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Abstract

Phytoseiulus longipes is a predatory mite of Tetranychus evansi, which is an invasive pest
in Africa and elsewhere. The introduction of this predator in Africa has considerable po-
tential, but little is known about the compatibility of P. longipes with commonly used pes-
ticides. Here, we examined lethal and sublethal effects of two pyrethroids (cypermethrin
and deltamethrin), two organophosphates (dimethoate and chlorpyrifos), one nicotinoid
(imidacloprid), two acaricides (propargite and abamectin), two naturally derived pesti-
cides (oxymatrine and azadirachtin), and one entomopathogenic fungal-based formulation
(Hirsutella thompsonii) on P. longipes eggs and adults. The pesticides were sprayed at
their maximum recommended concentrations. Topical exposures to azadirachtin, imida-
cloprid, propargite, abamectin, oxymatrine, and H. thompsonii significantly reduced the
net reproductive rate (R,), intrinsic rate of increase () and finite rate of increase (1)of
P. longipes. Pesticide lethal and sublethal effects on the predator were summarized in a
reduction coefficient (£,) for the classification based on IOBC toxicity categories. Results
revealed that Azadirachtin and H. thompsonii were slightly harmful effects to adults. Imi-
dacloprid, propargite, abamectin, and oxymatrine were moderately harmful to both eggs
and adults. Residual persistence bioassays revealed that 4-day-old residue of azadirachtin
had no harmful effect on the predator. Abamectin, oxymatrine, and H. thompsonii became
harmless to it 10 days post-spraying, and propargite and imidacloprid were considered
harmless after 20 days. Cypermethrin, deltamethrin, dimethoate, and chlorpyrifos were
highly harmful to both eggs and adults, persistence remaining high even after 31 days of
application. These findings provide valuable insights into decision-making when consider-
ing P. longipes for use in IPM programs.
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Introduction

Predatory mites from the Phytoseiidae family are widely recognized in various agricultural
settings as effective biocontrol agents of herbivorous mites, and small insect pests including
the western flower thrips [e.g. Frankliniella occidentalis (Pergande) (Thysanoptera: Thripi-
dae)] and whiteflies [e.g. Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae)] (McMur-
try 2013; Knapp et al. 2018; Zacarias et al. 2019). Their short life cycle allows for multiple
generations within a single growing season, increasing their effectiveness (Abad-Moyano
et al. 2009; Knapp et al. 2018). They have also been shown to be effective in mitigating
damage when facing the challenge of managing invasive pest mites (Yaninek et al. 1998;
Sato et al. 2012). A recent example highlighting the importance of this family involves the
use of Phytoseiulus longipes Evans. This species found in southern Brazil and northern
Argentina, has been particularly promising in recent efforts to combat the red spider mite,
Tetranychus evansi Baker & Pritchard (Acari: Tetranychidae), an invasive pest in tomato
crop and many other solanaceous in some countries in Europe, Asia and Africa (Silva et
al. 2010; Ferrero et al. 2011; McMurtry 2013; Savi et al. 2021a, b). The effectiveness of
P. longipes in controlling 7. evansi has generated considerable interest in introducing it to
Africa, where this invasive pest has caused yield reductions of up to 90% in tomato crops
(Navajas et al. 2013; Azandéme-Hounmalon et al. 2015; Savi et al. 2019). Phytoseiulus lon-
gipes has also been found to be potentially useful for controlling other Tetranychus species
including Tetranychus urticae Koch (Acari: Tetranychidae) (Ferrero et al. 2011; McMurtry
2013). Furthermore, it has shown resilience across a wide range of temperature (Ferrero et
al. 2007), making it a suitable candidate for countries and continents affected by 7. evansi
in solanaceous crops.

However, T. evansi is often found associated with other pests, some of which have been
controlled with the use of pesticides, which in turn may affect that predator, hindering its
successful establishment, conservation, or augmentation efforts in IPM. Therefore, it is cru-
cial to assess the potential side effects of pesticides commonly employed in IPM programs
on P. longipes in areas where the use of the latter is planned. These potential side effects
include both direct effects (mortality) and indirect effects (life history traits, such as devel-
opment time, fecundity, fertility, longevity, sex ratio, predation rate, mobility, orientation
and feeding activity) (Desneux et al. 2007; Biondi et al. 2015; Kim et al. 2018; Duso et al.
2020). Furthermore, when evaluating pesticide compatibility, it is important to consider the
exposure route related to topical exposure or residual contact (Kim et al. 2018; Bergeron
and Schmidt-Jeffris 2020; Duso et al. 2020).

The “Pesticides and Beneficial Organisms” working group of the International Organiza-
tion for Biological Control (IOBC) has proposed a sequential testing exposition scheme,
which is has been used to assess the impact of pesticides on non-target species (Hassan et
al. 1994; Van de Veire et al. 2002; Wanumen et al. 2016). This approach categorizes com-
pounds into four toxic classes, ranging from harmless to harmful, and involves sequential
testing, starting from laboratory settings and progressing to semi-field or field evaluations, if
necessary. Applications of life tables are also essential in evaluation of potential side effects
of pesticides (Stark and Banks 2003; Zanardi 2017; Shahbaz et al. 2019; Duso et al. 2020).

