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The two-spotted spider mite, Tetranychus urticae, is a polyphagous agricultural pest
that feeds on over a thousand plant species and more than 150 crops. Its status as
an agricultural pest is exacerbated by its outstanding potential to evolve resistance to
pesticides. The existence of multiresistant mite populations challenges mite management
and creates a need for the development of pesticides with novel modes of action. In
this study, we evaluated the acaricidal activity of Neo-Boost, a pesticide registered as a
bactericide/fungicide/insecticide/miticide. Neo-Boost formulation contains three active
ingredients: potassium silicate, sodium percarbonate and tetraacetylethylenediamine.
In contact with water, the latter ingredients generate peroxyacetic acid, a potent
contact bactericide and fungicide. Using the recommended field dose, we tested
contact and residual effects of Neo-Boost on T. urticae egg, larval, and adult life
stages. We found that Neo-Boost had no ovicidal effect. When tested on larvae,
Neo-Boost caused 87% mortality over 48 hours post-treatment that was comparable
to the positive control AGRI-mek SC (active ingredient abamectin), in addition to
delaying larval developmental progression. On adult mites, Neo-Boost acted as a
deterrent and caused 35% mortality (an intermediate effect compared to the positive
control AGRI-mek SC). We also tested the proposed ability of Neo-Boost to induce
a systemic response, however, it had no priming effect on treated tomato plants
against mites. Of the individual Neo-Boost components tested, peroxyacetic acid and
potassium silicate were not effective in any assay. However, sodium percarbonate,
surfactant, and other non-listed components were sufficient for the full effectiveness of
Neo-Boost formulations. Additionally, phytotoxicity of Neo-Boost was rare and minor
when it occurred. Overall, despite the inefficiency of some compounds, the Neo-Boost
formulation, either in its original or simplified formulation, may be useful for mite control
on crops that are destined for fresh human consumption or medicinal use.

Keywords: agricultural pest, peroxyacetic/peracetic acid, silica, hydrogen peroxide, pesticide resistance
management
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INTRODUCTION

Pesticides continue to be a major tool used to secure food and
the production of plant-based materials. However, this approach
to pest control is only effective in the absence of pesticide
resistance in agricultural pests. The problems associated with
pesticide resistance, such as pest resurgence and subsequent
loss of crop production potential, are exemplified in the case
of the two-spotted spider mite T. urticae Koch. Characterized
as an extreme generalist, T. urticae feeds on over a thousand
plant species, including over 150 field and greenhouse crops
(Migeon and Dorkeld, 2021). Mite host range includes many
staple fruit and vegetable crops in addition to corn, soybean, and
cotton. The genetic and physiological characteristics of T. urticae
prime it for the rapid evolution of resistance to pesticides. In
addition to a short life cycle and high reproductive output,
the T. urticae genome has expanded gene families encoding
detoxification enzymes that are hypothesized to increase mite
detoxification potential (Grbi¢ et al, 2011; Dermauw et al.,
2013). Observations so far suggest that T. urticae develops
pesticide resistance within 2 to 4 years after the introduction of
new acaricides (Cranham and Helle, 1985). As of April 2021,
T. urticae is the most resistant arthropod pest with resistance
recorded against 96 different active compounds and 554 reported
cases of resistance worldwide (Mota-Sanchez and Wise, 2021).
Mites ability to develop resistance and cross-resistance to
different pesticide active ingredients is a major challenge to crop
protection. Due to a decreasing number of pesticides effective
in controlling T. urticae, combined with climate change that
favors the expansion of mite populations (Ximénez-Embun et al.,
2017), there is an urgent need to develop new pesticides to
control T. urticae.

Pesticide resistance can result from several mechanisms but
ultimately involves changes that reduce pesticide binding to
the target in the pest organism. This can include changes
to the structure of the target binding site or any other
chemical or physiological alteration in penetrance, detoxification,
and transport/excretion of the effective chemical within the
arthropod pest (Insecticide Resistance Action Committee, 2020).
Changes to target-sites can lead to cross-resistance due to
the change in the configuration of a target protein that may
reduce the binding of other pesticides with the same mode of
action. Additionally, cross-resistance stemming from changes in
mite metabolism can result in the ability to detoxify unrelated
pesticides. These phenomena have been well-documented in
T. urticae (Cranham and Helle, 1985; Osakabe et al., 2009).
The issues of pesticide resistance and cross-resistance necessitate
development of novel control agents with different and varied
modes of action. The need for additional pesticides with new
modes of action parallels the demand for more environmentally
friendly methods of pest control in agriculture. For example,
new technologies such as RNA interference (RNAi) are currently
being developed for T. urticae (Suzuki et al., 2017b; Bensoussan
et al., 2020) and are under development for several plant pests,

Abbreviations: IPM, integrated pest management; KSi, potassium silicate; PAA,
peroxyacetic acid; RNAi, RNA interference; TAED, tetraacetylethylenediamine.

soon to be incorporated into Integrated Pest Management (IPM)
strategies for some pests (Head et al., 2017; Zotti et al., 2018;
Fletcher et al., 2020).

