like oxidation
and hydrolysis [44*—47]. In addition, some clear cases of target-site resistance have been
described. High resistance levels to chlorpyrifos in Kampimodromus aberrans were linked with a
substitution, F331W, in the acetylcholinesterase [48*]. Recently, resistance to pyrethroids in
Phytoseiulus persimilis and Amblyseius swirskii has been associated with mutations in the voltage
gated sodium channel (L Benavent-Albarracin et al., abstract, Resistance 2019, Harpenden UK,
September 2019). However, in comparison with pests, the mechanisms of resistance have been
only poorly understood in phytoseiids, and many cases of resistance, such as abamectin resistance
in Amblyseius longispinosus await elucidation [49].

Selectivity of pesticides can most likely be designed more strongly by better understanding the
combination of several synergistic physiological processes that determine toxicity, and should be a
prime focus if we are to develop more selective compounds. The era of ‘omics’ will most likely be
a strong impetus for a more fundamental understanding, both of natural toxicity, as well as
understanding the evolution of resistance.

Ecological selectivity and management practices that enhance compatibility

Biological control tactics that are based on ecological selectivity might be exploited to improve the
use of compounds that are not physiologically selective but crucial in plant protection. Ecological
selectivity can be achieved by limiting the exposure of a BCA to pesticides in time and space [20].
The temporal separation is a primary aspect, and laboratory evaluations have considered the
effects of exposure to aged residues under realistic conditions [50,51]. In addition, spatial
separation between pesticides and phytoseiids can be promoted at different scales. At the plant
scale, the separation can be obtained by leaving untreated areas within the plants. Irritability
caused by acaricides may favor the escape of phytoseiids from contaminated surfaces. On
coconut, phytoseiids avoided acaricide contaminated areas, and the highest repellency seemed to
be associated with the least selective products [52]. Localized applications of pesticides can
influence within plant distribution of mites and their dispersal at higher scales induced by wind
take-off [53**]. Survival and efficiency in biological control of dispersing mites are linked to the
physiological selectivity of the pesticides used [52,54,55]. Kakoki et al. [56*] proposed the use of
low dose partial spraying (i.e. applying sub-lethal dosages of pesticides to the leaf layer) and this
resulted in a higher persistence of phytoseiids as compared to full coverage sprays. Pesticide-free
refuges can also be created by bagging the branches of insecticide-treated trees during spraying.
Similar refuges have been established using slow-release sachets of phytoseiids protected by
plant-attached shelters [57]. Reduction in routes of exposure can promote the compatibility
between pesticides and phytoseiids. Phytoseiids consuming prey that was systemically
contaminated by drench application of thiamethoxam, were less affected as compared to those
exposed to multiple routes [24].



Pesticide-treated nets avoid the direct application of pesticides to the crop and predators [58,59],
but information on their impact on BCA is limited. The use of bifenthrin-treated nets was
compatible with phytoseiid releases reducing pest densities [60*]. Laboratory exposure to the
insecticide-treated net resulted in only moderate toxicity to phytoseiids despite the poor
selectivity of compounds. In Africa, acaricide-treated nets combined with phytoseiid releases
provided better control of spider mites compared to the two techniques separately [61*]. A higher
spider mites mortality was induced by the combination of nets and predation upon eggs.

Off-field habitats represent a reservoir for phytoseiid populations that can potentially colonize
crops [62,63]; thus compatibility between pesticides and phytoseiids could be promoted by
reducing pesticide drift. Low-drift nozzles and anti-drift adjuvants were effective in controlling key
pests in orchards and vineyards, while they did not affect phytoseiids [64].

Crop management options that increase the availability of alternative foods are important for
generalist phytoseiids [65,66]. Pollen provisioning reduced the impact of insecticides on
phytoseiids occurring on apple, alleviating sub-lethal effects with favorable consequences at
population level [67]. Another study on grapevine, found a correlation between phytoseiid
populations and foliar symptoms of downy mildew in different plots treated with fungicides: the
availability of downy mildew as alternative food reduced the impact of some fungicides on
beneficial mites [18].