Due to the limited understanding of P. longipes susceptibility to pesticides, this study
aimed to evaluate the lethal and sublethal effects of seven synthetic pesticides and three
biopesticides commonly used in Western African tomato crop systems on P. longipes, fol-
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lowing IOBC approach and considering the effects on life table parameters. The results
of this study are expected to enhance our comprehension of the compatibility between P,
longipes and commonly employed pesticides for tomato pest management. Additionally,
the findings will help to determine appropriate timelines for the release of the predator in
potential augmentative biological control after pesticide applications.

Materials and methods
Mites

Tetranychus evansi colony used in this study was established on tomato plants (Solanum
lycopersicum L. var. TLCV15) in a screen house at S0 Paulo State University, Jabotica-
bal Campus, Brazil. Phytoseiulus longipes colony was established using specimens col-
lected from S. lycopersicum, Solanum americanum Mill and Brugmansia suavolensis L.
(Solanaceae) in the urban area of Uruguaiana, Rio Grande do Sul state, southern Brazil
(29°49°48.0” S 57° 06°04.0"W 68 m above sea level and 29°45°12.0"S 57°04°31.0"W 61m
above sea level). After confirming the identity of P. longipes (de Moraes et al. 2004) using
a Nikon Eclipse E200 phase-contrast compound microscope, colonies of the predator were
maintained on a synthetic plate (Paviflex®; 22x 15 cm) resting on a foam mat in a plastic
tray (25x17x9 cm). Predatory mites were fed daily ad libitum with leaflets of TLCV15
tomato genotype infested with all 7. evansi stages. The leaflets were excised, and their peti-
oles were inserted into a ball of cotton wool in contact with the mat. The mat was main-
tained wet by daily addition of deionized water, to maintain the turgidity of the leaflet and to
prevent mites from escaping. Trays were kept in a climate-controlled chamber at 25+1°C,
701 10% relative humidity, and a 12-hour photoperiod.

Chemicals

Seven synthetic pesticides belonging to different chemical families and three biopesticides
commonly used in horticultural crops were evaluated for their effects on P. longipes eggs
and adults. The pesticides were assessed at their maximum field-recommended concen-
trations (milligrams of active ingredient per liter of water), as registered by the Brazilian
Ministry of Agriculture, Livestock, and Food Supply (Agrofit 2021). The evaluated pesti-
cides included two sodium channel modulators: cypermethrin at 62.5 mg.L~' (Cipermetrina
Nortox 25% EC, Nortox Sa Arapongas— PR, Brazil) and deltamethrin at 25.0 mg.L ™! (Decis
2.5% EC, Bayer S.A. SP, Brazil); two acetylcholinesterase inhibitors: chlorpyrifos at 450
mg.L~! (Sabre 45% EW, Dow AgroScience Industrial, Barueri, SP, Brazil) and dimethoate
at 400 mg.L~! (Dimetoato Nortox 50% EC, Nortox, Arapongas, PR, Brazil); one nicotinic
acetylcholine receptor competitive modulator: imidacloprid at 100 mg.L™! (Provado 20%
SC, Bayer S.A. SP, Brazil); one inhibitor of mitochondrial ATP synthase: propargite at 360
mg.L~' (Omite 72% EC, UPL do Brasil- Indistria ¢ Comércio de Insumos Agropecuérios
S.A.); one glutamate-gated chloride channel allosteric modulator: abamectin at 3.6 mg.L™!
(Vertimec 1.8% EC, Syngenta Protecao de Cultivos Ltda, SP, Brazil); two naturally derived
pesticides: oxymatrine at 2.0 mg.L™' (Matrine 0.2% SL, Dinagro Agropecuaria Ltd.,
Ribeirdo Preto, SP, Brazil), which targets nicotinic acetylcholine receptors and sodium chan-
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nels (Ali et al. 2017; de Andrade et al. 2019), and azadirachtin at 24 mg.L~' (Azamax®EC,
1.2% w/v, UPL do Brasil- Industria e Comércio de Insumos Agropecuarios S.A., Ituverava,
SP, Brazil), inhibidor of the release of protoraxicotrophic hormone (Mordue and Nisbet
2000); and one entomopathogenic fungal-based formulation: Hirsutella thompsonii Fisher
at 8.0 mg.L™! (6.0x102 CFU.mL™") (Skupa-Mite 0.4% SL, Maneogene Agrociéncias S.A.
Jaguariuna— SP, Brazil). Deionized water constituted the control treatment.

