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The generalist predatory mite Amblyseius swirskii is a widely used natural
enemy of phytophagous pests. Due to the negative effects of conventional
pesticides on non-target organisms, the development of selective natural
and eco-friendly pesticides, such as essential plant oils, are useful pest
control tools to use in synergy with biological control agents. Essential
oils of Nepeta crispa, Satureja hortensis, and Anethum graveolens showed
promising results to control Tetranychus urticae. Hence an experiment was
carried out to evaluate the effects of these essential oils on the biochemical
and demographic parameters of A. swirskii. A significant reduction of
carbohydrate, lipid, and protein contents of oil-treated predatory mites was
observed. However, essential oils of S. hortensis and A. graveolens had no
effect on lipid reserves. The glutathione S-transferase activity of A. swirskii
was influenced by A. graveolens oil treatment. In addition, the enzyme
activity of the a-esterases was elevated by all treatments. The essential
oils showed no effect on p-esterases activity compared to the control
treatment. None of the concentrations of the different tested oils affected the
population growth parameters of A. swirskii. However, a significant reduction
was observed in oviposition time and total fecundity of predatory mites.
A population projection predicted the efficacy of predatory mites will likely
be decreased when expose to the essential oils; however, population growth
in the S. hortensis treatment was faster than in the other two treatments not
including the control. The results presented in this study may have critical
implications for integrated pest management (IPM) programs. However, our
observations show that using the tested essential plant oils requires some
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caution when considered as alternatives to synthetic pesticides, and in
combination with A. swirskii. Semi-field and field studies are still required to
evaluate the effects on T. urticae and A. swirskii of the essential oils tested in
this study, before incorporating them into IPM strategies.

KEYWORDS

Amblyseius swirskii, biological control, biopesticide, energy content, detoxifying
enzymes, demographic parameters, essential oils

Introduction

The two spotted spider mite, Tetranychus urticae Koch
(Acari: Tetranychidae), is a major pest of ornamental plants,
vegetable crops, and fruit trees grown in greenhouses and open
fields across the world (Fasulo and Denmark, 2003; Elsadany,
2018). Plant viruses can also be vectored by some species of
Tetranychoidea (Vacante, 2016). Although biological control
of spider mites is very successful in most cases (Opit et al,
2004; Gigon et al., 2016), the application of synthetic pesticides
is still the most common form to control arthropod pests in
many agricultural production areas (Monteiro et al,, 2015).
Pesticides have the potential to induce pest resistance, increase
production cost, and could negatively impact the environment,
natural enemies, ecological services, and human health (Geiger
et al., 2010; Attia et al., 2013; Yorulmaz Salman and Ay, 2013).
Insecticide exposure can lead to physiological and behavioral
changes in the target organism (Hyne and Maher, 2003; Zhang
et al,, 2022). Population parameters of the target and non-target
species (either harmful or beneficial) may also be influenced by
lethal or sublethal concentrations of pesticides (Roush, 1989;
Desneux et al., 2007; Nadimi et al., 2011; Alinejad et al., 2014;
Sarbaz et al.,, 2017; Ghasemzadeh and Qureshi, 2018). The
negative effects of pesticides on beneficial mites and insects
(Fernandes et al., 2010; Lira et al., 2015; Shahbaz et al., 2019)
have led to an increase in studies focusing on the potential
of essential oils to develop natural pesticides (Ali et al., 2016;
Camilo et al., 2017; Fatemikia et al.,, 2017; Mar et al., 2018;
Bulgarini et al,, 2021; Wang et al., 2021). Essential oils of some
species of Nepeta, Satureja, and Anethum have been described
to possess insecticidal and acaricidal properties (Calmasur et al.,
2006; Amizadeh et al., 2013; Ebadollahi et al., 2015; Salman and
Bayram, 2017).

The use of biological control agents in combination
with selective natural insecticides, such as essential plant
oils that are environmentally sustainable, can be applied as
alternatives to conventional insecticides to control pests.
These can not only decrease the side effects of synthetic
but
enemies in prey searching as shown by low toxicity, non-

pesticides also improve the efficiency of natural

repellence, and in particular cases, attractiveness to oils
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(Oliveira et al., 2017; Freitas et al., 2018; Saraiva et al., 2020).
However, caution is needed, because models predict pest
resurgence when effective natural enemies are present, even
when they are less sensitive to pesticides than the pest
(Janssen and van Rijn, 2021).

Insects and mites protect themselves against pesticides
through detoxifying enzymes which are often important in
resistance development (Yorulmaz-Salman and Ay, 2014).
General esterases, glutathione S-transferases (GSTs), and
cytochrome P450 monooxygenases (CYPs) are important
detoxifying enzymes in the metabolism of synthetic and non-
synthetic insecticides (Motoyama, 1980; Mouches et al., 19865
Lamoureux and Rusness, 1987; Li et al., 2007; Dermauw et al.,
2013; Pizzorno, 2014; Kumrungsee et al., 2014; Afraze et al,
2020). Esterases are a diverse group of enzymes that catalyze the
hydrolysis of ester bonds from a variety of substrates (Gopalan
and Nampoothiri, 2016). In insects, esterases are the primary
mechanisms involved in pesticide resistance. Activities of GSTs
and other metabolic enzymes can be affected by plant protection
products (Ross et al., 2010; Mathieu et al,, 2015). CYP is a phase I
family of detoxifying enzymes that help to transform xenobiotic
compounds (Brown et al., 2003; Polson et al., 2011). Studies have
shown the involvement of CYP genes in insecticide resistance
in the phytoseiid mite Amblyseius womersleyi (Sato et al,
2007). Although botanical pesticides show potential for use
in conjunction with biological control agents, supplementary
studies are required to evaluate the potential direct and indirect
effects of the pesticides on natural enemies before they can be
recommended for IPM programs (Tedeschi et al., 2001; Momen
and Amer, 2003; Tavares et al., 2010; Poderoso et al., 2016;
Zanuncio et al., 2016; De Araujo et al., 2020).

The main goal of this study was to assess whether there are
any sublethal effects of non-commercial essential plant oils of
Nepeta crispa Willd (Lamiales: Lamiaceae), Satureja hortensis
L. (Lamiales: Lamiaceae), and Anethum graveolens L. (Apiales:
Apiaceae) on the predatory mite Amblyseius swirskii Athias-
Henriot (Acari: Phytoseiidae). This generalist predatory mite
is a widely used natural enemy for biological control of small
soft-bodied pest species including mites, thrips, and whiteflies
(Messelink et al., 2008, 2010; Dogramaci et al., 2013; Calvo et al.,
2015; Ghasemzadeh et al., 2017). The effects of plant oils were
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evaluated by assessing the effects of N. crispa Willd, S. hortensis
L., and A. graveolens L. on the energy contents, the responses
of two detoxifying enzymes, and the life table parameters of
A. swirskii.

Materials and methods
Mite colonies

The culture of T. urticae was started using individuals
collected from apple orchards in Urmia (West Azerbaijan
province, Iran). Mites were then maintained on potted bean
plants (Phaseolus vulgaris L. var. Talash) (Fabales: Fabaceae)
under laboratory conditions of 27 £ 2°C, 60 £ 5% relative
humidity, and 16:8 h L:D cycle. A. swirskii was obtained from
Koppert Biological Systems (Berkel en Rodenrijs, Netherlands)
and was reared on T. urticae on leaf disks (8 cm diameter)
of bean plants. These leaf disks were placed upside down on
a wet sponge with a layer of cotton on the top in plastic
trays with water (23 x 13 cm) and held in an environmental
chamber at 25 £ 1°C, 70 £ 5% relative humidity, and
16:8 h L:D cycle. All experiments were conducted under these
laboratory conditions.

Plant oils and chemical analysis

Aerial parts of N. crispa Willd, S. hortensis L., (Lamiales:
Lamiaceae), and A. graveolens L. (Apiales: Apiaceae) in
flowering stages were harvested from the mountain areas of
West-Azerbaijan province (Northwestern Iran) in the middle of
August and used for oil extraction.

For chemical analysis of the plants, aerial parts of plants
were dried at room temperature and chopped into small
pieces. Samples of dried plant material (100 g) were hydro-
distillated using a Clevenger-type apparatus for 4 h. The
obtained essential oils were stored in sealed vials at —20°C for
subsequent experiments.

For GC/MS analysis an Agilent 7890A gas chromatograph
coupled to a 5975C mass spectrometer (SpectraLab Scientific
Inc., Canada) using an HP-5 MS capillary column (5% Phenyl
Methylpolysiloxane, 30 m length, 0.25 mm, i.d., 0.25 pm film
thickness) was used. The oven temperature was programmed as
follows: 3 min at 80°C, subsequently + 8°C min~! to 180°C,
held for 10 min at 180°C. Helium was used as carrier gas
at a flow rate of 1 ml min~! and Electron impact (EI) was
70 eV. The injector was set in a split mode (split ratio of
1:500) and mass range acquisition was from 40 to 500 m/z.
Essential oil constituents were identified by using the calculated
linear retention indices and mass spectra with those reported
by Adams, and Ausloos and/or NIST 05 (Ausloos et al., 1999;
Adams, 2007).

Frontiers in Plant Science

03

10.3389/fpls.2022.923802

Experimental protocols

Preparation of essential oil concentration

The appropriate range of essential oil concentrations
was prepared in accordance with the procedure described
by Moradshahi and Pourmirza (1974). Briefly, based on a
standard concentration fixing procedure (serial dilution of
concentrations), preliminary bioassays were conducted with
different concentrations. Mortality data from all bioassays were
analyzed with SPSS software (IBM Corp, 2012) and LCps
and LCy5 were determined. Then, the logarithms of these
concentrations were calculated and the logarithmic interval
between concentrations was determined as follows;

X5 —X
d= 25 1
n—1

d: logarithmic distance between two concentrations.

Xy1: The logarithm of the concentration caused
25% of mortality.
X5: The logarithm of the concentration caused

75% of mortality.

n: The number of concentrations.

The middle three concentrations, between the first and fifth,
were calculated by estimating the logarithmic distance (d).

X,: The logarithm of the concentration of oil at logarithmic
distance multiplied by one (X, = X;+d).

X3: The logarithm of the concentration of oil at logarithmic
distance multiplied by two (X3 = X;+24).

X4: The logarithm of the concentration of oil at a
logarithmic distance multiplied by three (X4 = X;+43d).

Next, the antilogarithms of these numbers were obtained,
and subsequently, working concentrations were determined.

Preparation of experimental units

To study the residual effects of essential oils of N. crispa,
S. hortensis, and A. graveolens on T. urticae and A. swirskii,
a leaf disk (2.5 cm diameter) painting method was used in
accordance with the procedure described by Miresmailli et al.
(2006) with slight modifications. Briefly, the bean leaf disks
were painted with each essential oil and carrier solvent [70%
methanol (Merck, Darmstadt, Germany) + 30% water], or with
the carrier solvent alone as a control treatment, and allowed
to dry for 10 min.

Essential oil effects on Tetranychus urticae

To assess residual contact toxicity in T. urticae adults, the
obtained essential oils of N. crispa, S. hortensis, and A. graveolens
were applied at concentration ranges of 19-171, 33-297, and
23-185 1 L™! of essential oils in a carrier solvent, respectively.
A 20 pl aliquot of each concentration was painted on the
underside of the bean leaf disks with a micropipette. After
drying for 10 min, each disk was placed in the bottom of a
petri dish on top of a 10 cm diameter disk of filter paper
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moistened with distilled water. Untreated mites were placed on
leaf disks painted with the carrier solvent alone. Twenty adults
of T. urticae were added per bean leaf disk. Each concentration
assessed was replicated five times for each treatment. A total of
600 adult spider mites were used for each treatment [# = number
of concentrations including control (6) x of replications per
concentration (5) x number of spider mites per replicate (20)].
Mortality was recorded after 24 h of exposure and the LCsq value
of essential oils was estimated using probit analysis. Mites were
considered dead if they did not move when prodded with a soft
paintbrush. The highest of the three concentrations of oils used
in the T. urticae mortality assay was applied to leaf disks used in
further experiments with A. swirskii.