Neo-Boost (EPA Reg. Number: 88306-4, Agri-Neo Inc.,
Toronto, ON, Canada) is a novel product registered as
a bactericide/fungicide/insecticide/miticide for the control of
bacterial/fungal pathogens, chewing/sucking insects and mites.
Its proposed mode of action is based on the oxidizing activity
of peroxyacetic acid (PAA) which is a potent contact bactericide
and fungicide. Upon addition of water to powdered Neo-
Boost, the tetraacetylethylenediamine (TAED) and sodium
percarbonate produce PAA in solution. Both PAA and sodium
percarbonate are reactive oxidants that further break down to
form hydrogen peroxide (Sode, 2019). As the hydrogen peroxide
is synthesized by plants upon herbivory, including that of
T. urticae (Santamaria et al., 2018), there is a possibility that it
may be effective against mites. Moreover, Neo-Boost contains
potassium silicate (KSi) that has been shown to enhance plant
resistance to both abiotic and biotic stresses (Ma, 2004; Ma and
Yamaji, 2006). KSi can act as a mechanical barrier and anti-
digestive compound (Reynolds et al., 2009). It was also implicated
in priming jasmonic acid-plant induced defense responses (Sakr,
2017). As jasmonic acid is a general inducer of plant defenses
against herbivores (Picterse et al., 2012) including spider mites
(Li et al., 2002; Zhurov et al., 2014; Salehipourshirazi et al.,
2021; Widemann et al., 2021), Si in the Neo-Boost formulation
may contribute to plant resistance against a wide range
of herbivores.

In this study, we assessed the contact, residual, and combined
effects of Neo-Boost at the recommended field dose on different
developmental stages of T. urticae. In addition, we examined
the ability of Neo-Boost to enhance plant defenses against
mite herbivory through prior treatments, using tomato as a
representative greenhouse crop.

MATERIALS AND METHODS

Plant and Mite Rearing and Bioassay
Methods

Bean, Phaseolus vulgaris cv. California Red Kidney (Stokes
Seeds Ltd.,, Thorold, ON, Canada), and tomato, Solanum
licopersicum cv. Moneymaker (Halifax Seed Company Inc.,
Halifax, NS, Canada) plants were grown under 100 to 150
pmol m~2 sec™! cool-white fluorescent light at 24°C with a
16:8h (light:dark) photoperiod in controlled growth chambers.
Detached bean leaves (Figure 1A), bean leaf disks (1.5cm in
diameter, Figure 1B), and 3rd and 4th emerged, terminally
adjacent leaflets on 4-week-old tomato plants (Figure 1C) were
used in experiments. The London reference strain (Grbi¢ et al.,
2011) of T. urticae was used in most experiments. An additional
T. urticae strain, collected from a tomato-producing commercial
greenhouse in Leamington ON, Canada (referred to as the
“tomato mite” strain), was used for additional testing of the
acaricidal effect of Neo-Boost on adult mites. Mite strains were
reared on bean plants in growth chambers at 24°C, 60% relative
humidity, and with a 16:8 h (light:dark) photoperiod.
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priming experiment on tomato. (D) A PAA test-strip showing proper PAA activity.

FIGURE 1 | Experimental set-ups. (A) The detached bean leaf experimental set-up. (B) The bean leaf disk experimental set-up. (C) The experimental set-up for

Solution Preparation

We tested the commercially recommended concentration of 1%
w/v (10 g/L) of Neo-Boost that results in the formation of 5%
of peroxyacetic acid (PAA) in prepared solution. To verify PAA
production, the Neo-Boost solution was tested using activity
indicators, Peroxyacetic Acid Test Strips (LaMotte Company,
Chestertown, MD, USA), that change color depending on the
concentration of PAA in ppm (Figure 1D). We used water
and the surfactant BIO-TERGE® AS-90 (Stepan Company,
Northfield, IL, USA) as control treatments. The surfactant was
tested at 0.04% w/v (0.4 g/L), as found in the complete Neo-
Boost formulation. Neo-Boost, surfactant, and other components
of the complete formulation were provided by Agri-Neo Inc. as
powders and were dissolved in distilled water. Positive controls
included TetraSan 5 WDG (active ingredient etoxazole; EPA
Reg. Number: 59639-108, Valent Canada, Inc., Guelph, ON,
Canada) and AGRI-mek SC (active ingredient abamectin; EPA
Reg. Number: 100-1351, Syngenta Canada Inc., Guelph, ON,
Canada). TetraSan 5 WDG was used on eggs at a concentration
of 600 mg/L (etoxazole concentration of 30 mg/L). AGRI-mek SC
was used on larval and adult stages at a concentration of 0.05 ml/L
(abamectin concentration of 42 mg/L). Both concentrations of
positive controls are within the lower range of the recommended
field dose range for use against T. urticae as specified by
the supplier.