Experimental units

Each experimental unit consisted of a synthetic plate (Paviflex®; 15 mm x 20 mm) placed
onto a 1-cm-thick foam mat layer inside a Petri dish (15X 120 mm) according to the method
described by Savi et al. (2021a). The mat was kept wet by adding deionized water daily. A
tomato leaflet, with its petiole inserted into a wet cotton wool strip for turgidity, was placed
on the synthetic plate to host the tested predator. To prevent mites from escaping, the edge of
plate was sealed with a strip of cotton wool, to ensure contact with the mat (Fig. 1).

Topical exposure of Phytoseiulus longipes eggs and adults to the pesticides

Separate experiments were conducted under the same conditions mentioned for the preda-
tor stock colony. For the egg experiment, 50 newly laid eggs (<6 h old) were collected
with a brush and transferred next to each other onto a Petri dish. The dish was then sub-
jected to one of the treatments, using a Potter tower (Burkard Scientific Co., Uxbridge,
United Kingdom) calibrated at 27.6 kPa. A standard volume of 2 mL of the solution (or
deionized water) was sprayed onto the patch containing the eggs, resulting in a deposi-
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Fig. 1 Schematic representation of experimental design
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tion of 1.8+0.1 mg fresh residue cm™2. Eggs treated were then individually placed in a
separate experimental unit (Fig. 1), following the method described in item 2.3. A mixture
of all stages of 7. evansi that had not been exposed to pesticides was daily provided ad
libitum to each predator as food. Survival rates, duration of developmental stages (egg,
larvae, nymphs - pooling protonymphs and deutonymphs) and fecundity were observed
daily under a stereomicroscope following the methodology described by Savi et al. (2021a).
Furthermore, male, and female longevities were estimated. Predatory mites that did not
react when touched with a fine brush were considered dead. To assess the fertility of eggs
laid by females that had reached the adult stage, 10 eggs (<6 h old) were selected daily per
treatment from the first five days of fecundity assessments. These eggs were placed in new
experimental units, and daily counts were performed to determine the number of emerged
larvae. Eggs that did not hatch within 4 days were considered dead. a reduction coefficient
(Ex) Ex =100 — (100 — M,) = Ry * Ry * R3 was calculated for each treatment based on
mortality and sublethal effects (fecundity, fertility of females, and longevity), according to
the adapted formula of Biondi et al. (2012). Mc represents corrected mortality, which was
calculated using the Henderson and Tilton (1955) formula.

Mo = 100*(1 — ninCobeforetreatment*ninTaftertreatment)
- ninCoaftertreatment*ninTheforetreatment)

R1 represents the ratio of eggs laid by emerged females from eggs treated with T and Co. R2
represents the ratio of hatched larvae from emerged females from eggs treated with T and
Co. R3 represents the ratio of longevity between eggs treated with T and Co. n is the number
of live individuals, Co is the control group, and T is the treatment group. E, values were
compared to the IOBC/WPRS laboratory ecotoxicological test standards, proposed by Sterk
et al. (1999) and categorized as follows: I, harmless (E <30%); II, slightly harmful (30<E <
79%); 111, moderately harmful (80 <E < 99%); IV, harmful (E>99%).

In the adult experiment, 50 newly emerged mites were used per treatment (25 females
and 25 males, < 24 h old), dividing them into five groups, each with five females and five
males. Each group was confined to a tomato leaflet with the abaxial side facing up placed
on a layer of water-saturated cotton wool in a Petri dish (12 cm in diameter). To prevent
the predators from escaping, the leaflet edges were covered with a strip of cotton wool, and
some 7. evansi eggs were added. Subsequently, the leaflets with P. longipes adults were
sprayed as previously described for the experiments with eggs, using a Potter tower, and
maintained in the same unit for 24 h, to evaluate mortality. Surviving adults were separated
by gender, with a couple transferred to each experimental unit. Daily observations under a
stereomicroscope were conducted to evaluate pesticide effects on fecundity, longevity, and
female fertility, following the same procedure described for the egg experiments. Based on
the corrected adult mortality rates within 24 h after treatments and sublethal effects (fecun-
dity, fertility, longevity), a reduction coefficient E, was calculated using the same procedure
described for the P. longipes egg stage. It was then compared to the IOBC/WPRS laboratory
ecotoxicological test standards.
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Residual effect and duration of the pesticide’s harmful activity to Phytoseiulus
longipes