Essential oil side-effects on the biochemical
composition of Amblyseius swirskii

To test the effects of the collected oils on the biochemical
composition of A. swirskii, we exposed 24 h old virgin females of
A. swirskii to the highest (residual) concentrations of N. crispa,
S. hortensis, and A. graveolens used in the T. urticae mortality
assay (171, 297, and 185 ul L1, respectively). The bean leaf
disks were painted with each essential oil and carrier solvent
for control. After drying for 10 min, each disk was placed in
the bottom of a petri dish on top of a 10 cm diameter disk
of filter paper moistened with distilled water. The surviving
predatory mites were collected after 24 h exposure to the
leaf and subsequently used for energy content and enzyme
activity determination. The predators were provided with an
abundant supply of untreated T. urticae as prey to avoid the
effects of hunger.

To determine the number of total carbohydrates, lipid,
and protein, standard biochemical techniques were used.
Carbohydrates were measured with the anthrone reagent, lipids
with vanillin in phosphoric acid, and protein with the Bradford
reagent. Total carbohydrates and lipid contents were calculated
using the method of Yuval et al. (1998). Sixty treated adult
female individuals were homogenized using a plastic pestle in
62.5 pl of 2% sodium sulfate (Merck) (NaySOy4). Thereafter,
469 wl of chloroform:ethanol (Merck) (1:2) was added to
the homogenate, and samples were centrifuged for 10 min at
8,000 x g at4°C.

To determine carbohydrate content, 150 wl of the
supernatant were mixed with 100 pl distilled water and then
dissolved in 500 pl of anthrone reagent [500 mg anthrone
(Merck) dissolved in 500 ml concentrated sulphuric acid
(Merck) (H2SO4)] for 10 min at 90°C. Samples of 200 L1 were
put into wells on ELISA plates (Awareness Technology Inc.,
United States) and the rate of absorbance was read at 630 nm.
The total carbohydrate value was calculated by a standard
curve using maltose (Sigma) as standard. This experiment was
repeated three times and a total of 360 adult predatory mites
were used for each treatment [n = number of concentrations
(2) x of replications per concentration (3) x number of
predatory mites per replicate (60)].
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To measure lipids content, 125 pl of the supernatant was
injected into a micro tube and dried at 40°C. Then, 125 pl
of HySO4 (98% Merck, Darmstadt, Germany) were added to
the sample and placed in a hot bath for 10 min at 90°C.
Samples of 30 pl were mixed with 270 pl of vanillin solution
[600 mg of vanillin (Merck) in 100 ml distilled water and
400 ml 85% H3PO4 (Merck)] and put into wells of ELISA plates
(Awareness Technology Inc., United States). The plate was
shaken for 30 min in a shaking incubator at room temperature
and subsequently, the absorbance rate was recorded at 545 nm.
The amount of total lipid was calculated using cholesterol
as the standard. This experiment was repeated three times
for each treatment.

Total protein content was assessed based on the method of
Bradford (1976) using bovine serum albumin as the standard.
Thirty treated adult females were homogenized in 100 pl of
phosphate buffer (Merck) (pH 7.0) and centrifuged for 10 m at
10,000 x g at 4°C. Ten microliters of supernatant were mixed in
500 pl Bradford’s reagent and the absorbance was read at 630 nm
in an ELISA reader (Awareness Technology Inc., United States).
This experiment was repeated three times and a total of 180
adult predatory mites were used for each treatment [n = number
of concentrations (2) x of replications per concentration
(3) x number of predatory mites per replicate (30)].

The activity of general esterase and GST were determined
using the methods of Van Asperen (1962) and Habig et al.
(1974), respectively. To assess general esterase, 60 adult treated
A. swirskii females were homogenized with a plastic pestle
in 80 pl of phosphate buffer (0.2 M, pH 7.0) prepared
with 0.2% Triton X-100 (Sigma). a-naphthyl acetate (a-
NA) and f-naphthyl acetate (f-NA) (Fluka, Sigma-Aldrich,
Buchs, Switzerland) were used as substrates. The homogenized
solution was centrifuged at 12,000 x g for 10 min at 4°C.
Thirteen microliters of supernatant and 112 pl of phosphate
buffer were added to a 96-well microplate. The reaction
was initiated by the addition of 50 pl of substrate solution
(0.65 mM in buffer) per well. After 15 min incubation
at room temperature, 50 pl fast blue RR salt (Fluka) was
added and the microplate was left in dark conditions for
30 min. The esterase enzyme activity was calculated at
450 and 540 nm for a-NA and fS-NA, respectively, with
16 intervals of 30 s using a microplate reader (Awareness
Stat Fax_ 3200).

To determine GST activity, 1-chloro-2,4-dinitrobenzene
(CDNB, Merck) and reduced GSH (Merck) were used
as substrates. Sixty treated adult females of A. swirskii
were homogenized in 80 wl of phosphate buffer (0.2 M,
pH 7.0) in Eppendorf tubes using a plastic pestle and
followed by centrifugation at 12,000 x g for 10 min at
4°C. Fifteen microliters of supernatant were mixed with
110 pl 02 M (pH 7.0) of phosphate buffer, 80 nl of
CDNB, and 100 pl of GSH in the buffer. The absorbance
rate was continuously measured at 340 nm with 16
intervals of 30 s.
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Essential oil side-effects on the demographic
parameters of Amblyseius swirskii

All experiments were conducted on fresh-excised bean leaf
disks that were placed upside down in 30-ml transparent plastic
cups containing water agar mixture (10%) under conditions of
25 £ 1°C, 70 £ 5% relative humidity, and 16:8 h L:D cycle.
Lids were provided with a vent enclosed with insect gauze. The
bean leaf disks were painted with each essential oil and carrier
solvent for control and allowed to dry for 10 min. A cohort of 75
24-h old females of A. swirskii from untreated bean plants was
placed individually on leaf disks of each treatment and control.
After 24 h, forty surviving females from each treatment and
control were moved separately to untreated bean leaf disks and
individually placed on disks. Following 24 h, the eggs laid by
individual females in each experimental arena were stored as
per the above conditions at one egg per disk per female. The
cohort of 0-24 h old eggs from each female was reared through
a complete generation (i.e., egg to adult). During their nymphal
and adult development, five adult spider mites T. urticae were
provided daily as prey. Experimental arenas were checked daily
to record the survival and developmental time of the different
life stages. The leaves were replaced every 3 days (as required).
Each newly emerged female from four treatments was coupled
with an untreated male for mating as per the above conditions.
Survival and fecundity were recorded until the death of the
last individual.

Statistical analysis

The lethal concentrations and 95% CIs of the three oils
to spider mites were estimated by probit analysis (IBM Corp,
2012). A generalized linear model (GLM) with binomial
distribution with logit function was used to investigate
differences in mortality rates of T. urticae between different
oil concentrations for each of the three plant species tested.
The Dunn-Sidak test method was used to identify significant
pairwise differences where an overall experimental effect was
detected (Sidak, 1967). Results from trials conducted with
A. swirskii to assess the side effects of the different oils on its
biochemical composition were analyzed with a one-way analysis
of variance (ANOVA) followed by Tukey’s test to compare
differences among all treatments.

Life table data analysis

Raw data on the survivorship, longevity, and daily fecundity
of individual females were analyzed using the age-stage
specific (Chi and Liu, 1985; Chi, 1988) and TWOSEX life
table using both genders in the computer program MSChart
(Chi, 2021b). Means and standard errors of the population
parameters were estimated via Bootstrapping with 1,00,000
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replications (Efron and Tibshirani, 1993; Reddy and Chi, 2015).
Bootstrapping uses random resampling with replacement (of
collected data), otherwise, a small number of replications
will generate variable means and large standard errors.
Furthermore, traditional parametric tests cannot be used due
to violated assumptions (equal variance between groups for
example). Differences between means were compared using
the paired bootstrap test at the 5% level of significance
(Reddy and Chi, 2015).

The age-stage specific survival rate (syj); age-stage life
expectancy (ey); the age-specific survival rate (I); the age-
specific fecundity (my); the net reproductive rate (Rp); the
intrinsic rate of increase (r); the finite rate of increase (\); the
mean generation time (T); and the doubling time (DT) were
calculated (Chi and Liu, 1985; Chi, 1988, 2021b; Chi and Su,
2006):

nxj
= no1

00 k ,
eszz.Zsiy

i=x y=j

k
_ Zj:l Sxifsj
T sk
Zj:l Sxj

My

k
lx = ZS,C]-
j=1

o0 o0
RO = Z lxmx Z e_r(’H'l)lxmx =1
x=0

x=0

InR In2
A= 7= 210 7= 22

r r

Where x is age, j is the stage, ng; is the number of eggs used
at the beginning of the life table study, n,; is the number of
individuals surviving to age x and stage j, a is the number of
age groups, and k is the number of stages.

Population projection

The population size and age-stage structure of A. swirskii
were projected according to Chi and Liu (1985) and Chi (1990)
by using the computer program TIMING-MSChart (Chi, 2021a)
incorporating data derived from the age-stage, two-sex life table.
The stage growth rate was calculated as follows:

Tt = In (flj’t+1 + 1) — ln(f’lj’t + 1)

Where 7 ; is the number of individuals in stage j at time ¢.

Results

Chemical composition of the oils

Chemical components analysis of the essential oils
revealed that the predominant chemical compound found in
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Nepeta crispa oil was 1,8-Cineole (57.68%). The predominant
essential oil compounds found in Satureja hortensis were
carvacrol (34.75%), gamma-terpinene (34.28%), and para-
cymene (16.96%). L-phellandrene (34.18%), Carvone (23.68%),
and limonene (21.46%) were the main compounds identified in
Anethum graveolens oil (Table 1).

Lethal effect of essential oils on
Tetranychus urticae

Mortality rates of T. wurticae adults were significantly
different among oil concentrations of Nepeta crispa (Wald
X2 = 115.9; df = 4; P < 0.001), Satureja hortensis (Wald
%2 =102.5; df = 4; P < 0.001), and Anethum graveolens (Wald
%2 = 105.2; df = 4; P < 0.001). The highest concentrations
resulted in average mortality of about 90% after 24 h exposure
(Figure 1). No mortality was recorded in the control group.

Probit analysis of acute toxicity of T. urticae adults
in response to the three oils revealed the median lethal
concentration (LCsg) values, which were the highest for
S. hortensis and the lowest for N. crispa (Table 2).

Side effects of essential oils on
biochemical parameters of Amblyseius
swirsKii

Calculation of total available energy as the sum of the energy
contents revealed that treatments with the oils of N. crispa,
S. hortensis, and A. graveolens significantly reduced the total
carbohydrates content (F3,3 = 6.16; P < 0.018) and protein

10.3389/fpls.2022.923802

content (F3,3 = 9.75; P < 0.005) in the females of A. swirskii
compared to the control treatment. N. crispa reduced lipid
content (F3 g = 6.30; P < 0.017), however, Satureja hortensis and
Anethum graveolens did not affect lipid content when compared
to the control (Figure 2).

Exposure of A. swirskii adults to the different essential oils
had a significant effect on the activity of GST (F3,3 = 5.15;
P < 0.028) and the a-esterases (F3g = 47.56; P < 0.0001),
but not on the f-esterase enzymes (F3,3 = 1.16; P < 0.38)
(Figure 3). All oil treatments resulted in a higher a-esterase
enzyme activity compared to the control, with the highest levels
following Satureja hortensia oil treatment, whereas the GST
activity was only higher for the Anethum graveolis oil treatment
compared to the control treatment (Figure 3).

Side effects of essential oils on
demographic parameters of
Amblyseius swirskii

The application of N. crispa, S. hortensis, and A. graveolens
oils considerably affected developmental time, longevity, and
total life span of the progeny of A. swirskii females (Table 3).
Duration of egg and larva stages of the female and male progeny
of females exposed to the three treatments were not significantly
different from the untreated control, with an exception of the
effect of N. crispa treatment on the larva stage of females.
There was no significant difference between treatments and
control for protonymph and deutonymph duration of females
and males (Table 3). However, the developmental time of
females was significantly prolonged in all treatments compared
to the control, but this was not the case for males. The highest

TABLE1 Chemical composition of the essential oils of Nepeta crispa, Satureja hortensis, and Anethum graveolens.