Spray Treatments

Spray treatments used to test contact, residual, combined contact
and residual, and priming effects of Neo-Boost are listed in
Table 1. Spray treatments were carried out using a multi-purpose
hand sprayer until runoff. Each sample was sprayed with an
approximate total volume of 32 pl/cm?, resulting in uniform
wetting of leaf material with some droplets forming on the leaf
and some run-off.

Testing the Effectiveness of Topical
Neo-Boost Application on Different

T. urticae Developmental Stages

Egg Viability Assay

Thirty adult female London mites were placed on detached bean
leaves and allowed to lay eggs for 2 hours before removal. The
number of deposited eggs was counted (with an average of 45
eggs deposited per leaf, each leaf representing a sample). The bean

TABLE 1 | Spray regimes for testing combined contact and residual, contact,
residual, and priming effects of neo-boost.

Plant
host

Effect of neo-boost Mite developmental
stage and fitness

parameter tested

Contact + residual Egg hatchability
Larval mortality

Adult mortality

Bean (detached leaf)
Bean (leaf disk)
Bean (detached
leaf/leaf disk)

Bean (leaf disk)
Bean (leaf disk)
Tomato (whole plant)

Contact Larval mortality

Residual Larval mortality

Primed plant response  Adult female fecundity

leaves were then sprayed with water (mock control), surfactant,
or Neo-Boost. 5 days following oviposition and treatment, the
number of unhatched eggs was counted. The number of hatched
eggs was used to calculate the proportion of successfully emerged
mites out of the number of deposited eggs in each leaf sample.
Ten detached leaves were used per treatment per trial (~450
eggs/treatment/trial). Three independent trials were performed.
The same set-up was used in testing etoxazole on eggs.

Larval Mortality Assay

Five newly emerged larvae, placed on a bean leaf disk with a
bristle from a fine brush, were sprayed with water, surfactant, or
Neo-Boost. The number of live larvae/nymphs was scored at 6,
24, and 48 hours post-spraying. Twenty leaf disks were prepared
per treatment per trial and the experiment was performed
in three independent trials (100 mites/treatment/trial). The
proportion of larvae/nymphs that died was calculated by
subtracting the alive mites from the original number of mites
placed on each sample. The same set-up was used in testing
abamectin on larvae.

Adult Mortality Assay

The adult mortality assay was performed on detached bean
leaves when assaying the London mite strain. Adult mites for all
experiments were age-synchronized as described in Suzuki et al.
(2017a). Thirty adult female mites, placed on a detached bean
leaf with a fine brush, were sprayed with water, surfactant, or
Neo-Boost. The number of live mites was determined after 6, 24,
and 48 hours post-treatment. Ten detached leaves were used per
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treatment (total of 300 mites/treatment/trial) and the experiment
was performed in three independent trials.

An additional assay of adult mortality was performed using a
“tomato mite” strain, to test the effects of Neo-Boost treatment
across different mite populations. The adult mortality assay
of “tomato mites” was performed on bean leaf disks. Five,
synchronized adult female mites were placed on each leaf disk
and the mortality was determined 48 hours post-treatment.
Twenty bean leaf disks were used per treatment with water,
surfactant, or Neo-Boost per trial (100 mites/treatment/trial) in
three independent trials. The leaf disk assay set-up was used in
the positive control testing abamectin against adults.