The pesticide residual effects on P. longipes adults were assessed using 30-day-old tomato
plants of variety TLCV15, grown according to the method described by Savi et al. (2021b).
The pesticides were applied on plants, using a hand sprayer (Brudden® Practical; Brud-
den Equipamento Ltda, Pompeia, Sdo Paulo, Brazil) until the runoff stage (Fig. 1). Each
treatment consisted of five replicates, each replicate corresponding to one plant. The plants
were arranged in a fully randomized design within a screen-house, under the following
conditions: temperature 26.7+0.3°C, relative humidity 59+1%, and natural light condi-
tions (approximately 10 h of daily light). One leaflet was removed from the median third
of the canopy of each plant at 4, 10, 20, and 31 days after spraying. Each leaflet was used
to prepare an experimental unit, as described in item 2.3. Ten six-day-old adult P. longipes
(five females and five males) were introduced into each unit. These predators were provided
with surplus untreated 7. evansi (in all stages) as prey. After 72 h of exposure, the mortal-
ity, oviposition, and viability of the predators were recorded. The trials continued until the
pesticides were deemed harmless or for up to one month after treatment, based on the crite-
ria established by the International Organization for Biological Control, Western Palearctic
Region Section (IOBC/WPRS) (Hassan et al. 1994). For each treatment, a reduction coef-
ficient (Ex) was calculated to estimate the harmfulness of the pesticide. The toxicity catego-
ries defined by the [IOBC/WPRS were used to classify the persistence of the pesticides: A
(short-lived: <5 days), B (slightly persistent: 5—-15 days), C (moderately persistent: 16—30
days), and D (highly persistent: >30 days).

Data analysis

The development time, survival rate, reproduction, and life table parameters following expo-
sure of the eggs to the treatments were estimated using an age-stage two-sex life table model
developed by Chi (2022) available at http://140.120.197.173/ecology/Download/Twosex-
MSChart.rar. For treatments with immature mortality below 85%, the net reproduction rate
(Ry), intrinsic rate of increase (), finite rate of increase (1), and average generation time (7)
were estimated. Standard errors (SE) were calculated using the bootstrap procedure with
100,000 random resamplings. Paired bootstrap tests (B=100,000) with a 95% confidence
interval were conducted to compare differences between treatments (Efron and Tibshirani
1994; Wei et al. 2020).

Data on adult P. longipes exposed directly to the treatments and the residual persistence
data were analyzed using a Generalized Linear Model (GLM) with quasi-binomial, quasi-
Poisson, and Gaussian distributions for proportion (adult mortalities and female fertility),
counts (fecundity), and duration (female and male longevities) (Nelder and Wedderburn
1972). The fit quality was assessed through a half-normal graph with a simulation envelope
(Hinde and Demétrio 1998). If significant differences were found between treatments, post-
hoc Tukey’s tests (p<0.05) were performed using the “glht” function of the “multcomp”
package with adjusted p-values. All analyses were conducted using R v3.6.1.
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Results
Topical exposure toxicity
Life table parameters of P. longipes after topical treatment of eggs

In treatments with chlorpyrifos, cypermethrin, and dimethoate, egg hatchability decreased
to 0, 6, and 48%, respectively (Table 1). Deltamethrin, propargite, H. thompsonii and oxy-
matrine slightly reduced egg-hatching rates to ~72-84%. No significant difference was
observed between abamectin, imidacloprid, and control (~88-98% versus 100%). Abamec-
tin prolonged the egg stage, whereas cypermethrin, deltamethrin, dimethoate, oxymatrine,
propargite, and H. thompsonii shortened it; azadirachtin and imidacloprid had no effect on
egg stage compared to the control. All treatments, except those with abamectin and azadi-
rachtin, caused significant larval mortality. All treatments caused significant increases in lar-
val development time. Most of the treatments dropped nymphal survival rates below 40%,
except those with Abamectin, oxymatrine, azadirachtin, and imidacloprid, which lowered
it to 50-60% compared to the control (94%). All treatments caused significant increases
in nymphal development time except those with azadirachtin, oxymatrine, H. Hirsutella.
Except for azadirachtin, oxymatrine, and H. thompsonii, all other treatments significantly
increased immature development time.

Total fecundity was significantly higher in control than other treatments (Table 2). No
significant difference was observed in fertility between control and treatments except for
that of propargite (GLM with binomial distribution: F=3.62; df=6, 49; p=0.002). All treat-
ments, except abamectin, significantly reduced female longevity. All treatments signifi-
cantly reduced male longevity except with those of abamectin, imidacloprid, oxymatrine,
and H. thompsonii. According to the reduction coefficient (Ex values) and IOBC/WPRS
classification, chlorpyrifos, dimethoate, cypermethrin, and deltamethrin were classified as
highly harmful (class IV). Abamectin, azadirachtin, imidacloprid, oxymatrine, propargite,
and H. thompsonii were deemed moderately harmful (class III) to P. longipes eggs. Abam-
ectin, azadirachtin, imidacloprid, oxymatrine, propargite, and H. thompsonii treatments
caused significant reduction in the net reproduction rate (R,), intrinsic rate of increase ()
and finite rate of increase (1) compared to control (Table 3). Eggs exposed to propargite had
a higher average generation time (7)) than both the control and other treatments. Exposure of
P. longipes to chlorpyrifos, dimethoate, cypermethrin, and deltamethrin treatments caused
nearly 100% mortality of immature, which hindered the estimation of life table parameters.