Plant Component 2RRI Composition % Plant Component 2RRI Composition %
N. crispa A. graveolens Para-cymene 1028 16.98
Alpha-pinene 939 2.50 Limonene 1034 0.74
Sabinene 974 2.08 1,8-cineole 1038 0.28
Beta-pinene 982 6.54 Gamma-terpinene 1062 34.28
Beta-myrcene 993 0.42 Menthol 1176 0.50
Para-cymene 1028 1.43 Thymol 1298 0.27
Limonene 1034 1.37 Carvacrol 1308 34.75
1,8-cineole 1038 57.68 Trans-caryophyllene 1427 0.29
Gamma-terpinene 1062 1.19 Caryophyllene oxide 1592 0.23
Linalool 1098 1.26
Terpinen-4-ol 1183 1.74 Beta-myrcene 993 0.74
Alpha terpineol 1195 4.45 L-phellandrene 1006 34.18
S. hortensis Para-cymene 1028 5.53
Alpha-pinene 939 1.96 Limonene 1034 21.46
Beta-pinene 982 0.87 Gamma-terpinene 1062 0.77
Beta-myrcene 993 1.88 Alpha-terpineol 1190 5.57
Alpha-phellandrene 1007 0.33 Carvone 1251 23.68
Alpha-terpinene 1019 2.77 Carvacrol 1308 0.79

3RRI, relative retention index.
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FIGURE 1

Estimated mean mortality of Tetranychus urticae adults by
residual concentrations of Nepeta crispa, Satureja hortensis, and
Anethum graveolens. The circles are the back-transformed
predicted means by the GLM model and the vertical lines show
back-transformed 95% Cls estimated by the generalized linear
model. Means sharing a letter do not differ significantly

(P < 0.05).

reduction in female longevity was due to oil applications of
N. crispa, followed by A. graveolens and S. hortensis. A similar
effect was observed for males (Table 3).
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Reproduction and population growth
parameters of Amblyseius swirskii

Nepeta crispa and A. graveolens oil treatments resulted in
a significantly prolonged pre-oviposition time of A. swirskii
when compared to the control treatment (Table 4). Also,
oviposition time was significantly reduced in N. crispa and
A. graveolens oil treatments compared to the control. The total
fecundity of A. swirskii was negatively affected by all three oil
treatments. A similar effect was observed in the post-oviposition
time (Table 4).

Age-specific survival rate (I;) and age-specific fecundity of
the total population (m,) exposed to the different essential
oils were compared with populations in the control treatment
(Figure 4). Regardless of the developmental stage, I, represents
the probability that an egg will survive to age x, and the curve
of the age-specific survival rate is a simplified form of the curves
of age-stage survival rate. The total life span averaged 29.26 days
for the untreated females and 25, 26.05, and 24.71 days for the
females treated with the highest concentrations of N. crispa,
S. hortensis, and A. graveolens, respectively. A comparison of the
survival (I;) of untreated mites and those treated with essential
oils of N. crispa and A. graveolens revealed an increase of 4.9
and 5.3% mortality in the immature stages, with 95.1 and 94.7%
chance of reaching adulthood, respectively. However, the mites
treated with S. hortensis showed no mortality in immature
stages, with a 100% chance of reaching adulthood.

A maximum mx of 0.78 eggs/female/day was observed on
day 11 for untreated mites. For mites treated with N. crispa,
S. hortensis, and A. graveolens, mx was approximately 0.61, 0.6,
and 0.63 eggs/female/day, respectively, which occurred on days
15, 13, and 16 of life span, respectively. Based on the age-stage
specific survival rate of both untreated and treated individuals
of A. swirskii, the probability that an egg will survive to age x
and develop to stage j was illustrated. Compared to the control,
N. crispa and A. graveolens increased the total pre-oviposition
time. Male adults emerged simultaneously with females.

The age-stage survival rate (s;) represents the probability
that an egg of A. swirskii will survive to age x and stage j.
There is an overlap in the curves at different developmental
periods among the individuals in all treatments. The highest
female survival rate was observed in control compared with
other treatments and 57.5% of eggs normally developed to the
adult stage (Figure 5).

There were no significant effects of the highest
concentration of essential oils on the population parameters
including the intrinsic rate of increase (r), the finite rate
of increase (\), the net reproductive rate (Rg), the gross
reproductive rates (GRRs) and the mean generation time
(T) (Table 5).

The age-stage-specific life expectancy (ey;: the period that
an individual of age x and stage j is expected to survive) of
A. swirskii individuals was affected by treatments. According
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TABLE 2 Median lethal concentration (LCs) estimated using probit analysis for adult female Tetranychus urticae exposed to N. crispa, S. hortensis,
and A. graveolens oils for 24 h.

Pesticide LCso (R1L™1) 95% Confidence limits Slope + SE X2 df
N. crispa 32.04 29.01-35.47 2.86 +0.24 0.93 3
S. hortensis 136.00 126.07-146.24 3.8540.35 1.24 3
A. graveolens 73.07 64.66-82.48 2.324+0.20 3.05 3
1 -
09 - a m Control

ab B N. crispa
0.8 - u S. hortensis
W 4. graveolens

Total Energy (mg/mite)
(=)
(9]

Carbohydrates Lipid Protein

FIGURE 2
Total energy content (mean =+ SE) of the carbohydrate, lipid, and protein reserves of A. swirskii females exposed to N. crispa, S. hortensis, and
A. graveolens oils. Different letters indicate significant differences between treatments based on Tukey's test (P < 0.05).

60 -
a = Control
W N. crispa
50 - b b u S. hortensis

W 4. graveolens

Specific activity (jumol/min/mg protein)

GST a-Esterase B-Esterase

FIGURE 3
The enzyme activity (mean + SE) of A. swirskii (umol min~! mg protein—!) females exposed to N. crispa, S. hortensis, and A. graveolens oils.
Different letters indicate significant differences between treatments based on Tukey's test (P < 0.05).
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TABLE 3 Mean (+SE) developmental time, longevity, and total life span (days) of offspring from females of A. swirskii from control and treatments
with N. crispa, S. hortensis, and A. graveolens oils.

Treatments
Sex/Stage N. crispa S. hortensis A. graveolens Control F-value*
Female
Egg duration 1.76 + 0.12* 1.73 £ 0.10 1.70 £ 0.112 1.48 +0.112 3336
Larva duration 133 £0.11% 1.27 +0.10% 1.25 +0.10% 1.09 + 0.06" 30.54
Protonymph 1.8140.112 1.824+0.13° 171+ 0.13° 1.74 +0.16* 3.99
Deutonymph 2.00 £0.17% 1.91 £0.17* 1.85 £ 0.17* 1.87 £0.17* 3.32
Developmental time 6.90 = 0.23% 6.73 4 0.22° 6.51 £ 0.179* 6.17 £ 0.29° 3122.13
Longevity 18.10 4 0.22¢ 19.32 +0.19 1820 + 0.17¢ 23.09 + 0.22° 3122.13
Total life span 25.00 = 0.35¢ 26.05 =+ 0.28" 24.71 £ 0.26¢ 29.26 +0.32° 1026.86
Male
Egg duration 1.82 +0.15 1.67 +0.142 1.61 +0.142 1.53 +0.12% 13.55
Larva duration 1.41 +0.16 1.39 + 0.14? 1.28 +0.112 1.24 +0.11% 7.82
Protonymph 1.88 +0.15 1.83 +0.122 1.72 £ 0.142 1.76 £ 0.11% 5.53
Deutonymph 1.65 4 0.122 1.61 4+ 0.12° 1.56 + 0.12° 1.53 4+ 0.15 3.04
Developmental time 6.76 + 0.34* 6.50 £ 0.34* 6.17 £ 0.34* 6.06 + 0.20% 19.21
Longevity 17 17.04 £ 0.23¢ 18.33 +0.24° 17.50 % 0.32¢ 22.35 + 0.44% 1048.89
Total life span 23.71 £ 0.43¢ 24.83 £ 0.26" 23.67 £ 0.33¢ 28.41 + 0.49° 598.96

Means followed by different letters in the same row are significantly different by using a paired bootstrap test based on CI of difference (P < 0.05).
*F(df,n): female (3,82), male (3,66).

TABLE 4 Mean (+SE) reproductive period and total fecundity of offspring from females of A. swirskii from control and treatments with N. crispa,
S. hortensis, and A. graveolens oils.

Treatments
N. crispa S. hortensis A. graveolens Control F-value*
Total pre-oviposition (TPOP) (day) 10.38 4 0.24% 10.00 4 0.25%¢ 10.15 £ 0.24* 9.35 4 0.36° 80.87
Oviposition (day) 11.38 4 0.26" 12.41 4 0.212 10.90 4 0.26" 12.91 4 0.182 357.17
Post-oviposition (day) 4.92 40.10° 5.15 £ 0.13" 5.35 +0.13" 6.20 £ 0.11° 278.00
Total fecundity (offspring) 11.57 4+ 0.24¢ 12.59 £ 0.22> 11.40 £ 0.27¢ 13.57 +0.26* 359.66

Means followed by different letters in the same row are significantly different by using a paired bootstrap test based on CI of difference (P < 0.05).
*F(df,n): (3,82).

to the exj curve of newborns (ep;), A. swirskii was expected to males) on S. hortensis, 2,082 individuals (1,079 females and 1,003
live 20, 21.04, 19.66, and 25.26 days when exposed to essential males) on A. graveolens and 2,077 individuals (1,147 females and
oils of N. crispa, S. hortensis, and A. graveolens and control, 930 males) on N. crispa (Figure 7). The growth rates (rj,;) of all
respectively (Figure 6). stages fluctuated (Figure 8).
Population projection of Amblyseius Discussion
swirskii
Over the past decade, there has been increased attention

The stage growth rate of A. swirskii exposed to N. crispa, to the use of extracted oils from plants as alternatives to
S. hortensis, and A. graveolens oils was projected based on conventional synthetic pesticides to control pests and prevent
calculated life tables. The population growth of untreated negative effects on natural enemies (Momen et al, 2001;
A. swirskii was significantly faster than it was in the three Regnault-Roger et al., 2012; Isman and Grieneisen, 2014;
treatments. After 60 days, predicted populations of A. swirskii Pavela, 2015; Atanasova and Leather, 2018), however, in many
adults were 7,628 individuals (4,389 females and 3,240 males) in countries, it has been difficult to meet this demand because
control followed by 3,548 individuals (1,932 females and 1,616 of registration requirements, consequently, few companies
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FIGURE 4
Age-specific survival (Ix) and age-specific fecundity (my) of the population of A. swirskii females from control and treatments of N. crispa,
S. hortensis, and A. graveolens oils.

have navigated through the costly conventional insecticide
registration process (Regnault-Roger et al., 2012). The essential
oils of Nepeta sp. Satureja sp. and Anethum have proved highly
toxic to T. urticae (Aslan et al, 2004; Calmasur et al., 20065
Miresmailli et al., 2006), which is confirmed in our study.
Investigation of the compatibility of plant-based acaricides and
biocontrol agents is crucial for the execution of IPM strategies
(De Aratjo et al,, 2020). Therefore, studies are needed to assess
potential side-effects of biopesticides on beneficial organisms.
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The present study evaluated the effects of the highest
concentration rates of N. crispa, S. hortensis, and A. graveolens
the of
A. swirskii. The results demonstrated a significant reduction in

on biochemical and demographic parameters
carbohydrate and protein contents of A. swirskii after exposure
to the essential oils. Lipid content in A. swirskii was reduced
only when exposed to essential oils of N. crispa. The reduction
of carbohydrate content may be due to an antifeedant effect

and/or an increase in the metabolism under toxicant stress
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Age-stage specific survival rate (sy;) of the population from A. swirskii females from control and treatments of N. crispa, S. hortensis, and