Testing Neo-Boost Components for
Acaricidal Activity

Tetraacetylethylenediamine and sodium percarbonate that
generate the peroxyacetic acid (PAA) in water solution, and
potassium silicate are listed as active ingredients in Neo-Boost
formulation. To test their acaricidal properties, we prepared
formulations lacking individual active ingredients. We tested
the requirement of PAA by preparing a spray treatment that
included all components except TAED (“no TAED”), Table 2.
In this treatment, some hydrogen peroxide is expected to
be generated from sodium percarbonate. In addition, spray
treatments that contained all components except KSi (“no KSi”)
or those containing only KSi (“only KSi”) were used to test
the acaricidal activity of potassium silicate, Table 2. Individual
components of the Neo-Boost formulation were topically applied
to larvae and adults, and were tested for their effectiveness
against mites. Twenty leaf disks, each infested with five newly
emerged larvae, were sprayed with experimental solutions
and larval mortality and the developmental progression of the
survivors were determined 48 hours post-spraying. The time
frame of the experiment allowed for the development of larvae to
nymph stages. In addition, five adult mites were placed on each
of 20 leaf disks, and were sprayed with experimental solutions.
Adult mortality and mite dispersal were recorded 48 hours

post-spraying. Adult mites on the edge of the leaf disk entering
the wet filter paper were considered as escaping the leaf and were
used as a measure of deterrence. Experiments were performed in
three independent trials (100 mites/treatment/trial).

Testing the Residual and the Contact

Effectiveness of Neo-Boost on Larvae

The bioassays described under 2.4 and 2.5 were performed by
spraying treatments that simultaneously exposed mites and leaf
tissues to experimental solutions. To uncouple residual and
contact effects of Neo-Boost, we pre-treated bean leaf disks
with Neo-Boost prior to mite application for determination
of Neo-Boost’s residual effects. In parallel, we sprayed mites
directly-to determine Neo-Boosts contact effects. The residual
effect of Neo-Boost against mites was assessed similarly to
Golec et al. (2020). Twenty bean leaf disks were sprayed with
water control and Neo-Boost formulations listed in Table 2
and allowed to dry under a fume hood (~1 hour) before
they were inoculated with five newly emerged larvae. After 48
hours, the number and developmental stage of live mites were
assessed. This experiment was performed in three independent
trials (100 mites/treatment/trial). To determine the contact
effect of Neo-Boost formulations on mites, 100-120 newly
emerged larvae were placed on a Petri dish and were sprayed
directly with Neo-Boost formulations listed in Table2 as
described above. The number of living and dead mites was
assessed 1 hour post-spraying. The experiment was performed
in one trial; therefore, each mite is considered a sample in
this experiment, with a binomial outcome of alive or dead
(100 < n < 120/treatment).

Testing the Ability of Neo-Boost to Induce
Systemic Defense Responses Against
Mites

Potassium silicate has been implicated in the establishment of
induced systemic defense responses (Sakr, 2017). To test the

TABLE 2 | Spray treatments containing different combinations of ingredients in the Neo-Boost formulation.

Spray treatment
Neo- % of Water Surfact ant No TAED No KSi No TAED, No KSi Only KSi Complete
Boostingredients total
formulation
Sodium 51 - - + + + — +
percarbonate
(NagH3COs)
Tetraacetylet- 9.99 - - - + — — +
hylenediamine (TAED)
Potassium 17.89 - - + - - + +
silicate (KSi)
Surfactant 4 - + + + + - +
Other 17.12 - - + + + - +
Rational Negative Testing the Testing Testing the Testing the requirement Testing Full formulation
control effect the requirement requirement of both PAA and silicate the effect (positive control)
of surfactant of PAA of silicate of silica
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ability of Neo-Boost to prime plant defenses against spider
mites, 4-week-old tomato plants were sprayed with water,
surfactant, or Neo-Boost before the application of mites. Whole
plants were sprayed until runoff 10 and 3 days before the
application of ten female mites whose fecundity was assessed
3 days post-plant inoculation. Lanolin-enclosed arenas on the
third or fourth emerged leaf were inoculated with 10 adult
female mites (Figure 1C). The number of live mites was
counted daily and the number of eggs was counted 3 days
post-inoculation. Fecundity was normalized to eggs/mite, using
the average number of mites in each sample over 3 days as
the denominator. Six tomato plants were used per treatment
per trial (60 mites/treatment/trial). Three independent trials
were performed.

Statistical Analysis

All proportion data (hatched eggs, mortality, deterrence)
were analyzed using generalized linear models (GLMs) to
perform logistic regression using binomial or quasibinomial
distributions as required by the (over)distribution of residuals.
The fecundity data (assay on tomato) was analyzed using a
general linear model. All experiments with a single endpoint
for data collection were analyzed as fixed factor models
where the response variable (proportions or counts) was
weighted by the total number of individuals in each sample.
A repeated measures analysis was used to analyze the results
of time-course experiments using a generalized linear mixed
model (GLMM). The time points of data collection were
included as a fixed factor in these models. In some cases
involving the analysis of developmental stages, there was
complete separation detected in the model, and therefore a
penalized maximum likelihood method was used in fitting
those models.