Conclusions and future prospects

The use of pesticides has changed and continues to change today, as products currently applied in
various regions in the world have often a lower acute toxicity and improved selectivity compared
to those applied in the past. Characterizing the variety of sublethal side-effects makes it possible
to delineate the eco-toxicological profile of a pesticide, but this remains challenging. Repellency or
reduced prey consumption can be an explanation for the poor correspondence between predator
densities and biological control outcome [6]. New routes of exposure have recently been
integrated in toxicity testing [68] and special attention to the effects of sublethal exposure has
increased our understanding of pesticide predator interactions [69]. Pesticide effects on life
history can change over time according to their persistence, which influences BCA populations.
Finally, indirect impacts of pesticides or their combination are often not considered in life table
response experiments, adding uncertainty to predictions [16]. In addition, generalization of
selectivity across species should be avoided [30]. Summarizing, it is clear that advanced
toxicological studies coupled with insights on the physiological selectivity are needed to favor
tactics based on ecological selectivity. Such an approach should also be followed to manage other
BCA of economic importance in various agricultural systems that show a potential in biological
control [70-72].



Acknowledgements

This work was partially funded by DAFNAE University of Padova BIRD167802, BIRD192381 and
DOR to C.D. and A.P. TVL received support from Eranet C-IPM via the Research Foundation
Flanders (FWO) (DefDef, GOH4917N) and the Research Council (ERC) under the European Union's
Horizon 2020 research and innovation program [grant 772026-POLYADAPT and 773902-
SuperPests]

References

Annotated references of special (*) or outstanding interest (**).

10.

Duso C, Pozzebon A, Kreiter S, Tixier M-S, Candolfi M: Management of Phytophagous Mites
in European Vineyards. In Arthropod Management in Vineyards:. Springer Netherlands;
2012:191-217.

Walker JTS, Suckling DM, Wearing CH: Past, Present, and Future of Integrated Control of
Apple Pests: The New Zealand Experience. Annu Rev Entomol 2017, 62:231-248.

Schmidt-Jeffris R, Beers EH, Duso C: Integrated management of mite pests of tree fruit. In
Integrated management of diseases and insect pests of tree fruit. Edited by Xu X, Fountain
M. Burleigh Dodds Science Publishing | Agricultural Science in Print and Online; 2019.

Furlan L, Pozzebon A, Duso C, Simon-Delso N, Sdnchez-Bayo F, Marchand PA, Codato F,
Bijleveld van Lexmond M, Bonmatin J-M: An update of the Worldwide Integrated
Assessment (WIA) on systemic insecticides. Part 3: alternatives to systemic insecticides.
Environ Sci Pollut Res 2018, d0i:10.1007/s11356-017-1052-5.

Candian V, Pansa MG, Santoro K, Spadaro D, Tavella L, Tedeschi R: Photoselective exclusion
netting in apple orchards: effectiveness against pests and impact on beneficial
arthropods, fungal diseases and fruit quality. Pest Manag Sci 2019, doi:10.1002/ps.5491.

Beers EH, Schmidt-Jeffris RA: Effects of orchard pesticides on Galendromus occidentalis
(Acari: Phytoseiidae): Repellency and irritancy. J Econ Entomol 2015, 108:259-265.

Biondi A, Desneux N, Siscaro G, Zappala L: Using organic-certified rather than synthetic
pesticides may not be safer for biological control agents: Selectivity and side effects of 14
pesticides on the predator Orius laevigatus. Chemosphere 2012, 87:803—-812.

Lima DB, Melo JWSJWS, Guedes NMPNMP, Gontijo LMLM, Guedes RNCRNC, Gondim
MGCMGC: Bioinsecticide-predator interactions: Azadirachtin behavioral and reproductive
impairment of the coconut mite predator Neoseiulus baraki. PLoS One 2015, 10:e0118343.

Beers EH, Marshall A, Hepler J, Milnes J: Prospects for Integrated Pest Management of
Brown Marmorated Stink Bug in Washington Tree Fruits. Outlooks Pest Manag 2019,
30:25-32.

Pertot I, Caffi T, Rossi V, Mugnai L, Hoffmann C, Grando MS, Gary C, Lafond D, Duso C,



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Thiery D, et al.: A critical review of plant protection tools for reducing pesticide use on
grapevine and new perspectives for the implementation of IPM in viticulture. Crop Prot
2017, 97:70-84.