(Remia et al., 2008). Lipids are an important source of energy
and are reserved in body fat. The reserve of lipids during the
feeding period increases but is reduced in the non-feeding stages
(Chapman, 1998). The reduction in lipid content in A. swirskii
when treated with N. crispa essential oils might be caused by
the effect of the toxic compound on the adipokinetic hormone
that modulates the lipid metabolism (Sak et al., 2006). Proteins
play a fundamental role in biochemical reactions and hormonal
regulation in all known species (Sugumaran, 2010). A decrease
in protein content was observed in all treatments of A. swirskii
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female compared to the control treatment. Reduction in protein
content is a common phenomenon in insects after treatment
with toxic compounds (Nathan et al, 2008). It is likely that
the insect degrades proteins to resultant amino acids in order
to let them enter the tricarboxylic acid cycle (TCA cycle) as a
keto acid for compensation for lower energy caused by stress
(Bizhannia et al., 2005). Protein level reduction might also be
caused by the destructive effect of IGRs on the central nervous
system (Baker et al., 2009). Similar biochemical responses were
found for insects treated with pesticides. Bashari et al. (2014)
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TABLE 5 Mean (£SE) population parameters of the females of Amblyseius swirskii from control and treatments with N. crispa, S. hortensis, and

A. graveolens oils.

Treatments
N. crispa S. hortensis A. graveolens Control F-value*
Intrinsic rate of increase, r (day’l) 0.1132 +£0.01* 0.1220 + 0.01* 0.1117 £ 0.01* 0.1348 +0.01* 42.11
Finite rate of increase, A (day~!) 1.1199 £+ 0.01* 1.1298 £+ 0.012 1.1181 £ 0.01* 1.1443 £ 0.017 42.56
Net reproductive rate, Ry (offspring) 6.075 £ 0.922 6.925 + 0.99* 5.70 £+ 0.90* 7.80 + 1.09* 36.55
Gross reproductive rate, GRR (offspring) 6.47 £ 094° 6.95 %+ 0.99° 6.04 £0.93* 7.80 £ 0.09* 23.10
Mean generation time, T (day) 15.93 +0.23* 15.85 £ 0.23% 15.58 4+ 0.25% 15.23 +0.29* 60.70

Means followed by different letters in the same row are significantly different by using a paired bootstrap test based on CI of difference (P < 0.05).

*F(dfn): (3,156).

showed that hexaflumuron significantly decreased the total
carbohydrate, lipid, and protein content of third instar larvae
of Xanthogaleruca luteola Miill (Coleoptera: Chrysomelidae).
Also, clear decreases in total protein levels were observed in
fifth instar larvae of Bombyx mori Linnaeus (Lepidoptera:
Bombycidae) after treatments with pyriproxyfen at 10, 75, 150,
and 500 ppm (Etebari et al., 2007). Sak et al. (2006) also verified
a striking decrease in glycogen, lipid, and protein reserves
of Pimpla turionellae L. (Hymenoptera: Ichneumonidae)
exposed to cypermethrin. Therefore, this phenomenon seems to
generalize to different types of herbivores affected by different
classes of pesticides.

An alternative way to analyze biochemical responses of
organisms to pesticides is by measuring the detoxification
enzyme activity. Glutathione-S-transferases play an important
role in the biotransformation and degradation of various
pesticides (Yang, 1976; Motoyama, 1980). The activities of
GSTs increased in A. graveolens oil treated predatory mites
as compared to control but not in N. crispa and S. hortensis
oil treatments. a-Esterase activity substantially increased in
treated A. swirskii females compared to control, but levels of
p-esterases were not changed in response to oil treatments.
Our results are consistent with Farahani et al. (2020) who
found that the activity of GST and esterase (a-Na) significantly
increased in T. urticae treated with some essential oils of the
Lamiaceae family. The increase in GST and general esterase
activities have been reported in Glyphodes pyloalis (Lepidoptera:
Crambidae) treated with seed extract of Withania somnifera
(Afraze et al, 2020). In contrast, GST, a- and f-esterase
activities were reduced by exposure to high concentrations
of Cymbopogon flexuosus essential oil in Aedes aegypti L.
(Diptera: Culicidae) (Carreno et al, 2018). Similarly, Liao
et al. (2017), Gao et al. (2019), and Chauhan et al. (2022)
reported inhibitory effects of essential oils on insect detoxifying
enzymes. The Cymbopogon citratus essential oil significantly
reduced detoxifying enzyme activity of larvae of Agrotis ipsilon
Hufnagel (Lepidoptera: Noctuidae) (Moustafa et al, 2021).
This suppression of GST activity after exposure to pesticides
in target and non-target species has been extensively studied
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(Usui et al., 1977; Hayaoka and Dauterman, 1982; Hodge et al,,
2000; Gholamzadeh-Chitgar et al., 2015; Badawy et al., 2022).
GSTs are involved in the detoxification of xenobiotics and
protection of organisms from oxidative damage and play an
essential role in the detoxification of insecticides and thus
rendering them less or non-toxic (Hayes and Pulford, 1995;
Rufingier et al, 1999). Esterases are classified as hydrolases,
a large and diverse group of enzymes participating in
xenobiotic detoxification by surrounding toxic compounds and
consequently preventing them from gaining access to the target
site (Kerkut and Gilbert, 1985; Hayes and Pulford, 1995).
Differences in susceptibility between populations and species,
the mode of action of essential oils against mites, concentrations,
and time of exposure likely explain variability in results reported
in different studies (Liao et al., 2017; Shojaei et al., 2017).

The highest oil concentrations applied in this study of
N. crispa, S. hortensis, and A. graveolens prolonged the
developmental time of A. swirskii female. These effects may
eventually result in reduced population growth of this predator.
Similar effects were observed on the developmental time
duration of T. urticae when exposed to sublethal concentrations
of Cinnamomum zeylanicum Blume (Laurales: Lauraceae)
(Rezaei et al, 2014). Also, the longevity and total life span
of A. swirskii were reduced in all oil treatments. Overall,
A. graveolens had the strongest negative effect on A. swirskii
followed by N. crispa and S. hortensis. Similar effects of
aromatic plant oils on female longevity have been reported when
T. urticae was exposed to C. zeylanicum (Rezaei et al, 2014),
Artemisia annua L., and Rosmarinus officinalis L. essential oils
(Esmaeily et al., 2017). Similar observations have been reported
in other studies, where plant extracts also negatively affected
the life cycle of insects (Gaspari et al.,, 2007; Poderoso et al,,
2016).

Reproductive variables of A. swirskii after exposure to oils
from N. crispa, S. hortensis, and A. graveolens were reduced
compared to untreated mites. These results are consistent
with the literature on other mites and insects (Lima et al,
2015; Heidary et al,, 2020; Shaltoki et al., 2022). Fecundity
reduced when Brevicoryne brassicae (Hemiptera: Aphididae)
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was treated with a sublethal concentration of Thymus daenensis
pure essential oil and its nanocapsule (Heidary et al., 2020). The
fecundity of predator Hippodamia variegata Goeze (Coleoptera:
Coccinellidae) also decreased substantially when exposed to
sublethal concentrations of essential oils of Mentha pulegium
(Shaltoki et al., 2022). Although a commercial formulation of
azadirachtin significantly reduced fecundity of Neoseiulus baraki
Athias-Henriot (Acari: Phytoseiidae) (Lima et al.,, 2015), garlic
extract compounds did not have a significant effect on the
fecundity of Podisus maculiventris (Mamduh et al., 2017).

Frontiers in Plant Science

The highest concentration treatments of tested essential oils
significantly reduced the age-specific survival and fecundity
of A. swirskii, however, S. hortensis had a negligible impact
on the mite survival. Exposure of predatory bug Nesidiocoris
tenuis Reuter (Hemiptera: Miridae) to formulations of citrus
essential oils produced a similar impact on the survival
of this predator (Campolo et al, 2020). The essential oil
of Ferula asafoetida L. (Umbelliferae) led to a significant
reduction in fecundity and survival rate of parasitoids
Trichogramma embryophagum (Hartig) and Trichogramma
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Population growth of A. swirskii from control and treatments of N. crispa, S. hortensis, and A. graveolens oils.
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evanescens Westwood (Hymenoptera: Trichogrammatidae)
(Poorjavad et al, 2014). Sublethal concentrations of the
bio-acaricide Biomite caused a significant reduction in age-
specific fecundity and survival curves of Neoseiulus californicus
(Havasi et al, 2020). The variability in results could be
due to the susceptibility of different species, experiment
methods, different chemical constituents, formulations, and the
concentrations tested (Obeng-Ofori et al,, 1997; Zekri et al,
2013).

The assessments of population growth and reproductive
rates of treated and untreated females of A. swirskii showed that
the examined essential oils did not negatively affect 7, A, Ry, and
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GRR of the predatory mite at the highest concentrations. Similar
to our results, Biomite® (Havasi et al.,, 2020) did not have a
significant effect on the r and \ of N. californicus. However, there
are studies showed a significant reduction in these parameters
have been reported in insects when exposed to plant essential
oils (Esmaeily et al, 2017; Mamduh et al., 2017; Ebadollahi
and Mahdavi, 2019; Saraiva et al., 2020). Differences between
species, populations, experimental method, formulations and
concentrations could be responsible for variable results between
studies. Our findings regarding Ry and GRR of A. swirskii
in treatments of essential oils were in partial agreement with
other reports where the parameters were not significantly
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different when arthropods are exposed to other biopesticides
(Mamduh et al.,, 2017; Havasi et al., 2020). However, in a similar
study looking at the sublethal effects of A. annua L. and
R. officinalis L. essential oils on T. urticae, authors report that
the values of Ry and GRR tended to decline after exposures
to sublethal concentrations of essential oils of tested plants
(Esmaeily et al., 2017).

The age-specific survival rate (), age specific fecundity
(my), age-stage specific survival rate (sj), and age-stage life
expectancy (eyj) curves were significantly reduced in A. swirskii
treated with the highest concentration of A. graveolens oils
compared to untreated mites, whereas the effect of N. crispa
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and S. hortensis were negligible. Similar results were reported on
Podisus nigrispinus, where survival rates of this predatory stink
bug declined at several concentrations of neem oil (Zanuncio
et al,, 2016). Reduction in T. urticae life expectancy (eyj) has
been reported when exposed to A. annua and R. officinalis oils
treatment (Esmaeily et al., 2017). Garlic extract reduced the age-
stage-specific survival rate (syj) of P. maculiventris (Mamduh
et al., 2017). Sublethal concentrations of Biomite® caused a
significant reduction in the age-specific fecundity (m,) and
survival (Iy) curves of N. californicus (Havasi et al., 2020). Thus,
biological impacts have been evident on arthropods treated with
essential plant oils.
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A population projection based on the age-stage, two-sex
life table can predict the change in stage structure during
population growth. Understanding stage structure is crucial to
pest management (Huang et al., 2018), due to predatory mites’
dispersal and damage capability vary with stage. The projections
predict that the growth of the A. swirskii population would be
negatively affected by the essential oils tested in this study. The
intrinsic rate of increase (r) and the finite rate of increase (\)
are derived parameters and estimated based on the assumption
that a population settles down to a stable age-stage distribution
(SASD) as the time approached infinity. It is inappropriate to use
these parameters to predict the population growth rate before
SASD. Moreover, the basic data, e.g., the survival rate (sxj),
describe the life history characteristics without the assumption
of SASD; thus, cannot be used in population projection (Huang
and Chi, 2012; Huang et al, 2018). Although there were
no significant differences in population parameters between
treatments, the longer survival time in the age-stage survival rate
(sxj) and higher fecundity resulted in faster population growth
than those treated with the essential oils.

