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Simple Summary: Thrips are among the most damaging insect pests affecting greenhouse horticul-
ture crops. Research on biological control of these pests has focused on the dominant species, western
flower thrips (WFT). However, a second species, onion thrips (OT), has become more prevalent in
greenhouse ornamentals in Ontario, and biocontrol strategies for WFT do not control OT sufficiently
to prevent crop losses. Although thrips’ natural enemies have been tested against OT alone, there
are few studies examining how effective they are for OT compared to WFT. We conducted several
laboratory trials examining the relative efficacy of several natural enemies typically used in thrips
biocontrol, including predators, parasitic nematodes, and a fungal-based biopesticide. All of the
natural enemies tested were at least as effective at killing OT as they were for WFT in the laboratory,
indicating that they all have the potential to manage both species equally well. Possible explanations
why this potential is not realized in commercial greenhouse operations are explored.

Abstract: Thrips biocontrol research in greenhouse crops has focused primarily on western flower
thrips (WFT; Frankliniella occidentalis). However, recent outbreaks of onion thrips (OT; Thrips tabaci)
in Ontario, Canada, demonstrate that biocontrol-based IPM programs for WFT do not control OT
sufficiently to prevent crop losses. A lack of comparative studies makes it difficult to determine which
program components for WFT are failing for OT. We conducted several laboratory trials examining the
extent to which commercial biocontrol products kill OT compared to WFT. These included phytoseiid
mites (Amblyseius swirskii, Neoseiulus cucumeris, Amblydromalus limonicus, Iphiseius degenerans), a large
generalist predator (Orius insidiosus), an entomopathogenic fungus (Beauveria bassiana strain GHA),
and entomopathogenic nematodes (Steinernema feltiae, S. carpocapsae, Heterorhabditis bacteriophora). In
no-choice trials, A. swirskii and O. insidiosus consumed more OT than WFT (first instars and adults,
respectively). In choice trials, A. swirskii, N. cucumeris, and O. insidiosus consumed more OT than
WFEFT. Steinernema feltiae caused higher mortality in OT than WFT. There was no difference in mortality
between thrips species exposed to other biocontrol agents. This suggests available tools have the
potential to manage OT as well as WFT. Possible explanations why this potential is not realized in
commercial settings are explored.

Keywords: thrips; greenhouse IPM; biological control; integrated pest management; predatory mites;
Orius insidiosus; entomopathogenic nematodes; entomopathogenic fungi
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1. Introduction

Integrated pest management (IPM) in greenhouse ornamentals typically requires the
simultaneous use of multiple biological control agents (BCAs) for a single pest to achieve
the low pest levels required of plants grown for their aesthetic appeal [1,2]. Predatory
phytoseiid mites are usually the first line of defense against thrips [1,3], due to both their
efficacy and minimal cost per predator. Entomopathogenic fungi and nematodes are often
used in conjunction to augment control [4,5]. Research on the efficacy of these biocontrol
agents in greenhouse crops in temperate climates has largely focused on the primary pest
species, western flower thrips (WFT; Frankliniella occidentalis (Pergande)). As a consequence,
thrips IPM strategies have been optimized for this species. However, another thrips species,
onion thrips (OT; Thrips tabaci Lindeman), is becoming more prevalent in greenhouse
ornamentals in Ontario, Canada [6], which represents a large ornamental production region
in North America [7].

Ontario growers with mixed populations of OT and WFT previously operated under
the assumption that thrips biocontrol strategies should be equally effective at suppressing
both species. However, adequate control of OT is not being achieved with the biocontrol
program that typically works well for WFT-only populations (S], personal observation).
A likely explanation is that one or more components of the thrips IPM program are not
equally effective for both thrips species. Since greenhouse IPM strategies implement
multiple components, it remains unclear which of these components is falling short.

Neoseiulus cucumeris (Oudemans) and Amblyseius swirskii (Athias-Henriot) are the
two mite species most commonly used by floriculture growers in Ontario (S.]J., personal
observation). The predatory hemipteran, Orius insidiosus (Say), is occasionally used to
provide additional support to predatory mites in some crops [8]. Published research
confirms that A. swirskii, N. cucumeris, and O. insidiosus all consume OT [9-12].

However, with no studies directly comparing predation rates between OT and WFT,
we cannot conclude whether these predators consume equal numbers of both thrips species.
As these two thrips species are typically found in mixed populations [6], prey preference
could play an important role in how effectively predators manage them. Previous research
has demonstrated that phytoseiid mites and Orius spp. do exhibit prey preferences [13-18].
However, only one study has looked at prey preference between different thrips species [19].
That study, examining the preference and predation rate of Orius laevigatus on WFT and
Frankliniella bispinosa Morgan, confirmed that predators can exhibit prey preference even
between congeneric species.