Age-specific survival rate and age-specific fecundity

Age-specific survival rate (/,) illustrates the likelihood of individual survival of P. longipes
to age x (Fig. 2). Survival curves of P. longipes eggs exposed to pesticides clearly showed
negative effects when compared to the control. Age range for 50% survivorship in the
control (19.0+£0.91 days) was significantly longer than for pesticide-treated eggs: abam-
ectin (11.0£2.1), oxymatrine (7.5%2.4), azadirachtin (6.5+1.9), imidacloprid (5.0%2.3),
H. thompsonii (3.0£0.9), propargite (1.6£0.2), deltamethrin (1.5+£0.2), and dimethoate
(1.2£0.4). The life- span of P. longipes individuals from the control and propargite treat-
ment was similar up to 46 days, which is significantly longer than the other treatments. The
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shortest life span was observed for mites from eggs exposed to dimethoate and deltamethrin.
Age-specific fecundity (m,; average daily fecundity per individuals at age x) varied through-
out the oviposition period (Fig. 2). Females from eggs exposed to imidacloprid and propar-
gite started oviposition slightly later than those in control and other treatments. Compared to
the control, P. longipes females from all other treatments stopped oviposition much earlier,
except for propargite treatment, whose predators virtually oviposited until the end of their
life span. The highest peak of specific daily fecundity was observed for females from eggs
exposed to propargite. Maximum m, values were 1.3 eggs (on the 15th day) for control, 1.2
eggs (on the 33rd day) for propargite treatment, and 1.0 eggs (on the 12th and 10th days) for
azadirachtin and dimethoate treatments, respectively. In the other treatments, the maximum
m, value was less than 1.0 egg.

Lethal and sublethal effects on adults

Alltreatments showed significantly higher adult mortality compared to the control (F=24.403;
df=10, 44; p<0.01) (Table 4). Within 24 h, oxymatrine, chlorpyrifos, cypermethrin, delta-
methrin, and dimethoate caused 88 to 100% adult mortality. Abamectin, imidacloprid, and
propargite induced moderate mortality (52—82%), while azadirachtin and H. thompsonii
resulted in lower mortality (36-37.5%). Females surviving azadirachtin, imidacloprid, and
H. thompsonii treatments exhibited 2-3 times lower fecundity than control, while abam-
ectin, oxymatrine, and propargite led to 5-11 times lower fecundity (F=19.003; df=6,69;
p<0.001). No significant differences in egg viability (fertility) were observed between the
control and treatments with surviving females that oviposited (F=1.089; df=6,50; p=0.38).
Longevity of surviving adult females and males was shorter in all treatments compared to
control (F=24.039; df=6,88; p<0.001 and F=16.149; df=6,72; p<0.001, respectively)
(Table 4). Based on the reduction coefficient and IOBC/WPRS classification, chlorpyrifos,
cypermethrin, deltamethrin, and dimethoate were highly harmful (class IV), while abamec-
tin, imidacloprid, oxymatrine, and propargite were moderately harmful (class III) to P. lon-
gipes adults. Azadirachtin and H. thompsonii were classified as slightly harmful (class II).

Residual effects and duration of harmful activity of pesticides

Pesticide residue-ages significantly affect adult mortality and offspring production (Table 5).
Interaction between residue-ages and treatments caused significant effect on adult mortal-
ity (x2=41.03, df=10; p<0.001) and egg production of surviving females (y2=116.91;
df=10; p<0.001), but not for egg viability (¥2=96.5; df=10; p=0.64). For 4-day old resi-
dues, dimethoate, deltamethrin, cypermethrin and chlorpyrifos caused 100% adult mortal-
ity, while abamectin, propargite, oxymatrine and imidacloprid reduced mortality to 20-54%
(F=78.801, df=10, 44; p<0.001) (Table 5). Azadirachtin and H. thompsonii treatments
resulted in mortality rates (8—10%) similar to control. Surviving females from azadirachtin
treatment had egg production similar to control, while other treatments led to a 1.4-3.8-fold
decrease in fecundity (F=5 7.072; df=10, 44; p<0.001).

Egg viability was reduced to 70-80% in abamectin, propargite and imidacloprid treat-
ments, with no significant effect observed for other treatments compared to the control
(F=13.129; df=6,28; p<0.001). For 10-day old residues, H. thompsonii, abamectin, oxy-
matrine and imidacloprid had effects statistically similar to control, with propargite reduc-
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Table 3 Mean (£ SE) life-table parameters of Phytoseiulus longipes when eggs were treated with pesticides

Treatment Concentra- R, (Offspring/  r(day™ ) A (day™h) T (day)

tion used individual)

(mgia LY
Control - 18.0£2.32a  0.228%0.011a  1.256%£0.013a  12.648+0.294b
Abamectin 3.6 1.68£0.65b  0.036%0.03b 1.036+£0.031b  14.379+3.059b
Azadirachtin 24 1.531£0.75b  0.039£0.069b  1.040+0.065b  10.831+0.729b
Imidacloprid 100 0.652£0.43b  -0.033+£0.05c  0.967+£0.04c 12.966+0.876b
Oxymatrine 2 1.4£0.72b 0.028+0.05b 1.029+0.05b 11.762+1.83b
Propargite 360 1.76£1.54b  0.031£0.10b 1.031+0.09b 18.01+4.20a
Hirsutella 8 1.95£0.88b  0.068+0.05b 1.070+0.05b 10.53£0.84b
thompsonii