Overall, exposure of A. swirskii to the highest (residual)
concentrations of N. crispa, S. hortensis, and A. graveolens
oils had disruptive effects on the energy reserves, survival,
longevity, fecundity, and population growth of the predatory
mite. Nevertheless, the essential oils showed no substantial
change in population parameters (r, \, and Rg). The intrinsic
rate of increase (r) is considered the best measure for evaluating
the total effects of a pesticide (Moscardini et al.,, 2013) and
the use of r has been highlighted as an ecological bioassay
parameter for toxicology studies (Allan and Daniels, 1982).
According to our observations, the examined essential oils
need to be cautiously applied as alternatives to conventional
insecticides and could be used in combination with biological
control agents within an IPM program. However, the shelf life
of essential oils and side-effects on natural enemies should be
further evaluated under semi-field and field conditions before
they can be included as part of a holistic approach in pest-
control programs.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

References

Adams, R. P. (2007). Identification of essential oil components by gas
chromatography/mass spectrometry, 4th edn. Allured: Carol Stream, IL.

Afraze, Z., Sendi, J. J., Karimi-Malati, A., and Zibaee, A. (2020). Methanolic
extract of winter cherry causes morpho-histological and immunological ailments

Frontiers in Plant Science

10.3389/fpls.2022.923802

Author contributions

SG and YZ conceived and designed the experimental plan.
SG performed the experiments and wrote the first draft of
the manuscript. GM and GA assisted with data analysis. All
authors commented on the manuscript and approved the
final manuscript.

Funding

This work was supported and the open access funding was
provided by the National Natural Science Foundation of China
(31972338) and the Natural Key Research and Development
Program of China (2021YFD1400102).

Acknowledgments

We appreciate the University of Guilan and Urmia
University for the provided support. The content of the
current manuscript has previously been posted as a preprint on
Research Square.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

in Mulberry Pyralid Glyphodes pyloalis. Front. Physiol. 11:908. doi: 10.3389/fphys.
2020.00908

Ali, A., Tabanca, N., Demirci, B., Blythe, E. K., Can Baser, K. H., and Khan, I. A.
(2016). Chemical composition and biological activity of essential oils from four

frontiersin.org


https://doi.org/10.3389/fpls.2022.923802
https://doi.org/10.3389/fphys.2020.00908
https://doi.org/10.3389/fphys.2020.00908
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Ghasemzadeh et al.

Nepeta species and hybrids against Aedes aegypti (L.) (Diptera: Culicidae). Rec.
Nat. Prod. 10, 137-147.

Alinejad, M., Kheradmand, K., and Fathipour, Y. (2014). Sublethal effects of
fenazaquin on life table parameters of the predatory mite Amblyseius swirskii
(Acari: Phytoseiidae). Exp. Appl. Acarol. 64, 361-373. doi: 10.1007/510493-014-
9830-y

Allan, J. D, and Daniels, R. E. (1982). Life table evaluation of chronic exposure
of Eurytemora affinis (Copepoda) to kepone. Mar. Biol. 66, 179-184. doi: 10.1007/
BF00397191

Amizadeh, M., Hejazi, M. J., and Askari Saryazdi, G. (2013). Fumigant toxicity
of some essential oils on Tetranychus urticae (Acari: Tetranychidae). Int. J. Acarol.
39, 285-289. doi: 10.1080/01647954.2013.777782

Aslan, I, Ozbek, H., Calmasur, O, and $ahin, F. (2004). Toxicity of essential oil
vapours to two greenhouse pests, Tetranychus urticae Koch and Bemesia tabaci
Genn. Ind. Crops Prod. 19, 167-173. doi: 10.1016/j.indcrop.2003.09.003

Atanasova, D., and Leather, S. R. (2018). Plant essential oils: The way forward
for aphid control? Ann. Appl. Biol. 173, 175-179. doi: 10.1111/aab.12451

Attia, S., Grissa, K. L., Lognay, G., Bitume, E., Hance, T., and Mailleux, A. C.
(2013). A review of the major biological approaches to control the worldwide
pest Tetranychus urticae (Acari: Tetranychidae) with special reference to natural
pesticides. J. Pest. Sci. 86, 361-386. doi: 10.1007/s10340-013-0503-0

Ausloos, P., Clifton, C. L, Lias, S. G., Mikaya, A. L, Stein, S. E., Tchekhovskoi,
D. V., et al. (1999). NIST standard reference database 1A. NIST/EPA/NIH mass
spectral library with search program. Data versions: NIST 05 and NIST 08,
2005-2008. Mass Spectrom. . Am. Soc. 10:287.

Badawy, M. E. I, Mahmoud, M. S., and Khattab, M. M. (2022). Toxicity, joint
action effect, and enzymatic assays of abamectin, chlorfenapyr, and pyridaben
against the two-spotted spider mite Tetranychus urticae. J. Basic Appl. Zool. 83:22.
doi: 10.1186/s41936-022-00287-6

Baker, R. F., Mohammed, M. I, El-Gammal, E. M., and Mahdy, N. M. (2009).
Biological effects of chitin synthesis inhibitors, hexaflumuron compound on the
desert locust Schistocerca gregaria (Forskal). Egypt. Acad. J. Biol. Sci. 1, 49-57.
doi: 10.21608/eajbsf.2009.17556

Bashari, E., Ghadamyari, M., and Jalali Sendji, J. (2014). Toxicity, and biological
and biochemical effects of hexaflumuron on the elm leaf beetle Xanthogaleruca
luteola (Col: Chrysomelidae). J. Entomol. Soc. Iran 34, 35-46.

Bizhannia, A. R., Etebari, K., and Sorati, R. (2005). The effects of juvenile
hormone analogue Admiral, application on protein metabolism of silkworm
larvae. J. Entomol. Soc. Iran 25, 43-56.

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein dye binding.
Anal. Biochem. 72, 248-254. doi: 10.1016/0003-2697(76)90527-3

Brown, D., Zhang, L., Wen, Z.,, and Scott, J. G. (2003). Induction of P450
monooxygenases in the German cockroach Blattella germanica L. Arch. Insect
Biochem. Physiol. 53, 119-124. doi: 10.1002/arch.10089

Bulgarini, G., Bortolini, S., and Maistrello, L. (2021). Repellent activity of
essential oils on adults of Halyomorpha halys (Heteroptera: Pentatomidae) in
different physiological-behavioural phases. J. Appl. Entomol. 145, 75-586. doi:
10.1111/jen.12872

Galmagur, O, Aslan, I, and $ahin, F. (2006). Insecticidal and acaricidal effect of
three Lamiaceae plant essential oils against Tetranychus urticae Koch and Bemisia
tabaci Genn. Ind. Crops Prod. 23, 140-146. doi: 10.1016/j.indcrop.2005.05.003

Calvo, F. J., Knapp, M., van Houten, Y. M., Hoogerbrugge, H., and Belda, J. E.
(2015). Amblyseius swirskii: What made this predatory mite such a successful
biocontrol agent? Exp. Appl. Acarol. 65,419-433. doi: 10.1007/s10493-014-9873-0

Camilo, C., Alves Nonato, C. D. F., Galvao-Rodrigues, F. F., Costa, W. D,,
Clemente, G. G., Macedo, S., et al. (2017). Acaricidal activity of essential oils: A
review. Trends Phytochem. Res. 1, 183-198.

Campolo, O., Puglisi, I, Barbagallo, R. N., Cherif, A., Ricupero, M., Biondi, A.,
et al. (2020). Side effects of two citrus essential oil formulations on a generalist
insect predator, plant and soil enzymatic activities. Chemosphere 257:127252. doi:
10.1016/j.chemosphere.2020.127252

Carrefio, O. A. L., Palacio-Cortés, A. M., Navarro-Silva, M. A., Kouznetsov,
V. V., and Duque, L. J. E. (2018). Behavior of detoxifying enzymes of Aedes aegypti
exposed to girgensohnine alkaloid analog and Cymbopogon flexuosus essential oil.
Comp. Biochem. Physiol. C Toxicol. Pharmacol. 204, 14-25. doi: 10.1016/j.cbpc.
2017.11.002

Chapman, R. F. (1998). The Insect Structre and Function, 4th Edn. Cambridge:
Cambridge University Press. doi: 10.1017/CB09780511818202

Chauhan, N., Kashyap, U., Dolma, S. K., and Reddy, S. G. E. (2022). Chemical
composition, insecticidal, persistence and detoxification enzyme inhibition
activities of essential oil of Artemisia maritima against the Pulse Beetle. Molecules
27:1547. doi: 10.3390/molecules27051547

Frontiers in Plant Science

17

10.3389/fpls.2022.923802

Chi, H. (1988). Life table analysis incorporating both sex and variable
development rate among individuals. Environ. Entomol. 17, 26-34. doi: 10.1093/
ee/17.1.26

Chi, H. (1990). Timing of control based on the stage structure of pest
populations: A simulation approach. J. Econ. Entomol. 83, 1143-1150. doi: 10.
1093/jee/83.4.1143

Chi, H. (2021b). TWOSEX-MSChart: A Computer Program for the Age-Stage,
Two-Sex Life Table Analysis. Available online at: http://140.120.197.173/Ecology/
(accessed on March 15, 2022)

Chi, H. (2021a). TIMING-MSChart: A Computer Program for the Population
Projection Based On Age-Stage, Two-Sex Life Table. Available online at: http://140.
120.197.173/Ecology/ (accessed on Feb 27, 2022)

Chi, H., and Liu, H. (1985). Two new methods for the study of insect population
ecology. Bull. Inst. Zool. Acad. Sin. 24, 225-240.

Chi, H., and Su, H. Y. (2006). Age-stage, two-sex life tables of Aphidius gifuensis
(Ashmead) (Hymenoptera: Braconidae) and its host Myzus persicae (Sulzer)
(Homoptera: Aphididae) with mathematical proof of the relationship between
female fecundity and the net reproductive rate. Environ. Entomol. 35, 10-21.
doi: 10.1603/0046-225X-35.1.10

IBM Corp (2012). IBM SPSS Statistics for Windows, 21st Edn. Armonk, NY: IBM
Corp.

De Aratjo, M. J. C,, da Camara, C. A. G, Born, F. S, and de Moraes,
M. M. (2020). Acaricidal activity of binary blends of essential oils and selected
constituents against Tetranychus urticae in laboratory/greenhouse experiments
and the impact on Neoseiulus californicus. Exp. Appl. Acarol. 80, 423-444. doi:
10.1007/s10493-020-00464-8

Dermauw, W., Wybouw, N., Rombauts, S., Menten, B., Vontas, J., Grbic, M.,
et al. (2013). A link between host plant adaptation and pesticide resistance in the
polyphagous spider mite Tetranychus urticae. Proc. Natl. Acad. Sci. U.S.A. 110,
E113-E122. doi: 10.1073/pnas.1213214110

Desneux, N., Decourtye, A., and Delpuech, J. M. (2007). The sublethal effects of
pesticides on beneficial arthropods. Annu. Rev. Entomol. 52, 81-106. doi: 10.1146/
annurev.ento.52.110405.091440

Dogramaci, M., Kakkar, G., Kumar, V., Chen, J., and Arthurs, S. (2013). Swirski
Mite Amblyseius Swirskii Athias-Henriot (Arachnida: Mesostigmata: Phytoseiidae).
EENY 565, UF/IFAS Exten. Available online at: https://edis.ifas.ufl.edu/in1001.
(accessed June, 2013)

Ebadollahi, A., and Mahdavi, V. (2019). Insecticidal effects of Moldavian
dragonhead. Dracocephalum moldavica, essential oil on the parasitoid wasp
Habrobracon hebetor and its hosts Anagasta kuehniella and Plodia interpunctella.
Plant Pest Res. 9, 49-61.

Ebadollahi, A., Sendi, J. J., Aliakbar, A., and Razmjou, J. (2015). Acaricidal
activities of essential oils from Satureja hortensis (L.) and Teucrium polium
(L.) against the two spotted spider mite Tetranychus urticae Koch (Acari:
Tetranychidae). Egypt. J. Biol. Pest Control 25, 171-176.

Efron, B., and Tibshirani, R. J. (1993). An Introduction to the Bootstrap.
New York, NY: Chapman and Hall. doi: 10.1007/978-1-4899-4541-9

Elsadany, M. F. L. (2018). Influence of host plants and some leaf contents on
biological aspects of Tetranychus urticae Koch (Archnida: Acari: Tetranychidae).
JoBAZ 79:20. doi: 10.1186/s41936-018-0032-8

Esmaeily, M., Bandani, A. R., Zibaee, 1., Sharifian, 1., Zare, and Sh. (2017).
Sublethal effects of Artemisia annua L. and Rosmarinus officinalis L. essential oils
on life table parameters of Tetranychus urticae (Acari: Tetranychidae). Persian J.
Acarol. 6,39-52.