Silva DE, do Nascimento JM, da Silva RTL, Juchem CF, Ruffatto K, da Silva GL, Johann L,
Corréa LLC, Ferla NJ: Impact of vineyard agrochemicals against Panonychus ulmi (Acari:
Tetranychidae) and its natural enemy, Neoseiulus californicus (Acari: Phytoseiidae) in
Brazil. Crop Prot 2019, 123:5-11.

Schmidt-Jeffris RA, Cutulle MA: Non-target effects of herbicides on Tetranychus urticae
and its predator, Phytoseiulus persimilis : implications for biological control. Pest Manag
Sci 2019, doi:10.1002/ps.5443.

Carrillo D, de Moraes GJ, Pefia JE: Prospects for biological control of plant feeding mites and
other harmful organisms. Springer; 2015.

Candolfi M, Bakker F, Canez V: Sensitivity of non-target arthropods to plant protection
products: could Typhlodromus pyri and Aphidius spp. be used as indicator species?
Chemosphere 1999, 39:1357-1370.

Beers EH, Mills NJ, Shearer PW, Horton DR, Milickzy ER, Amarasekare KG, Gontijo LM:
Nontarget effects of orchard pesticides on natural enemies: Lessons from the field and
laboratory. Biol Control 2016, 102:44-52.

Mills NJ, Beers EH, Shearer PW, Unruh TR, Amarasekare KG: Comparative analysis of
pesticide effects on natural enemies in western orchards: A synthesis of laboratory
bioassay data. Biol Control 2016, 102:17-25.

Duso C, Ahmad S, Tirello P, Pozzebon A, Klaric V, Baldessari M, Malagnini V, Angeli G: The
impact of insecticides applied in apple orchards on the predatory mite Kampimodromus
aberrans (Acari: Phytoseiidae). Exp Appl Acarol 2014, 62:391-414.

Pozzebon A, Borgo M, Duso C: The effects of fungicides on non-target mites can be
mediated by plant pathogens. Chemosphere 2010, 79:8-17.

Stavrinides MC, Mills NJ: Demographic effects of pesticides on biological control of Pacific
spider mite (Tetranychus pacificus) by the western predatory mite (Galendromus
occidentalis). Biol Control 2009, 48:267-273.

Croft B: Arthropod biological control agents and pesticides. Wiley-Interscience; 1990.

Sterk G, Hassan SA, Baillod M, Bakker F, Bigler F, Bliimel S, Bogenschiitz H, Boller E,
Bromand B, Brun J, et al.: Results of the seventh joint pesticide testing programme carried
out by the IOBC/WPRS-Working Group ‘Pesticides and Beneficial Organisms.” BioControl
1999, 44:99-117.

Desneux N, Decourtye A, Delpuech J-M: The Sublethal Effects of Pesticides on Beneficial
Arthropods. Annu Rev Entomol 2007, 52:81-106.

Lima DB, Oliveira HKV, Melo JWS, Gondim Junior MGC, Guedes RNC, Pallini A, Oliveira JEM:
Acaricides impair prey location in a predatory phytoseiid mite. J App/ Entomol 2017,
141:141-1409.



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Pozzebon A, Duso C, Tirello P, Ortiz PB: Toxicity of thiamethoxam to Tetranychus urticae
Koch and Phytoseiulus persimilis Athias-Henriot (Acari Tetranychidae, Phytoseiidae)
through different routes of exposure. Pest Manag Sci 2011, 67:352—-359.

Schmidt-Jeffris RA, Beers EH: Potential impacts of orchard pesticides on Tetranychus
urticae: A predator-prey perspective. Crop Prot 2018, 103:56—-64.

Lima DB, Melo JWS, Gondim MGC, Guedes RNC, Oliveira JEM: Population-level effects of
abamectin, azadirachtin and fenpyroximate on the predatory mite Neoseiulus baraki. Exp
Appl Acarol 2016, 70:165-177.

Zanuzo Zanardi O, Pavan Bordini G, Aparecida Franco A, Jacob CRO, Takao Yamamoto P:
Sublethal effects of pyrethroid and neonicotinoid insecticides on Iphiseiodes zuluagai
Denmark and Muma (Mesostigmata: Phytoseiidae). Ecotoxicology 2017, 26:1188—-1198.

Ghasemzadeh S, Qureshi JAJA: Demographic analysis of fenpyroximate and thiacloprid
exposed predatory mite Amblyseius swirskii (Acari: Phytoseiidae). PLoS One 2018,
13:e0206030.