Means within a column followed by the same letter are not significantly different. The SEs were estimated
by using 100,000 bootstraps and means were compared by using paired bootstrap test at 5% significance
level. R,=net reproductive rate; »=intrinsic rate of increase; A=finite rate of increase; T=mean generation
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Fig. 2 Age-specific survival rates (/,), age-specific fecundity (m,) of Phytoseiulus longipes when eggs
were treated with pesticides. The lines in red in different treatments indicate the day of P. Jongipes adult

emergence

ing mortality to 24%. For other treatments, adult mortality remained high (~94-98%)
(F=98.1, df=9, 40; p<0.001). Surviving females exposed to H. thompsonii, oxymatrine
and abamectin had egg production similar to the control, while propargite and imidaclo-
prid treatments resulted in 1.5-2.5 times lower fecundity (F=63.1; df=9,40; p<0.001).
Egg viability in chlorpyrifos, cypermethrin, deltamethrin and dimethoate treatments was
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6—24%, while other treatments followed a similar trend as reported for 4-day old residues,
except for imidacloprid, which did not differ from the control (F=78.8; df=9,40; p<0.001).
For 20-day old residues, dimethoate, deltamethrin, cypermethrin and chlorpyrifos caused
70-86% adult mortality (F=29.6, df=6,28; p<0.001), while imidacloprid, abamectin and
propargite treatments had no significant effect on adult mortality, ranging between 4 and
8%. Surviving females exposed to imidacloprid and propargite had egg production statisti-
cally similar to control, while other treatments led to a substantial reduction in fecundity
(F=76.7; df=6,28; p<0.001). Egg viability followed the inverse trend reported for adult
mortality (F=47.1; df=6,28; p<0.001). For 31-day old residues, mortality due to dimetho-
ate, deltamethrin, cypermethrin, or chlorpyrifos treatments was 54—67% higher than the
control (F=53.8; df=4,20; p<0.001). Number of eggs produced by surviving females
(F=60.1; df=4,20; p<0.001) and egg viability (F=56.3; df=4,20; p<0.001) followed the
inverse trend reported for adult mortality.

Based on the reduction coefficient (Ex) and the IOBC classification, azadirachtin was
classified as harmless for 4-day old residue (Table 5). Oxymatrine and H. thompsonii were
initially slightly harmful at 4-day residue but became harmless at 10-day residue, while
abamectin was observed as moderately harmful at 4-day residue and turned harmless at
10-day residue. Propargite and imidacloprid, initially moderately harmful at 4- and 10-day
residue respectively, became harmless at 20-day residue. Other pesticides (chlorpyrifos,
cypermethrin, deltamethrin, dimethoate) remained highly harmful across all residue ages.
According to the IOBC persistence toxicity, azadirachtin was classified as short-lived (A:
<5 days), and abamectin, oxymatrine, and H. thompsonii were slightly persistent (B: 5-15
days). Propargite and imidacloprid were moderately persistent (C: 16-30 days), while other
pesticides (chlorpyrifos, cypermethrin, deltamethrin, dimethoate) were highly persistent (D:
>30 days).

Discussion

In this study, we thoroughly examined the lethal and sublethal effects of ten synthetic and
biological pesticides at their maximum field-recommended concentration on the predatory
mite P. longipes in both egg and adult stages. The results showed contrasting non-target
effects depending on the life stage, chemical group, and/or exposure route and residue
age. For instance, chlorpyrifos and cypermethrin, when applied topically, were found to be
acutely toxic to both egg and adult stages, resulting survival rates in 0-6.1%. In contrast,
abamectin, deltamethrin, dimethoate, oxymatrine, and imidacloprid caused higher toxicity
to adults (68—-100%) compared to eggs (2.0-15.6%), but all showed significant sublethal
effects on the developmental time, fecundity, fertility, or longevity of surviving P. longipes
stages, with the effect of deltamethrin and dimethoate being apparent. Azadirachtin, propar-
gite, and H. thompsonii, despite having lower and moderate acute toxicity rates for both
eggs (12.8-22%) and adults (36-52%) demonstrated a significant effect on development
and reproduction of surviving P. longipes stages. These results are comparable to what has
been reported in previous studies on other phytoseid species. Interestingly, we also observed
that pesticides highly harmful to P. longipes through topical exposure in laboratory condi-
tions are not necessarily persistent under screen-house conditions. These findings highlight
the importance of assessing non-target effects on each predator life stage and exposure route
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(Duso et al. 2008; Biondi et al. 2013; Put et al. 2016; Fernandez et al. 2017; Franco et al.
2017; Zanardi 2017; Bergeron and Schmidt-Jeffris 2020; Doker and Kazak 2020).