In all experiments, fixed factors included treatment as the
main biological variable of interest and trial as a blocking
factor with the secondary purpose of testing reproducibility
between independent experiments as suggested by Brady
et al. (2015) through the inclusion of an interaction term.
Post-hoc  tests were performed to determine differences
between treatment predicted proportions/marginal means
extracted from the models and were corrected for multiple
comparisons using a Tukey method. A probability of 0.05
was used to test the significance of each factor in the
analyses of deviance/variance and for comparisons between
proportions/means in post-hoc analyses. The predicted
proportions and marginal means generated by the logistic
regression and linear models respectively were plotted with
confidence intervals (95%) to illustrate plausible values for the
parameter (proportion/mean) for the population from which
samples were taken.

Specific  details
model formulae,
tables,  interaction
used can be
All analyses
(R Core Team, 2019).

about analyses, including statistical
analysis of deviance/variance
plots, and  software  packages
found in the Supplementary Material.

were performed using R

RESULTS

The Effect of Combined Contact and
Residual Application of Neo-Boost on

T. urticae Eggs, Larvae, and Adult Mites

The application of Neo-Boost to T. urticae eggs deposited on
a bean leaf disk had a biologically negligible but statistically
significant effect on the proportion of hatched eggs (96, 95, and
94% in water, surfactant, and Neo-Boost treatments respectively,
Figure 2A; F = 5.72; df = 2; P = 0.00479). In contrast, the
application of 600 mg/L TetraSan 5 WDG (active ingredient
etoxazole), used as a positive control, inhibited hatching such
that only 6% of eggs hatched, compared to 91% in the water
negative control (Figure 2E; F = 1774.92; df = 1, P < 0.0001).
The effectiveness of Neo-Boost on larvae was significant and
very high (x2 = 234.92; df = 2; P < 0.0001), with mean
mortalities of 93 and 96% at 24-and 48-hours post-treatment
respectively, with no significant difference between the two time
points (Figure 2B). Most of this effect was observed already
at 6 hours post-treatment (79% mortality), indicating the fast
action of Neo-Boost. A portion of this effect can be attributed
to the surfactant, which gradually reached 41% mortality by 48
hours compared to 9% larval mortality in the water control. The
positive control AGRI-mek SC at a concentration of 0.05 ml/L
(active ingredient abamectin) caused a larval mortality of 99%
compared to 5% in the water control (Figure 2F; x2 = 83.84; df
= 1; P < 0.0001). Adult mites were less susceptible to Neo-Boost
treatment compared to larvae, but the effect was significant (x? =
129.26; df = 2; P < 0.0001). Their mortality gradually increased
to 41% at 48 hours post-Neo-Boost treatment (Figure 2C) and
was significantly higher relative to 6 and 13% mortality when
adults were sprayed with water and surfactant, respectively.
AGRI-mek SC cased a mortality of 97% for London adult mites
compared to 4% in the water control (Figure 2G; x* = 184.78;
df = 1; P < 0.0001). Neo-Boost was also tested against a multi-
resistant T. wurticae strain collected from a tomato-producing
greenhouse, “tomato mites.” When this strain was sprayed with
water, surfactant, or Neo-Boost, a statistically significant effect of
treatment at 4, 19, and 47% mortality 48 hours post-treatment
was observed, respectively (Figure 2D; x? = 92.58; df = 2; P <
0.0001). Thus, our data indicate that Neo-Boost has the greatest
effect on larvae, an intermediate effect on adults, and no practical
effect on eggs. Additionally, the effect on adults was consistent
across two independent T. urticae populations.

Identification of the Effective Compound(s)
in the Neo-Boost Formulation

As larvae were the most sensitive to Neo-Boost (Figure 2B),
we first tested the effects of water, “no TAED,” “no KSi,
“only KSi” or the complete formulation on larval mortality,
Figures 3A,B. Statistical differences in larval mortality were
found among treatments (F = 101.96; df = 4; P < 0.0001,
Figure 3A; x? = 361.88; df = 3; P < 0.0001, Figure 3B). Low
mortality was observed in water and “only KSi” treatments (9
and 11%, respectively) with no statistical differences between
them. Surprisingly, the effectiveness of formulations that lacked
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FIGURE 2 | Combined contact and residual effects of Neo-Boost, surfactant and water on age-synchronized spider mites at 6, 24, and 48 hours post-spraying (5
days for hatchability). (A, E) Hatchability of London mite eggs (n = 30/treatment). (B, F) Mortality of larvae (n = 60/treatment). (C, D, G) Mortality of adult mites.
London strain (C, G) and “tomato mite” strain (D), (n = 30/treatment each). Shown are proportions of hatched eggs/dead mites + 95% confidence interval (Cl).
Means with different letters within graphs are significantly different by Tukey’s HSD (P < 0.05). Asterisks represent differences between means (E, F, G).