Bozhgani NSS, Kheradmand K, Talebi AA: The effects of spirotetramat on the demographic
parameters of Neoseiulus californicus (Phytoseiidae). Syst Appl Acarol 2018, 23:1952—-
1964.

Bergeron PE, Schmidt-Jeffris RA: Not all predators are equal: miticide non-target effects
and differential selectivity. Pest Manag Sci 2020, DOI: 10.1002/ps.5754.

Leung K, Ras E, Ferguson K, Ariéns S, Babendreier D, Bijma P, Bourtzis K, Brodeur J, Bruins
M, Centuridn A, et al. : Next Generation Biological Control: The Need for Integrating
Genetics and Evolution. Preprints 2019, 2019110300 (doi:
10.20944/preprints201911.0300.v1).

Van Leeuwen T, Dermauw W: The Molecular Evolution of Xenobiotic Metabolism and
Resistance in Chelicerate Mites. Annu Rev Entomol 2016, 61:475—-498.

Jeschke V, Gershenzon J, Vassdao DG: Metabolism of glucosinolates and their hydrolysis
products in insect herbivores. Springer, Cham;2015.

Van Nieuwenhuyse P, Demaeght P, Dermauw W, Khalighi M, Stevens C V., Vanholme B,
Tirry L, Limmen P, Van Leeuwen T: On the mode of action of bifenazate: New evidence for
a mitochondrial target site. Pestic Biochem Physiol 2012, 104:88-95.

Hayashi N, Sasama Y, Takahashi N, lkemi N: Cyflumetofen, a novel acaricide - Its mode of
action and selectivity. Pest Manag Sci 2013, 69:1080-1084.

Nakahira K: Strategy for discovery of a novel miticide Cyenopyrafen which is one of
electron transport chain inhibitors. J Pestic Sci 2011, 36:511-515.

Furuya T, Machiya K, Fujioka S, Nakano M, Inagaki K: Development of a novel acaricide,
pyflubumide. J Pestic Sci 2017, 42:132-136.

Bonafos R, Serrano E, Auger P, Kreiter S: Resistance to deltamethrin, lambda-cyhalothrin
and chlorpyriphos-ethyl in some populations of Typhlodromus pyri Scheuten and
Amblyseius andersoni (Chant) (Acari:Phytoseiidae) from vineyards in the south-west of



39.

40.

41.

42.

43.

44,

France. Crop Prot 2007, 26:169-172.

Ullah MS, Hanawa M, Gotoh T: Pesticide-mediated displacement of a phytoseiid predator,
Neoseiulus womersleyi, by another phytoseiid predator, N. californicus (Acari:
Phytoseiidae). Exp Appl Acarol 2016, 69:453—-464.

Feyereisen R, Dermauw W, Van Leeuwen T: Genotype to phenotype, the molecular and
physiological dimensions of resistance in arthropods. Pestic Biochem Physiol 2015, 121:61—
77.

Yorulmaz Salman S, Aydinli F, Ay R: Etoxazole resistance in predatory mite Phytoseiulus
persimilis A.-H. (Acari: Phytoseiidae): Cross-resistance, inheritance and biochemical
resistance mechanisms. Pestic Biochem Physiol 2015, 122:96-102.

Queiroz MCV, Sato ME: Pyrethroid resistance in Phytoseiulus macropilis (Acari:
Phytoseiidae): cross-resistance, stability and effect of synergists. Exp Appl Acarol 2016,
68:71-82.

Yorulmaz-Salman S, Ay R: Determination of the inheritance, cross-resistance and
detoxifying enzyme levels of a laboratory-selected, spiromesifen-resistant population of
the predatory mite Neoseiulus californicus (Acari: Phytoseiidae). Pest Manag Sci 2014,
70:819-826.

*Hoy MA, Yu F, Meyer JM, Tarazona OA, Jeyaprakash A, Wu K: Transcriptome sequencing
and annotation of the predatory mite Metaseiulus occidentalis (Acari: Phytoseiidae): A
cautionary tale about possible contamination by prey sequences. Exp Appl Acarol 2013,
59:283-296.

The first genome sequence of a phytoseiid of major economic importance. This will allow more in

45,

46.

47.