Etebari, K. Bizhannia, A. R, Sorati, R, and Matindoost, L. (2007).
Biochemical changes in haemolymph of silkworm larvae due to pyriproxyfen
residue. Pestic. Biochem. Physiol. 88, 14-19. doi: 10.1016/j.pestbp.2006.
08.005

Farahani, S., Bandani, A. R,, and Amiri, A. (2020). Toxicity and repellency
effects of three essential oils on two populations of Tetranychus urticae (Acari:
Tetranychidae). Persian J. Acarol. 9, 67-81.

Fasulo, T. R, and Denmark, H. A. (2003). “Two spotted spider mite. Tetranychus
urticae Koch (Arachnida: Acari: Tetranychidae). EDIS 2003:15. doi: 10.32473/
edis-in307-2000

Fatemikia, S., Abbasipour, H., and Saeedizadeh, A. (2017). Phytochemical and
acaricidal study of the galbanum. Ferula gumosa Boiss. (Apiaceae) essential oil
against Tetranychus urticae Koch (Tetranychidae). J. Essent. Oil Bear. Plant. 20,
185-195. doi: 10.1080/0972060X.2016.1257957

Fernandes, F. L., Bacci, L., and Fernandes, M. S. (2010). Impact and Selectivity
of Insecticides to Predators and Parasitoids. EntomoBrasilis 3, 1-10. doi: 10.12741/
ebrasilis.v3il.52

Freitas, G. S. D., Santos, M. C. D, Lira, V. D. A., Galvio, A. S., Oliveiram, E. E.,
Filhom, J. G. D. S, et al. (2018). Acute and non-lethal effects of coconut oil on

frontiersin.org


https://doi.org/10.3389/fpls.2022.923802
https://doi.org/10.1007/s10493-014-9830-y
https://doi.org/10.1007/s10493-014-9830-y
https://doi.org/10.1007/BF00397191
https://doi.org/10.1007/BF00397191
https://doi.org/10.1080/01647954.2013.777782
https://doi.org/10.1016/j.indcrop.2003.09.003
https://doi.org/10.1111/aab.12451
https://doi.org/10.1007/s10340-013-0503-0
https://doi.org/10.1186/s41936-022-00287-6
https://doi.org/10.21608/eajbsf.2009.17556
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1002/arch.10089
https://doi.org/10.1111/jen.12872
https://doi.org/10.1111/jen.12872
https://doi.org/10.1016/j.indcrop.2005.05.003
https://doi.org/10.1007/s10493-014-9873-0
https://doi.org/10.1016/j.chemosphere.2020.127252
https://doi.org/10.1016/j.chemosphere.2020.127252
https://doi.org/10.1016/j.cbpc.2017.11.002
https://doi.org/10.1016/j.cbpc.2017.11.002
https://doi.org/10.1017/CBO9780511818202
https://doi.org/10.3390/molecules27051547
https://doi.org/10.1093/ee/17.1.26
https://doi.org/10.1093/ee/17.1.26
https://doi.org/10.1093/jee/83.4.1143
https://doi.org/10.1093/jee/83.4.1143
http://140.120.197.173/Ecology/
http://140.120.197.173/Ecology/
http://140.120.197.173/Ecology/
https://doi.org/10.1603/0046-225X-35.1.10
https://doi.org/10.1007/s10493-020-00464-8
https://doi.org/10.1007/s10493-020-00464-8
https://doi.org/10.1073/pnas.1213214110
https://doi.org/10.1146/annurev.ento.52.110405.091440
https://doi.org/10.1146/annurev.ento.52.110405.091440
https://edis.ifas.ufl.edu/in1001
https://doi.org/10.1007/978-1-4899-4541-9
https://doi.org/10.1186/s41936-018-0032-8
https://doi.org/10.1016/j.pestbp.2006.08.005
https://doi.org/10.1016/j.pestbp.2006.08.005
https://doi.org/10.32473/edis-in307-2000
https://doi.org/10.32473/edis-in307-2000
https://doi.org/10.1080/0972060X.2016.1257957
https://doi.org/10.12741/ebrasilis.v3i1.52
https://doi.org/10.12741/ebrasilis.v3i1.52
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Ghasemzadeh et al.

predatory mite Typhlodromus ornatus (Acari: Phytoseiidae). Syst. Appl. Acarol. 23,
1333-1341. doi: 10.11158/saa.23.7.10

Gao, Q., Song, L., Sun, J., Cao, H. Q., Wang, L., Lin, H,, et al. (2019). Repellent
action and contact toxicity mechanisms of the essential oil extracted from Chinese
chives against Plutella xylostella larvae. Arch. Insect Biochem. Physiol. 100:e21509.
doi: 10.1002/arch.21509

Gaspari, M., Lykouressis, D., Perdikis, D., and Polissiou, D. (2007). Nettle
extract effects on the aphid Myzus persicae and its natural enemy, the predator
Macrolophus pygmaeus (Hem: Miridae). J. Appl. Entomol. 131, 652-657. doi: 10.
1111/j.1439-0418.2007.01095.x

Geiger, F., Bengtsson, J., Berendse, F., Weisser, W. W., Emmerson, M., Morales,
M. B, et al. (2010). Persistent negative effects of pesticides on biodiversity and
biological control potential on European farmland. Basic Appl. Ecol. 11, 97-105.
doi: 10.1016/j.baae.2009.12.001

Ghasemzadeh, S., Leman, A., and Messelink, G. J. (2017). Biological control of
Echinothrips americanus by phytoseiid predatory mites and the effect of pollen
as supplemental food. Exp. Appl. Acarol. 73, 209-221. doi: 10.1007/s10493-017-
0191-1

Ghasemzadeh, S., and Qureshi, J. A. (2018). Demographic analysis of
fenpyroximate and thiacloprid exposed predatory mite Amblyseius swirskii (Acari:
Phytoseiidae). PLoS One 13:€0206030. doi: 10.1371/journal.pone.0206030

Gholamzadeh-Chitgar, M., Hajizadeh, J., Ghadamyari, M., Karimi-Malati, A.,
and Hoda, H. (2015). Effects of sublethal concentration of diazinon, fenitrothion
and chlorpyrifos on demographic and some biochemical parameters of predatory
bug Andrallus spinidens Fabricius (Hemiptera: Pentatomidae) in laboratory
conditions. Int. J. Pest Manage. 61, 204-211. doi: 10.1080/09670874.2015.1035772

Gigon, V., Camps, C., and Le Corff, J. (2016). Biological control of Tetranychus
urticae by Phytoseiulus macropilis and Macrolophus pygmaeus in tomato
greenhouses. Exp. Appl. Acarol. 68, 55-70. doi: 10.1007/s10493-015-9976-2

Gopalan, N., and Nampoothiri, K. (2016). Biotechnological Production
of Enzymes Using Agro-Industrial Wastes: Economic Considerations,
Commercialization Potential, and Future Prospects. Agro-Industrial Wastes
Feedstock Enzyme Product. 2016, 313-330 doi: 10.1016/B978-0-12-802392-1.
00014-9

Habig, W. H., Pabst, M. J., and Jakoby, W. B. (1974). Glutathion s-transferase,
the first step in mercapturic acid formation. J. Biol. Chem. 249, 7130-7139. doi:
10.1016/S0021-9258(19)42083-8

Havasi, M., Kheradmand, K., Mosallanejad, H., and Fathipour, Y. (2020). Life
history traits and demographic parameters of Neoseiulus californicus McGregor
(Acari: Phytoseiidae) treated with the Biomite®. Sys. Appl. Acarol. 25, 125-138.
doi: 10.11158/saa.25.1.10

Hayaoka, T., and Dauterman, W. C. (1982). Induction of glutathione
stransferase by phenobarbital and pesticide in various housefly strains and its
effects in toxicity. Pestic. Biochem. Physiol. 17, 113-119. doi: 10.1016/0048-
3575(82)90015-3

Hayes, J. D., and Pulford, D. L. (1995). The glutathioue S-transferase supergene
family regulation of GST and the contribution of the isoenzymes to cancer
chemoprotection and drug resistance. Crit. Rev. Biochem. Mol. Biol. 30, 445-600.
doi: 10.3109/10409239509083491

Heidary, M., Jafari, Sh, Karimzadeh, J., Negahban, M., and Shakarami, J. (2020).
The effects of pure and nanocapsulated formulations of Thymus daenensis Celak.
(Lamiaceae) essential oil on life-table parameters of cabbage aphid (Brevicoryne
brassicae L.) (Hem.: Aphididae). Plant Pest Res. 10, 15-32.

Hodge, S., Longley, M., Booth, L., Heppelthwaite, V., and O’Halloran, K. (2000).
An evaluation of glutathione S-transferase activity in the Tasmanian lacewing
(Micromus tasmaniae) as a biomarker of organophosphate contamination. Bull.
Environ. Contam. Toxicol. 65, 8-15. doi: 10.1007/s0012800087

Huang, H. W., Chi, H,, and Smith, C. L. (2018). Linking demography and
consumption of Henosepilachna vigintioctopunctata (Coleoptera: Coccinellidae)
fed on Solanum photeinocarpum: With a new method to project the uncertainty
of population growth and consumption. J. Econ. Entomol. 111, 1-9. doi: 10.1093/
jee/tox330

Huang, Y. B,, and Chi, H. (2012). Age-stage, two-sex life tables of Bactrocera
cucurbitae Coquillett (Diptera: Tephritidae) with a discussion on the problem
of applying female age-specific life tables to insect populations. Insect Sci. 19,
263-273. doi: 10.1111/j.1744-7917.2011.01424.x

Hyne, R. V., and Maher, W. A. (2003). Invertebrate biomarkers: Links to
toxicosis that predict population decline. Ecotoxicol. Environ. Saf. 54, 366-374.
doi: 10.1016/S0147-6513(02)00119-7

Isman, M. B., and Grieneisen, M. L. (2014). Botanical insecticide research: Many

publications, limited useful data. Trends Plant Sci. 19, 140-145. doi: 10.1016/j.
tplants.2013.11.005

Frontiers in Plant Science

18

10.3389/fpls.2022.923802

Janssen, A., and van Rijn, P. C. J. (2021). Pesticides do not significantly reduce
arthropod pest densities in the presence of natural enemies. Ecol. Lett. 24, 2010-
2024. doi: 10.1111/ele.13819

Kerkut, G. A., and Gilbert, L. 1. (1985). Comprehensive Insect Physiology,
Biochemistry and Pharmacology. New York, NY: Pergamon Press.