The reduction coefficient (Ex) provides a comprehensive measure of risk, considering
both acute toxicity and sublethal effects of pesticides on biological control compatibility
(Biondi et al. 2012). In our study, using this approach and IOBC classification (Hassan et
al. 1994; Biondi et al. 2012), we found that the topical exposure of two organophosphates-
chlorpyrifos and dimethoate, as well as two pyrethroids- cypermethrin and deltamethrin,
was highly harmful (IOBC Class IV) to both P. longipes eggs and adult stages. Even 31 days
after spraying, these pesticides continue to exert a highly harmful residual activity on P. lon-
gipes adults. Previous studies consistently reported similar harmful effects and persistence
of pyrethroids and organophosphates on various natural enemies, including phytoseiid spe-
cies (Abou-Awad and El-Banhawy 1985; Villanueva and Walgenbach 2005; Broufas 2008;
Bostanian et al. 2010; Hamby et al. 2013; Beers and Schmidt 2014; Franco et al. 2017;
Schmidt-Jeffris et al. 2021). These results suggest that organophosphates and pyrethroids
are not compatible with P. longipes. Therefore, implementing IPM programs involving P,
longipes in areas where these pesticides are extensively used may lead to inadequate pest
control.

Direct exposure to imidacloprid, abamectin and propargite had moderately harmful
effects (IOBC Class III) on both eggs and adults. This harm was caused by either high
acute toxicity or strong sublethal effects on post-embryonic development and reproduc-
tion parameters in the tested egg and adult stages. Other studies have also demonstrated
such effects of imidacloprid on the demographic parameters of various phytoseiid mites,
including Neoseiulus californicus McGregor (Villanueva and Walgenbach 2005; Argolo PS
2013), Euseius gallicus Kreiter & Tixier and Phytoseiulus persimilis (Athias-Henriot) (Put
et al. 2016) as well as Amblyseius andersoni (Chant), Galendromus occidentalis (Nesbitt)
and Neoseiulus fallacis (Garman) (James 2003). Similarly, high acute toxicity or dramatic
sublethal effects were reported for abamectin or propargite against phytoseiids such as E.
gallicus, Euseius scutalis Athias-Henriot, N. californicus, N. fallacis, P. macropilis, P. per-
similis and Typhlodromus pyri Scheuten (Hardman et al. 2003; Cote et al. 2004; Bostanian
and Akalach 2006; Put et al. 2016; Doker and Kazak 2020). Moreover, the intrinsic rate
of increase (7), a life table parameter reflecting the combined effects of biological attri-
butes such as survival, sex ratio, developmental duration and fecundity (Janssen and Sabelis
1992), was found to be negative (-0.03 £0.06 day~ ") for P. longipes exposed to imidacloprid
and substantially lower for abamectin (0.04+0.03) and propargite (0.03£0.1). These results
suggest that topical exposure to abamectin and propargite could reduce the population of P,
longipes, potentially hindering its effectiveness as a biological control agent of 7. evansi. In
contrast, imidacloprid could lead to predator suppression over time.

Certain pesticides, initially considered incompatible with biological control through topi-
cal exposure, may actually be compatible when it comes to residual exposure (Fernandez et
al. 2017). However, the length of time necessary for an applied pesticide to become innocu-
ous can vary significantly, depending on the predator species and pesticide group (Wanumen
et al. 2016; Franco et al. 2017). For instance, previous studies have shown that residues
propargite became harmless to N. californicus 16-30 days post-spraying, suggesting moder-
ate persistence (Uddin et al. 2015). Conversely, residues of abamectin turned innocuous to
Amblyseius swirskii Athias-Henriot, N. californicus and P. persimilis 5—15 days after spray-
ing, suggesting their slight persistence (Van de Veire et al. 2002; Sdenz-de-Cabezon Irigaray
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et al. 2007; Ruiz and de Moraes 2008; Nadimi et al. 2011; Uddin et al. 2015; Fernandez
et al. 2017). On the other hand, Franco et al. (2017) and Zanardi (2017) observed harmful
effects of imidacloprid on Euseius concordis (Cant) and Iphiseiodes zuluagai Denmark &
Muma lasted only three days in citrus, whereas Wanumen et al. (2016) reported 34 days of
harmful effects on Macrolophus basicornis (Stal) (Heteroptera: Miridae). In line with these
findings, our study revealed that the residues of abamectin and oxymatrine remained harm-
ful to P. longipes for 5—15 days post-spraying (IOBC class B, slight persistence), while that
of propargite and imidacloprid turned non-toxic to P. longipes 16-30 days after application
(IOBC class C, moderate persistence).