48.

depth analysis of physiological and genetic mechanisms of pesticide selectivity and
resistance

Zhang YX, Chen X, Wang JP, Zhang ZQ, Wei H, Yu HY, Zheng HK, Chen Y, Zhang LS, Lin JZ et
al.: Genomic insights into mite phylogeny, fithess, development, and reproduction. BMC
Genomics 2019, 20: 954.

Wu K, Hoy MA: The Glutathione-S-Transferase, Cytochrome P450 and
Carboxyl/Cholinesterase gene superfamilies in predatory mite Metaseiulus occidentalis.
PLoS One 2016, 11: e0160009.

CongL, ChenF, YuS, Ding L, Yang J, Luo R, Tian H, Li H, Liu H, Ran C: Transcriptome and
difference analysis of fenpropathrin resistant predatory mite, Neoseiulus barkeri
(Hughes). Int J Mol Sci 2016, 17: 704.

*Cassanelli S, Ahmad S, Duso C, Tirello P, Pozzebon A: A single nucleotide polymorphism in
the acetylcholinesterase gene of the predatory mite Kampimodromus aberrans (Acari:
Phytoseiidae) is associated with chlorpyrifos resistance. Biol Control 2015, 90: 75-82.

The first documentation of target-site resistance by a single point mutation in a phytoseiid species.

Resistance to organophosphates in phytoseiids is a historically important example of how
predators and pesticides can be combined.



49.

50.

51.

52.

53.

Zhao H-M, Yi X, Deng Y-Y, Hu M-Y, Zhong G-H, Wang P-D: Resistance to fenpropathrin,
chlorpyriphos and abamectin in different populations of Amblyseius longispinosus (Acari:
Phytoseiidae) from vegetable crops in South China. Biol Control 2013, 67:61-65.

Fernandez MMM, Medina P, Wanumen A, Del Estal P, Smagghe G, Vifiuela E: Compatibility
of sulfoxaflor and other modern pesticides with adults of the predatory mite Amblyseius
swirskii. Residual contact and persistence studies. BioControl 2017, 62:197-208.

Jamil RZRRZR, Vandervoort C, Wise JCIC, Munyaneza J: Residual Toxicity of Insecticides to
Neoseiulus fallacis (Acari: Phytoseiidae) in Apples. J Econ Entomol 2019, 112:2262-2267.

Monteiro VB, Lima DB, Melo JWS, Guedes RNC, Gondim MGC: Acaricide-Mediated
Colonization of Mite-Infested Coconuts by the Predatory Phytoseiid Neoseiulus baraki
(Acari: Phytoseiidae). J Econ Entomol 2019, 112:213-218.

**Monteiro VB, Silva VF, Lima DB, Guedes RNC, Gondim Jr. MGC: Pesticides and passive
dispersal: acaricide- and starvation-induced take-off of the predatory mite Neoseiulus
baraki. Pest Manag Sci 2018, 74:1272-1278.

The behavioral effect of pesticides was studied on passive dispersal, shedding light on a

mechanism associated with repellence and irritability in predatory mites.

54.

55.

56.

Lima DB, Oliveira HKV, Melo JWS, Gondim Junior MGC, Guedes RNC, Pallini A, Oliveira JEM:
Acaricides impair prey location in a predatory phytoseiid mite. J App/ Entomol 2017,
141:141-149.

Lima DB, Melo JWS, Guedes NMP, Gontijo LM, Guedes RNC, Gondim MGC: Bioinsecticide-
predator interactions: Azadirachtin behavioral and reproductive impairment of the
coconut mite predator Neoseiulus baraki. PLoS One 2015, 10: e0118343.

*Kakoki S, Kamimuro T, Ikenoue Y, Inokuchi M, Tsuda K, Sakamaki Y: The response of three
species of phytoseiid mite (Acari: Phytoseiidae) to synthetic pyrethroid pesticides in the
laboratory and the field. Exp Appl Acarol 2019, 77:27-41.

A new approach in IPM based on partial pesticide spray of plant canopy to promote ecological

selectivity.

57.

58.

59.

Shimoda T, Kagawa Y, Mori K, Hinomoto N, Hiraoka T, Nakajima T: A novel method for
protecting slow-release sachets of predatory mites against environmental stresses and
increasing predator release to crops. BioControl 2017, 62:495-503.