Kumrungsee, N., Pluempanupat, W., Koul, O., and Bullangpoti, V. (2014).
Toxicity of essential oil compounds against diamondback moth Plutella xylostella,
and their impact on detoxification enzyme activities. J. Pest Sci. 87, 721-729.
doi: 10.1007/s10340-014-0602-6

Lamoureux, G. L., and Rusness, D. G. (1987). Synergism of diazinon toxicity
and inhibition of diazinon metabolism in the house fly by Tridiphane: Inhibition
of glutathione-Stransferase activity. Pestic. Biochem. Physiol. 27, 318-329. doi:
10.1016/0048-3575(87)90061-7

Li, X., Schuler, M. A., and Berenbaum, M. R. (2007). Molecular mechanisms of
metabolic resistance to synthetic and natural xenobiotics. Annu. Rev. Entomol. 52,
231-253. doi: 10.1146/annurev.ento.51.110104.151104

Liao, M., Xiao, J. J., Zhou, L. ],, Yao, X,, Tang, F., Hua, M,, et al. (2017). Chemical
composition, insecticidal and biochemical effects of Melaleuca alernifolia essential
oil on the Helicoverpa armigera. J. Appl. Entomol. 141, 721-728. doi: 10.1111/jen.
12397

Lima, D. B, Melo, J. W. S., Guedes, N. M. P,, Gontijo, L. M., Guedes,
R. N. C, and Gondim, M. G. C. Jr. (2015). Bioinsecticide-predator interactions:
Azadirachtin behavioral and reproductive impairment of the coconut mite
predator Neoseiulus baraki. PLoS One 10:¢0118343. doi: 10.1371/journal.pone.
0118343

Lira, A. C. S., Zanardi, O. Z., Beloti, V. H., Bordini, G. P., Yamamoto, P. T., Parra,
J. R. P, et al. (2015). Lethal and Sublethal Impacts of Acaricides on Tamarixia
radiata (Hemiptera: Eulophidae), an important Ectoparasitoid of Diaphorina citri
(Hemiptera: Liviidae). J. Econ. Entomol. 108, 2278-2288. doi: 10.1093/jee/tov189

Mamdubh, Z., Hosseininaveh, V., Allahyari, H., and Talebi-Jahromi, K. H. (2017).
Side effects of garlic extract on the life history parameters of the predatory bug.
Podisus maculiventris (Say) (Hemiptera: Pentatomidae). Crop Prot. 100, 65-72.
doi: 10.1016/j.cropro.2017.05.029

Mar, J. M, Silva, L. S., Azevedo, S. G., Franga, L. P., Goes, A. F. F., Santos, A. L.,
et al. (2018). Lippia origanoides essential oil: An efficient alternative to control
Aedes aegypti Tetranychus urticae and Cerataphis lataniae. Ind. Crop Prod. 111,
292-297. doi: 10.1016/j.indcrop.2017.10.033

Mathieu, C., Duval, R., Xu, X., Rodrigues-Lima, F., and Dupret, J. M. (2015).
Effects of pesticide chemicals on the activity of metabolic enzymes: Focus on
thiocarbamates. Expert. Opin. Drug Metab. Toxicol. 11, 81-94. doi: 10.1517/
17425255.2015.975691

Messelink, G. J., Van Maanen, R, Van Holstein-Saj, R., Sabelis, M. W., and
Janssen, A. (2010). Pest species diversity enhances control of spider mites and
whiteflies by a generalist phytoseiid predator. BioControl 55, 387-398. doi: 10.
1007/s10526-009-9258- 1

Messelink, G. J., Van Maanen, R., Van Steenpaal, S. E. F., and Janssen, A.
(2008). Biological control of thrips and whiteflies by a shared predator: Two pests
are better than one. Biol. Control 44, 372-379. doi: 10.1016/j.biocontrol.2007.
10.017

Miresmailli, S., Bradbury, R., and Isman, M. B. (2006). Comparative toxicity of
Rosmarinus officinalis L. essential oil and blends of its major constituents against
Tetranychus urticae Koch (Acari: Tetranychidae) on two different host plants. Pest
Manag. Sci. 62, 366-371. doi: 10.1002/ps.1157

Momen, F. M., and Amer, S. A. (2003). Influence of the sweet basil Ocimum
basilicum L. on some predacious mites of the family Phytoseiidae (Acari:
Phytoseiidae). Acta Phytopathol. Entomol. Hung. 38, 137-143. doi: 10.1556/ APhyt.
38.2003.1-2.16

Momen, F. M., Amer, S. A. A., and Refaat, A. M. (2001). Influence of mint
and peppermint on Tetranychus urticae and some predacious mites of the family
phytoseiidae (Acari: Tetranychidae: Phytoseiidae). Acta Phytopathol. Entomol.
Hung. 36, 143-153. doi: 10.1556/APhyt.36.2001.1-2.17

Monteiro, V. B., Gondim, J. M. G. C,, Oliveira, J. E. M., Siqueira, H. A. A, and
Sousa, J. M. (2015). Monitoring Tetranychus urticae Koch (Acari: Tetranychidae)
resistance to abamectin in vineyards in the Lower Middle Sdo Francisco Valley.
Crop Prot. 69, 90-96. doi: 10.1016/j.cropro.2014.12.012

Moradshahi, M. J., and Pourmirza, A. A. (1974). Survey on the resistance of
different stage of Mediterranean flour moth (Plodia interpunctella) to Bacillus
thuringiensis. JESI 2, 25-34.

Moscardini, V. F., da Costa, Gontijo, P., Carvalho, G. A., de Oliveira, R. L., Maia,
J. B., et al. (2013). Toxicity and sublethal effects of seven insecticides to eggs of
the flower bug Orius insidiosus (Say) (Hemiptera: Anthocoridae). Chemosphere 92,
490-496. doi: 10.1016/j.chemosphere.2013.01.111

frontiersin.org


https://doi.org/10.3389/fpls.2022.923802
https://doi.org/10.11158/saa.23.7.10
https://doi.org/10.1002/arch.21509
https://doi.org/10.1111/j.1439-0418.2007.01095.x
https://doi.org/10.1111/j.1439-0418.2007.01095.x
https://doi.org/10.1016/j.baae.2009.12.001
https://doi.org/10.1007/s10493-017-0191-1
https://doi.org/10.1007/s10493-017-0191-1
https://doi.org/10.1371/journal.pone.0206030
https://doi.org/10.1080/09670874.2015.1035772
https://doi.org/10.1007/s10493-015-9976-2
https://doi.org/10.1016/B978-0-12-802392-1.00014-9
https://doi.org/10.1016/B978-0-12-802392-1.00014-9
https://doi.org/10.1016/S0021-9258(19)42083-8
https://doi.org/10.1016/S0021-9258(19)42083-8
https://doi.org/10.11158/saa.25.1.10
https://doi.org/10.1016/0048-3575(82)90015-3
https://doi.org/10.1016/0048-3575(82)90015-3
https://doi.org/10.3109/10409239509083491
https://doi.org/10.1007/s0012800087
https://doi.org/10.1093/jee/tox330
https://doi.org/10.1093/jee/tox330
https://doi.org/10.1111/j.1744-7917.2011.01424.x
https://doi.org/10.1016/S0147-6513(02)00119-7
https://doi.org/10.1016/j.tplants.2013.11.005
https://doi.org/10.1016/j.tplants.2013.11.005
https://doi.org/10.1111/ele.13819
https://doi.org/10.1007/s10340-014-0602-6
https://doi.org/10.1016/0048-3575(87)90061-7
https://doi.org/10.1016/0048-3575(87)90061-7
https://doi.org/10.1146/annurev.ento.51.110104.151104
https://doi.org/10.1111/jen.12397
https://doi.org/10.1111/jen.12397
https://doi.org/10.1371/journal.pone.0118343
https://doi.org/10.1371/journal.pone.0118343
https://doi.org/10.1093/jee/tov189
https://doi.org/10.1016/j.cropro.2017.05.029
https://doi.org/10.1016/j.indcrop.2017.10.033
https://doi.org/10.1517/17425255.2015.975691
https://doi.org/10.1517/17425255.2015.975691
https://doi.org/10.1007/s10526-009-9258-1
https://doi.org/10.1007/s10526-009-9258-1
https://doi.org/10.1016/j.biocontrol.2007.10.017
https://doi.org/10.1016/j.biocontrol.2007.10.017
https://doi.org/10.1002/ps.1157
https://doi.org/10.1556/APhyt.38.2003.1-2.16
https://doi.org/10.1556/APhyt.38.2003.1-2.16
https://doi.org/10.1556/APhyt.36.2001.1-2.17
https://doi.org/10.1016/j.cropro.2014.12.012
https://doi.org/10.1016/j.chemosphere.2013.01.111
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Ghasemzadeh et al.

Motoyama, N. (1980). Glutathione-S-transferases: Their role in the metabolism
of organophosphorus insecticides. Rev. Biochem. Toxicol. 2, 49-69.

Mouches, C., Pasteur, N., Berge, J. B., Hyrien, O., Raymound, M., De Saint
Vincent, B. R, et al. (1986). Amplification of an esterase gene is responsible
for insecticide resistance in a Californian Culex mosquito. Science 233, 778-780.
doi: 10.1126/science.3755546

Moustafa, M. A. M., Awad, M., Amer, A., Hassan, N. N., Ibrahim, EIDS, Ali,
H. M., et al. (2021). Insecticidal activity of lemongrass essential oil as an eco-
friendly agent against the black cutworm Agrotis ipsilon (Lepidoptera: Noctuidae).
Insects 12:737. doi: 10.3390/insects12080737

Nadimi, A., Kamali, K., Arbabi, M., and Abdoli, F. (2011). Study on persistence
tests of miticides abamectin and fenpyroximate to the predatory mite Phytoseiulus
persimilis (Acarina: Phytoseiidae). Afr. J. Agric. Res. 6, 338-342.

Nathan, S. S., Choi, M. Y., Seo, H. Y., Paik, C. H., Kalaivani, K., and Kim, J. D.
(2008). Effect of azadirachtin on acetylcholine esterase activity and histology of
brown plant hopper Nilaparvata lugens (Stal). Ecotox. Environ. Saf. 70, 244-250.
doi: 10.1016/j.ecoenv.2007.07.005

Obeng-Ofori, D., Reichmuth, C., Bekele, J., and Hassanali, A. (1997). Biological
activity of 1,8-cineole, a major component of essential oil of Ocimum kenyense
(Ayobangira) against stored products beetles. J. Appl. Entomol. 121, 237-243.
doi: 10.1111/j.1439-0418.1997.tb01399.x

Oliveira, N. N. F. C., Galvio, A. S., Amaral, E. A, Santos, A. W. O., Sena-Filho,
J. G., Oliveira, E. E,, et al. (2017). Toxicity of vegetable oils to the coconut mite
Aceria guerreronis and selectivity against the predator Neoseiulus baraki. Exp. Appl.
Acarol. 72, 23-34. doi: 10.1007/s10493-017-0134-x

Opit, G. P., Nechols, J. R,, and Margolies, D. C. (2004). Biological control
of two spotted spider mites. Tetranychus urticae Koch (Acari: Tetranychidae),
using Phytoseiulus persimilis Athias-Henriot (Acari: Phytoseidae) on ivy geranium:
Assessment of predator release ratios. Biol. Control 29, 445-452. doi: 10.1016/j.
biocontrol.2003.08.007

Pavela, R. (2015). Essential oils for the development of eco-friendly mosquito
larvicides: A review. Ind. Crops Prod. 76, 174-187. doi: 10.1016/j.indcrop.2015.06.
050

Pizzorno, J. N. D. (2014). Glutathione. Integr. Med. Clin. ]. 13, 8-12.

Poderoso, J. C. M., Correia-Oliveira, M. E., Chagas, T. H. X., Zanuncio, J. C,,
and Ribeiro, G. T. (2016). Effects of plant extracts on developmental stages of
the predator Podisus nigrispinus (Hemiptera: Pentatomidae). Fla. Entomol. 99,
113-116. doi: 10.1653/024.099.0121

Polson, K., Brogdon, W. G., Rawlins, S. C., and Chadee, D. D. (2011).
Characterization of insecticide resistance in Trinidadian strains of Aedes aegypti
mosquitoes. Acta Trop. 117, 31-38. doi: 10.1016/j.actatropica.2010.09.005

Poorjavad, N., Goldansaz, S. H., Dadpour, H., and Khajehali, J. (2014). Effect
of Ferula assafoetida essential oil on some biological and behavioral traits of
Trichogramma embryophagum and T. evanescens. BioControl 59, 403-413. doi:
10.1007/s10526-014-9583-x

Reddy, G. V. P., and Chi, H. (2015). Demographic comparison of sweetpotato
weevil reared on a major host Ipormoea batatas, and an alternative host, I triloba.
Sci. Rep. 5:11871. doi: 10.1038/srep11871

Regnault-Roger, C., Vincent, C., and Arnason, J. T. (2012). Essential oils in
insect control: Low-risk products in a high-stakes world. Annu. Rev. Entomol. 57,
405-424. doi: 10.1146/annurev-ento-120710-100554

Remia, B., Logaswamy, M. S., Lognkumay, K., and Rajmohan, D. (2008). Effect
of an insecticide (monocrotophos) on some biochemical constituents of the fish
Tilapia mossambica. Pollut. Res. 27, 523-526.