Azadirachtin, oxymatrine, and the pathogenic fungus H. thompsonii, are well-known
environmentally-friendly pesticides used in crop pest management (Chandler et al. 2005;
Biondi et al. 2013; de Andrade et al. 2019). However, in this study, we found that their
selectivity towards P. longipes varied greatly. For instance, topical exposure to oxymatrine
significantly reduced the intrinsic rate of increase (r: 0.03+0.05 day~ ") and caused moder-
ate harm to both egg and adult stages (IOBC class III), but it became harmless to P. longipes
10 days post-application (slight persistence). Conversely, topical exposure to azadirachtin
and H. thompsonni showed slight harm to adult stage (IOBC Class II), but moderate harm
to eggs (IOBC Class III), lowering the r-value (r: 0.04+0.07 and 0.07+0.05 day™ ! respec-
tively). Furthermore, the harmful residual activity of azadirachtin lasted less than 5 days
(short persistence, IOBC A), whereas the residual persistence of H. thompsonii was similar
to that of oxymatrine. These findings suggest that while oxymatrine may not be suitable for
conserving the P. longipes population, as observed in our previous study (Savi et al. 2021b),
its low persistence may allow the use in well-timed augmentative releases. Conversely, aza-
dirachtin and H. thompsonii may be partially adequate for use in a conservation strategy of
biological control, considering their relatively short persistence on P. longipes.

Oxymatrine is known for its strong acaricidal activity which targets nicotinic acetylcho-
line receptors and sodium channels in arthropod nerve cells (Ali et al. 2017; de Andrade et
al. 2019), resulting in high toxicity in adults and significant adverse effects on fecundity
and longevity. This may explain the observed reduced intrinsic rate of increase or moderate
harm in both egg and adult stages following topical exposure in our study. These results
are consistent with those of Shah and Appleby (2019) who reported high acute toxicity and
dramatic sublethal effects on fecundity in N. fallacis, P. persimilis and Stethorus punctillum
Weise (Coleoptera: Coccinellidae) after topical exposure to oxymatrine. In contrast, Fang
et al. (2018) found low mortality of Neoseiulus cucumeris (Oudemans) females exposed
to oxymatrine residual contact. de Andrade et al. (2019) also found no impact on popula-
tion levels of phytoseiids, including Amblyseius chiapensis De Leon, Amblyseius sp., and I.
zuluagai on citrus following their contact with residues of this pesticide. The difference in
results can be attributed to variations in experimental conditions, such as dosage, exposure
duration, and application methods, as well as the sensitivity of the species tested. Regarding
the compatibility between H. thomposonni and other bio control agents, there are no studies
available. However, research on other entomopathogenic fungi, such as Beauveria bassiana
(Balsamo) (Cordycipitaceae) or Isaria fumosorosea (Wize) Brown & Smith (Cordycipita-
ceae) has reported adverse effects on the survival, longevity, and fecundity of phytoseiid
mites (Ullah and Lim 2017; Zemek et al. 2017). In contrast to our results, Wekesa et al.
(2007) reported that the fecundity of P. longipes was not affected when feeding on T evansi
or T urticae infected with Neozygites floridana (Weiser & Muma) (Neozygitaceae). In our
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study, the prey offered to P. longipes was not infected by the fungus H. thompsonii, but it
could have been chemically affected by the insecticides used in the different treatments.

Azadirachtin is known for disrupting arthropod molting by interfering with ecdysone
synthesis, resulting in extended developmental time and reduced reproductive capabilities
(Mordue and Blackwell 1993; Biondi et al. 2012, 2013). This aligns with our observation of
high sensitivity of P. longipes eggs over the adult stage in this study and, consistently with
findings from similar studies involving N. cucumeris and P. persimilis (Spollen and Isman
1996), N. californicus and P. macropilis (Bernardi et al. 2013), and Neoseiulus barkeri (Ath-
ias-Henriot) (Silva et al. 2023). Short-lived persistence of residual effect of azadirachtin has
been reported on E. gallicus and Euseius stipulatus Athias-Henriot (Viggiani and Bernardo
2001; Put et al. 2016).

Conclusion

In summary, our study demonstrated significant variations in the lethal and sublethal effects
of ten synthetic biological pesticides on both egg and adult stages of P. longipes. Through
topical exposure assessment, pyrethroid and organophosphate pesticides were found to be
highly harmful to both stages. On the other hand, oxymatrine, imidacloprid, abamectin,
and propargite were determined to be moderately harmful. Azadirachtin and H. thompsonni
were slightly harmful to adults, but azadirachtin was found to be harmless after 4-days
of the application. Similarly, abamectin, oxymatrine, and H. thompsonii and propargite
were considered harmless after respectively 10 and 20 days of application. Pyrethroids and
organophosphates remained highly harmful for up to 31-days, suggesting these products not
to be appropriate for IPM programs that involve the introduction of P. longipes. Conversely,
azadirachtin should be considered the safest option. In summary, care should be taken in
relation to safety deadlines before releasing that predatory mite. These crucial insights will
aid in the integration of P. longipes into IPM aimed at controlling 7. evansi. Future studies
should include field trials to validate the findings of this work.
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