Kuhar TP, Short BD, Krawczyk G, Leskey TC: Deltamethrin-Incorporated Nets as an
Integrated Pest Management Tool for the Invasive Halyomorpha halys (Hemiptera:
Pentatomidae). J Econ Entomol 2017, 110:543-545.

Arthurs SP, Krauter PC, Gilder K, Heinz KM: Evaluation of deltamethrin-impregnated nets
as a protective barrier against Western flower thrips, Frankliniella occidentalis
(Thysanoptera: Thripidae) under laboratory and greenhouse conditions. Crop Prot 2018,
112:227-231.



60.

*Fernandez MDM, Colomer I, Medina P, Fereres A, Del Estal P, Vifiuela E: Efficacy of a long-
lasting bifenthrin-treated net against horticultural pests and its compatibility with the
predatory mite Amblyseius swirskii and the parasitic wasp Eretmocerus mundus. Pest
Manag Sci 2017, 73:1689-1697.

Compatibility between pesticide use and predatory mites release was obtained by coupling

61.

insecticide-treated nets, and predatory mites release on plants.

*Kungu M, Deletre E, Subramanian S, Fiaboe KKM, Gitonga L, Lagat ZO, Martin T: A new
mite IPM strategy: predator avoidance behaviour resulting from the synergetic effects of
predator release and acaricide-treated nets. Pest Manag Sci 2019, 75:979-985.

The coupled use of acaricide-treated nets and predatory mites resulted in higher efficacy of IPM

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

strategy in controlling pest mites.

Sikorska D, Garnis J, Dgbrowski ZT, Sikorski P, Gozdowski D, Hopkins RJ: Thus far but no
further: predatory mites do not migrate effectively into strawberry plantations. Exp Appl
Acarol 2019, 77:359-373.

Tixier MS: Predatory mites (Acari: Phytoseiidae) in agro-ecosystems and conservation
biological control: A review and explorative approach for forecasting plant-predatory mite
interactions and mite dispersal. Front Ecol Evol 2018, 6:1-21.

Fornasiero D, Mori N, Tirello P, Pozzebon A, Duso C, Tescari E, Bradascio R, Otto S: Effect of
spray drift reduction techniques on pests and predatory mites in orchards and vineyards.
Crop Prot 2017, 98:283-292.

Vangansbeke D, Nguyen DT, Audenaert J, Gobin B, Tirry L, De Clercq P: Establishment of
Amblyseius swirskii in greenhouse crops using food supplements. Syst Appl Acarol 2016,
21:1174-1184.

Beltra A, Calabuig A, Navarro-Campos C, Ramirez-Soria MJ, Soto A, Garcia-Mari F, Wackers
FL, Pekas A: Provisioning of food supplements enhances the conservation of phytoseiid
mites in citrus. Biol Control 2017, 115: 18-22.

Pozzebon A, Ahmad S, Tirello P, Lorenzon M, Duso C: Does pollen availability mitigate the
impact of pesticides on generalist predatory mites? BioControl 2014, 59:585-596.

Calvo-Agudo M, Gonzalez-Cabrera J, Picé Y, Calatayud-Vernich P, Urbaneja A, Dicke M, Tena
A: Neonicotinoids in excretion product of phloem-feeding insects kill beneficial insects.
Proc Natl Acad Sci U S A 2019, 116:16817-16822.

Guedes RNC, Walse SS, Throne JE: Sublethal exposure, insecticide resistance, and
community stress. Curr Opin Insect Sci 2017, 21:47-53.

El Adouzi M, Bonato O, Roy L: Detecting pyrethroid resistance in predatory mites
inhabiting soil and litter: an in vitro test. Pest Manag Sci 2017, 73:1258-1266.

Jegede OO, Owojori OJ, Rombke J: Temperature influences the toxicity of deltamethrin,
chlorpyrifos and dimethoate to the predatory mite Hypoaspis aculeifer (Acari) and the



72.

springtail Folsomia candida (Collembola). Ecotoxicol Environ Saf 2017, 140:214-221.

Duarte AF, de Bastos Pazini J, Duarte JLP, da Silva LR, da Cunha US: Compatibility of
pesticides used in strawberry crops with predatory mites Stratiolaelaps scimitus
(Womersley) and Cosmolaelaps brevistilis (Karg). Ecotoxicology 2020, DOI:
10.1007/s10646-020-02164-w.