PAA (“No TAED”), KSi (“No KSi”) or both active ingredients
(“No TAED, No KSi”) on larval mortality were similar to the
effects of the complete formulation (81, 78, and 86% larval
mortality in “no TAED,” “no KSi,” and the complete formulation
respectively, Figures 3A,B) indicating that neither PAA nor KSi
are required for Neo-Boosts direct lethal effects on mites. A
statistically significant increase in larval mortality was seen upon
the application of surfactant (58%), indicating that surfactant
is an important component that contributes to larval mortality
in Neo-Boost formulation also seen in Figure 2B. Additional
components included in the “other” category of components
in Table2 were sufficient to increase the effectiveness of the
formulation to the level seen in the complete formulation, but
were not tested individually in this study.

The effects of these formulations on larval development 48
hours post-treatment were also analyzed, Figures 3C,D. The
proportion of mites that developed into protonymphs were
significantly different between treatments (x> = 71.98; df =
4; P < 0.0001, Figure 3C; x2 = 150.32; df = 3; P < 0.0001,
Figure 3D) and followed the effectiveness trends observed
for larval mortality. While 50-75% of larvae developed into
protonymphs upon water treatment, larvae treated with complete
formulation and formulations that lacked PAA (“No TAED”), KSi
(“No KSi”) or both active ingredients (“No TAED, No KSi”), and
to some extent with the surfactant, mostly remained at the larval
stage. In these treatments, only 4-27% of larvae developed to the
protonymph stage (Figures 3C,D).

Component testing was also performed on adults, where
treatment had a significant effect (F = 26.98; df = 3; P < 0.0001).

Mortality was lowest in the water treatment (3%) and increased
in “no TAED,” “no KSi,” and complete treatments (27, 30, 24%
respectively; Figure 3E). Characterization of a deterring effect
was also recorded, where adults trapped at the edge of the
leaf disk were considered attempting to escape. The analysis of
deterrence revealed statistically significant effects of treatments
(F = 16.95; df = 3; P < 0.0001). In the water treatment, 5%
of mites were deterred, while deterrence in “no TAED,” “no
KSi,” and complete treatments was 20, 24, and 27%, respectively
(Figure 3F). In summary, neither PAA nor KSi contribute to
Neo-Boost’s effects on mites. Thus, Neo-Boost formulation can
be simplified in terms of chemical complexity and still be able
to preserve full effectiveness against larvae. Neo-Boost affected
~50% of adults that either die (Figure 3E) or try to escape treated
leaves (Figure 3F).

Residual and Contact Effects of Neo-Boost

on T. urticae

Residual effects of Neo-Boost formulations, tested by pre-
treatment of leaves before mite application, revealed a significant
effect of treatment (F = 184.45; df = 3; P < 0.0001). Residual
effects of surfactant, “no TAED, no KSi;” and complete treatments
led to larval mortality of 26, 70, and 87% respectively, and were all
significantly different from the water treatment (6%; Figure 4A).
The residual effects of these formulations on larval development
48 hours post-treatment showed that in water-treated mites
33 and 35% of mites progressed to molting or developed into
protonymphs respectively, Figure 4B. In contrast, the application

Frontiers in Agronomy | www.frontiersin.org 6

October 2021 | Volume 3 | Article 701974


https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/agronomy#articles

Bruinsma et al.

Neo-Boost Effects on T. urticae

1.0

Larval mortality (proportion) >

Wo, Moy, Mo, Ony G
ler 7 Mgy K Ky Moty

Treatment 0.54

0.0-

48 h after larval treatment

1.0

Proportion of mites at different developmental stages

Larvae

Larval mortality (proportion)

Wor Supe Moy, C
le, e, K. Om
r C[a,” '4EQ /vo ‘Ol o
Treatment s
E

Adult mortality (proportion)

Treatment

FIGURE 3 | Effects of Neo-Boost components on larvae and adults

mortality (n = 60/treatment). (F) Adult deterrence (n = 60/treatment).

77 N N C
Tor T Mgy sy Mgy

different mite developmental stages following larval treatment [n = 27-59/treatment, depending on number of samples with surviving mites from (A) and (B)]. (E) Adult

interval (Cl). Letters within graphs represent differences between pairwise comparisons of means by Tukey’s HSD (P < 0.05).