Rezaei, R., Karimi, J., Abbasipour, H., and Askarianzadeh, A. R. (2014). Sublethal
effects of essential oil of Cinnamomum zeylanicum Blume on life expectancy
(ey) and age-specific fertility () of two-spotted spider mite Tetranychus urticae
Koch (Acari: Tetranychidae). Arch. Phytopathol. Plant Protect. 47, 900-905. doi:
10.1080/03235408.2013.825421

Ross, M. K., Streit, T. M., and Herring, K. L. (2010). Carboxylesterases: Dual
roles in lipid and pesticide metabolism. J. Pestic. Sci. 35, 257-264.

Roush, R. T. (1989). Designing resistance management programs: How can you
choose? Pestic. Sci. 26, 423-441. doi: 10.1002/ps.2780260409

Rufingier, C., Pasteur, N., Lagnel, J., Martin, C., and Navajas, M. (1999).
Mechanisms of insect resistance in the aphid Nasonovia ribisnigri (Mosley)

(Homoptera: Aphididae), from France. Insect Biochem. Mol. Biol. 29, 385-391.
doi: 10.1016/S0965-1748(99)00014-4

Sak, O., Ugkan, F., and Ergin, E. (2006). Effects of cypermethrin on total
body weight, glycogen, protein, and lipid contents of Pimpla turionellae (L.)
(Hymenoptera: Ichneumonidae). Belg. J. Zool. 136, 53-58.

Salman, S. Y., and Bayram, E. (2017). Contact toxicities of some plant extracts
in Apiaceae family on different developmental stages of Tetranychus urticae Koch,

Frontiers in Plant Science

19

10.3389/fpls.2022.923802

1836 (Acari: Tetranychidae). Tiirk. Entomol Derg. 41, 243-250. doi: 10.16970/
entoted.290462

Saraiva, W. V. A,, Vieira, I. G., Galvéo, A. S., do Amaral, E. A, Régo, A. S,,
Teodoro, A. V., etal. (2020). Lethal and sublethal effects of babassu and degummed
soybean oils on the predatory mite Typhlodromus ornatus (Acari: Phytoseiidae).
Int. J. Acarol. 46, 180-184. doi: 10.1080/01647954.2020.1734081

Sarbaz, S., Goldasteh, Sh, Zamani, A. A., Solymannejadiyan, E., and Vafaei
Shoushtari, R. (2017). Side effects of spiromesifen and spirodiclofen on life
table parameters of the predatory mite, Neoseiulus californicus McGregor (Acari:
Phytoseiidae). Int. J. Acarol. 43, 380-386. doi: 10.1080/01647954.2017.1325396

Sato, M. E., Tanaka, T., and Miyata, T. (2007). A cytochrome P450 gene
involved in methidathion (OP) resistance in Amblyseius womersleyi Schicha
(Acari: Phytoseiidae). Pest Biochem. Physiol. 88, 337-345. doi: 10.1016/j.pestbp.
2007.01.010

Shahbaz, M., Khoobdel, M., Khanjani, M., Hosseininia, A., and Javadi Khederi,
S. (2019). Sublethal effects of acetamiprid on biological aspects and life table of
Amblyseius swirskii (Acari: Phytoseiidae) fed on Aleuroclava jasmini (Hemiptera:
Aleyrodidae). Syst. Appl. Acarol. 24, 814-824. doi: 10.11158/saa.24.5.7

Shaltoki, S., Rafiee Dastjerdi, H., Golizadeh, A., Hassanpour, M., Ebadollahi, A.,
and Mahdavi, V. (2022). Lethality and effects on biological and population growth
parameters of ladybird predator Hippodamia variegata (Goeze) treated by some
plant essential oils. Toxin Rev. doi: 10.1080/15569543.2021.2018612 [Epub ahead
of print].

Shojaei, A., Talebi, Kh, Sharifian, I, and Ahsaei, S. M. (2017). Evaluation
of detoxifying enzymes of Tribolium castaneum and Tribolium confusum (Col.:
Tenebrionidae) exposed to essential oil of Artemisia dracunculus L. Biharean Biol.
11, 5-9.

Sidak, Z. (1967). Rectangular confidence regions for the means of multivariate
normal distributions. J. Amer. Statist. Assoc. 62, 626-633. doi: 10.2307/2283989

Sugumaran, M. (2010). Chemistry of cuticular sclerotization. J. Adv. Insect.
Physiol. 39, 151-209. doi: 10.1016/B978-0-12-381387-9.00005- 1

Tavares, W. S., Costa, M. A., Cruz, L, Silveira, R. D., Serrio, J. E., and Zanuncio,
J. C. (2010). Selective effects of natural and synthetic insecticides on mortality of
Spodoptera frugiperda (Lepidoptera: Noctuidae) and its predator Eriopis connexa
(Coleoptera: Coccinellidae). J. Environ. Sci. Health B 45, 557-561. doi: 10.1080/
03601234.2010.493493

Tedeschi, R., Alma, A., and Tavella, L. (2001). Side-effects of three neem
(Azadirachta indica A Juss) products on the predator Macrolophus caliginosus
Wagner (Het., Miridae). J. Appl. Entomol. 125, 397-402. doi: 10.1046/j.1439-0418.
2001.00563.x

Usui, K., Fukami, J., and Shishido, T. (1977). Insect glutathione S-transferase
separation of transferases from fat bodies of american cockroaches active on
organophosphorus trimesters. Pestic. Biochem. Physiol. 7, 249-260. doi: 10.1016/
0048-3575(77)90016-5

Vacante, V. (2016). The Handbook of Mites of Economic Plants. Identification,
Bio-Ecology and Control. England: CABI Publishing, doi: 10.1079/9781845939946.
0001

Van Asperen, K. (1962). Study of housefly esterases by mean of sensitive
colorimetric method. J. Insect Physiol. 8, 401-416. doi: 10.1016/0022-1910(62)
90074-4

Wang, Q., Xu, P., Sanchez, S., Duran, Ph, Andreazza, F., Isaacs, R, et al.
(2021). Behavioral and physiological responses of Drosophila melanogaster and
D. suzukii to volatiles from plant essential oils. Pest Manag. Sci. 77, 3698-3705.
doi: 10.1002/ps.6282

Yang, R. S. H. (1976). “Enzyme Conjugation and Insecticide Metabolism,” in
Biochemistry and Physiology of Insecticides, (ed) C. F. Wilkinson (New York, NY:
Plenum Press). doi: 10.1007/978-1-4899-2212-0_5

Yorulmaz Salman, S., and Ay, R. (2013). Analysis of hexythiazox resistance
mechanisms in a laboratory selected predatory mite Neoseiulus californicus (Acari:
Phytoseiidae). Tiirk. Entomol. Derg. 37, 409-422.

Yorulmaz-Salman, S., and Ay, R. (2014). 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. 70, 819-826. doi: 10.1002/ps.3623

Yuval, B., Kaspi, R., Shloush, S., and Warburg, M. S. (1998). Nutritional reserves
regulate male participation in Mediterranean fruit fly leks. Ecol. Entomol. 23,
211-215. doi: 10.1046/j.1365-2311.1998.00118.x

Zanuncio, J. C., Mourdo, S. A, Martinez, L. C., Wilcken, C. F.,
Ramalho, F. S., Plata-Rueda, A., et al. (2016). Toxic effects of the neem
oil (Azadirachta indica) formulation on the stink bug predator. Podisus
nigrispinus (Heteroptera: Pentatomidae). Sci. Rep. 6:30261. doi: 10.1038/sre
p30261

frontiersin.org


https://doi.org/10.3389/fpls.2022.923802
https://doi.org/10.1126/science.3755546
https://doi.org/10.3390/insects12080737
https://doi.org/10.1016/j.ecoenv.2007.07.005
https://doi.org/10.1111/j.1439-0418.1997.tb01399.x
https://doi.org/10.1007/s10493-017-0134-x
https://doi.org/10.1016/j.biocontrol.2003.08.007
https://doi.org/10.1016/j.biocontrol.2003.08.007
https://doi.org/10.1016/j.indcrop.2015.06.050
https://doi.org/10.1016/j.indcrop.2015.06.050
https://doi.org/10.1653/024.099.0121
https://doi.org/10.1016/j.actatropica.2010.09.005
https://doi.org/10.1007/s10526-014-9583-x
https://doi.org/10.1007/s10526-014-9583-x
https://doi.org/10.1038/srep11871
https://doi.org/10.1146/annurev-ento-120710-100554
https://doi.org/10.1080/03235408.2013.825421
https://doi.org/10.1080/03235408.2013.825421
https://doi.org/10.1002/ps.2780260409
https://doi.org/10.1016/S0965-1748(99)00014-4
https://doi.org/10.16970/entoted.290462
https://doi.org/10.16970/entoted.290462
https://doi.org/10.1080/01647954.2020.1734081
https://doi.org/10.1080/01647954.2017.1325396
https://doi.org/10.1016/j.pestbp.2007.01.010
https://doi.org/10.1016/j.pestbp.2007.01.010
https://doi.org/10.11158/saa.24.5.7
https://doi.org/10.1080/15569543.2021.2018612
https://doi.org/10.2307/2283989
https://doi.org/10.1016/B978-0-12-381387-9.00005-1
https://doi.org/10.1080/03601234.2010.493493
https://doi.org/10.1080/03601234.2010.493493
https://doi.org/10.1046/j.1439-0418.2001.00563.x
https://doi.org/10.1046/j.1439-0418.2001.00563.x
https://doi.org/10.1016/0048-3575(77)90016-5
https://doi.org/10.1016/0048-3575(77)90016-5
https://doi.org/10.1079/9781845939946.0001
https://doi.org/10.1079/9781845939946.0001
https://doi.org/10.1016/0022-1910(62)90074-4
https://doi.org/10.1016/0022-1910(62)90074-4
https://doi.org/10.1002/ps.6282
https://doi.org/10.1007/978-1-4899-2212-0_5
https://doi.org/10.1002/ps.3623
https://doi.org/10.1046/j.1365-2311.1998.00118.x
https://doi.org/10.1038/srep30261
https://doi.org/10.1038/srep30261
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Ghasemzadeh et al.

Zekri, N., Amalich, S., Boughdad, A., Alaoui, E., Belghiti, M., and Zair, T. (2013).
Phytochemical study and insecticidal activity of Mentha pulegium L. oils from
Morocco against Sitophilus Oryzae. Mediterr. ]. Chem. 2, 607-619. doi: 10.13171/
mjc.2.4.2013.08.11.23

Frontiers in Plant Science

20

10.3389/fpls.2022.923802

Zhang, L., Wang, L., Chen, J., Zhang, J., He, Y., Lu, Y,, et al. (2022). Toxicity,
horizontal transfer, and physiological and behavioral effects of cycloxaprid against
Solenopsis invicta (Hymenoptera: Formicidae). Pest Manag. Sci. 78, 2228-2239.
doi: 10.1002/ps.6847

frontiersin.org


https://doi.org/10.3389/fpls.2022.923802
https://doi.org/10.13171/mjc.2.4.2013.08.11.23
https://doi.org/10.13171/mjc.2.4.2013.08.11.23
https://doi.org/10.1002/ps.6847
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

	Sublethal impacts of essential plant oils on biochemical and ecological parameters of the predatory mite Amblyseius swirskii
	Introduction
	Materials and methods
	Mite colonies
	Plant oils and chemical analysis
	Experimental protocols
	Preparation of essential oil concentration
	Preparation of experimental units
	Essential oil effects on Tetranychus urticae
	Essential oil side-effects on the biochemical composition of Amblyseius swirskii
	Essential oil side-effects on the demographic parameters of Amblyseius swirskii

	Statistical analysis
	Life table data analysis
	Population projection

	Results
	Chemical composition of the oils
	Lethal effect of essential oils on Tetranychus urticae
	Side effects of essential oils on biochemical parameters of Amblyseius swirskii
	Side effects of essential oils on demographic parameters of Amblyseius swirskii
	Reproduction and population growth parameters of Amblyseius swirskii
	Population projection of Amblyseius swirskii

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