[72]
o
(o]
8
(7]
S
c
@
E —
Qe
Larvae Molting < 2
> S
o
58
€=
5 E
£ S
T
-3
=
Pl ITT
o <
Protonymph EQ
G
C
.2
= b
o
§ 054 b
o b
0
S, N C,
Wa, Moy, Mo, Ony G Wore, Surgy, Vo 1y Con,
% (o] (o] ~ny, (o) r Clo) 2 0/
(S 7;450 /\'.s/ 4 /rS/',h'O/e fo a/” EQ /VO/(@[G
Treatment Treatment S/
F

Adults deterred (proportion)

Wee Moy, Mo, Co
t@r 7"450 /rS/ /hp/e[e
Treatment
at 48 hours post-treatment. (A, B) Larval mortality (7 = 60/treatment). (C, D) Proportions of

Shown are proportions of dead mites, developmental stage, and deterrence £+ 95% confidence

of surfactant, “no TAED, no KSi” and complete formulations

resulted in delayed mite development where 79-96%
remained in the larval developmental stage (Figure 4B)

Evaluation of the contact effects of Neo-Boost formulations
1-hour post-direct spraying of larvae revealed a significant

effect of treatment (x2 123.32; df = 3; P <

Larval mortality was 3% in water treatment, 41% in the
“no TAED,

surfactant treatment, and over 90% in the
no KSi” and complete formulation treatments
95% respectively; Figure 4C). Therefore,
both contact and residual acaricidal
T. urticae larvae.

activities

Neo-Boost has

The Systemic Effect of Neo-Boost Against

Mites on Tomato

The experimental set-up for testing the ability of Neo-Boost to
prime plant defenses against spider mites is shown in Figure 5A.
Leaf damage associated with mite feeding on pre-treated tomato
leaves, observed daily over 3 days, was similar across treatments
as assessed through qualitative visual inspection, Figure 5B.
Mite fecundity was 29, 24, and 27 eggs/mite upon treatment
with water, surfactant, and Neo-Boost, respectively (Figure 5C),
indicating that Neo-Boost did not trigger priming/systemic
tomato defense responses, at least 3-days post-application,
against mite herbivory.

of mites
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FIGURE 6 | Phytotoxicity from Neo-Boost spraying. (A) A tomato plant from
the priming experiment on the last day of spraying with neo-boost. Spots with
yellowing represent the extent of phytotoxicity. (B) A detached bean leaf 48
hours post-infestation and spraying. Phytotoxicity was most evident in this
experiment, where neo-boost did not dry completely after spraying in some
spots. (C) Only a small amount of phytotoxicity was observed in the leaf-disk
set-up, as neo-boost rarely pooled within disks.

Phytotoxicity of Neo-Boost

In general, Neo-Boost at the recommended concentration did
not lead to phytotoxicity. In rare instances, sprayed droplets
pooled within leaf creases, and when it persisted due to the
humid environment created by the experimental setup, it led to
phytotoxicity. These rare occurrences are documented visually in
Figure 6.

DISCUSSION

Neo-Boost was effective against larval and to some extent adult
mite developmental stages tested under laboratory conditions.
The effect on eggs was biologically negligible, though statistically
significant. The greatest effect of Neo-Boost was seen on the
larval stage, Figures 2-4. However, the proportion of larvae in
any given mite population is relatively small compared to adults
as the larval developmental stage lasts for 1-2 days (Herbert,
1981). Further tests of Neo-Boost efficacy on other immature
mite stages (nymph stages) will clarify if Neo-Boost decreases in
efficacy linearly as mite development progresses, or if all juvenile
stages are affected to a similar extent as larvae. Additionally, the
effect of Neo-Boost on the “tomato mite” strain was comparable
to that of the London strain, suggesting that it may be effective
across different mite populations.

Tetraacetylethylenediamine and sodium percarbonate that
generate peroxyacetic acid (PAA) in water, and potassium
silicate (KSi) were listed as active compounds in Neo-Boost
formulation. However, formulations that lacked either PAA
(“no TAED”) or KSi (“no KSi”) or both ingredients (“No
TAED, No KSi”) had similar effectiveness against mites as a
complete formulation, Figure 3. While the specific mode of Neo-
Boost action against mites remains unknown, all maximally
effective treatment formulations contained surfactant, sodium
percarbonate, and “other components.” BIO-TERGE® AS-90,
the surfactant used in the Neo-Boost formulation, affected
larval mortality (Figures2-4) but did not account for the
full efficiency of the complete formulation. Surfactants can
act directly as control agents causing drowning, destruction
of biological membranes, enzyme inhibition, physical removal
of individuals from leaf surfaces, and removal of cuticle wax

or any combination thereof (Curkovic and Araya, 2004). The
other disclosed component universally present in the effective
treatments was sodium percarbonate. It is an adduct of sodium
carbonate (also known as “soda ash® or “washing soda”

and hydrogen peroxide. When dissolved in water, sodium
percarbonate produces hydrogen peroxide as well as sodium
cations and carbonate, whose contributions should be further
tested for efficacy against mites. Alternatively, the effect may be
from “other” unspecified compound(s) within the formulation
or any synergistic action therein. While specifics remain elusive,
there is clear evidence that the Neo-Boost formulation can be
simplified without a loss of its efficacy against mites. The effects
of surfactant, sodium percarbonate, and “other” components
likely affect mite physiology through several modes of action and
suggests that target site mutation may be difficult to achieve.
Therefore, should Neo-Boost prove to be effective in a production
setting, as it is in the laboratory, it may be used as a tool in IPM
strategies in mite pesticide resistance management. However, one
can foresee resistance development through changes to the mite
cuticle that would result in decreased penetrance of any effective
compound, as has been documented or implicated in resistance
to pyrethroids in several mosquito species that serve as vectors
for malaria (Fang et al., 2015; Yahouédo et al., 2017; Simma et al.,
2019). Resistance through decreased cuticle penetration has also
been implicated in bed bugs, Cimex lectularius (Koganemaru
etal, 2013).

Regarding the temporal aspect of Neo-Boost effects, the
experiments performed on detached bean leaves/disks and
tomato suggest that the effectiveness of formulations is rapid and
last up to a maximum of 2 days as: (a) Neo-Boost did not affect
mites 3 days after the final spray treatment (see Figure 5C); (b)
high larval mortality was observed 1 hour after direct contact
spraying (Figure 4C); and (c) effects of Neo-Boost are realized
over 2 days as observed in Figures 2B,C (contact plus residual
routs of exposure on larvae and adults respectively). Neo-Boost
is generally safe in terms of human and environmental risk.
Specifically, PAA and the components within the formulation
that generate it degrade rapidly in the environment, and none of
the products of the degradation process (acetic acid, hydrogen
peroxide, water, and oxygen) are harmful at concentrations
produced by Neo-Boost treatment at the recommended dose
(Carrasco and Urrestarazu, 2010). The fast action and lack of
toxic residue, usually associated with biopesticides, are important
assets of Neo-Boost that are critical for production of fresh
produce as well as other crops destined for human consumption
(e.g., hops and cannabis). In addition, its independent mode
of action makes it attractive for integrative pest and pesticide
resistance management of mite populations. Several biopesticides
have been tested against T. urticae (Ahn et al., 1998; Akyazi
et al., 2018). Biopesticides often do not have the same degree
of effectiveness as synthetic pesticides (Copping and Menn,
2000). For example, Chiasson et al. (2004) tested neem oil and
insecticidal soap against mites and found that insecticidal soap
caused very high egg and adult mite mortality while neem oil was
highly effective against mite eggs and moderately against adults.
In addition, Chandler et al. (2005) reported the effectiveness
of entomopathogenic fungi Beauveria bassiana that reduces
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T. urticae populations by up to 97%. Furthermore, Chueca et al.
(2010) tested several petroleum-derived oil formulations against
mites on citrus leaves and found that they negatively affected egg
hatchability as well as induced protonymph and adult mortality
under laboratory conditions. At the mid-range concentrations,
the oils from the Chueca et al. study had a moderate effect
on eggs, a similar effect on protonymphs as seen with Neo-
Boost, and were more effective than Neo-Boost on adults.
Recently, Golec et al. (2020) tested a number of biopesticides
including several bacterial products, a botanical product, and a
mineral oil, using similar bioassays as described in this study. In
comparison, Neo-Boost had greater efficacy against larvae and
similar efficacy against adults as the biopesticides tested in the
study by Golec et al. Therefore, even though the acaricidal effects
of Neo-Boost are lagging behind synthetic pesticides, they are
comparable to the efficiency of several biopesticides with regards
to their effectiveness on larvae and adults. The effect of Neo-
Boost on mite populations (structure and number) has yet to
be determined.

Our data demonstrate that under laboratory settings Neo-
Boost has high efficiency against larvae, moderate efficiency
against adults, and no effect on eggs. These effects were observed
when treatment was applied directly to mites or when mites are
in contact with recently sprayed plant hosts. In addition, we
did not detect the effect of Neo-Boost on the plant’s ability to
mount a systemic response against mites. Furthermore, we show
that PAA and KSi are dispensable for Neo-Boost effects against
mites, providing an opportunity to develop a novel acaricide
with reduced chemical complexity without loss of efficacy against
mites. Alternatively, it can be used in its current formulation or
combined with other compatible active ingredients to derive a
more potent acaricide that may be useful for mite control on
crops that are destined for human consumption or medicinal use.
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