The prevalence of pesticide-resistant OT in crops such as onions and cabbage has
generated interest in alternative strategies that are practical for use in outdoor agricultural
systems [20-22]. Consequently, more extensive research has been published on the use
of entomopathogens for OT than there has been for augmentative releases of predatory
BCAs against this pest. However, much of the research on entomopathogenic fungi (EPF)
and nematodes (EPN) has been conducted on fungal and nematode strains cultivated from
wild hosts, not commercial products. The variability in efficacy between different strains
has been well documented for both EPF [21,23,24] and EPN [25-27], so testing specific
commercially-available strains is imperative. Further, only one study has directly compared
the relative efficacy of EPF for managing both OT and WFT [28], and no comparative studies
have been published for EPN.

It also is uncertain if previous laboratory results will translate into effective control
in greenhouse crops. This is especially true for EPN that have been studied using mineral
soils or filter paper as substrates. Floriculture crops are grown in soilless media, which
differ substantially from mineral soils in properties such as moisture retention, particle size,
porosity, and water potential [29]. These properties affect the movement and host finding
capacity of EPN, and therefore their efficacy as biocontrol agents [30-32]. For this reason, it
is essential to study EPN in the substrate in which they will be used.

As it can take several years for new biocontrol agents to be developed for commercial
use, it is necessary to find non-pesticide solutions among existing products for OT, if possi-
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ble, to limit disruptions of successful biocontrol-based programs for other greenhouse pests
in Ontario [33]. There may be potential solutions among some underutilized BCAs that are
already available on the Canadian market. Two other thrips predators that are commercially
available, but used less frequently due to cost, are Ambydromalus limonicus (Garman and
McGregor) and Iphiseius degenerans (Berlese). On cucumber plants, A. limonicus has a higher
predation rate on WFT than N. cucumeris and A. swirskii [34,35], and I. degenerans has a
higher predation rate than N. cucumeris on some host plants [36], so both could be good
candidates for OT control. Of the commercially available EPNs, Steinernema feltiae (Filipjev)
is the species typically used in greenhouse crops [5,37]. Two other species, S. carpocapsae
(Weiser) and Heterorhabditis bacteriophora Poinar, are typically recommended for other soil-
dwelling pests such as beetle larvae and caterpillars [38]. However, numerous studies have
demonstrated they can also infect and kill thrips [20,25,39,40], so their potential efficacy
against OT should be explored.

Overall, the goals of this research were to (1) determine the relative predation rate
and prey preference of the predators A. swirskii, N. cucumeris, I. degenerans, A. limonicus,
and Orius insidiosus against OT and WFT in the laboratory in no-choice and choice assays;
(2) determine the relative efficacy of commercially produced S. feltiae, S. carpocapsae, and
Heterorhabditis bacteriophora against OT and WFT pupating in soilless media; and (3) de-
termine whether OT and WEFT differ in their susceptibility to a commercially available
EPF, Beauveria bassiana GHA. Laboratory studies such as these are an important first step
in elucidating why the differential control of greenhouse pests may occur. Based on our
results, possible explanations why the potential of biocontrol agents for OT is not realized in
commercial greenhouse operations are explored, and future research avenues are proposed.

2. Materials and Methods
2.1. Insects and Biological Control Agents
2.1.1. Thrips

An OT colony was established in 2019 from individuals collected from chrysanthe-
mums (Chrysanthemum indicum) at a commercial greenhouse and marigolds (Tugetes patula)
at the Vineland Research & Innovation Centre (‘Vineland’) in Vineland, Ontario, and was
supplemented with adults collected from marigolds at Vineland in 2020 and 2021. The
colony was subsequently reared on miniature cucumber fruits (Cucumis sativus) [41] and
cabbage leaves (Brassica oleracea). A WFT colony was established in 2015 from individuals
collected from chrysanthemum at a commercial greenhouse, and supplemented annually
with adults collected from roses (Rosa, shrub rose breeding collection) at Vineland. The
main WFT colony was reared on a combination of marigold plants (T. patula ‘Bonanza yel-
low’), and bean plants (Phaseolus vulgaris ‘California red kidney’). Additional WFT colonies
were reared on miniature cucumber fruits for use in these trials. Both thrips colonies were
reared in growth chambers (24 °C, 60%RH, 16 h light).

2.1.2. Predators

Predatory mites A. swirskii, I. degenerans, A. limonicus, and N. cucumeris, and the
predatory bug, O. insidiosus, were obtained from Biobest Canada Ltd. (Leamington, ON,
Canada). New predators were ordered for each trial and temporarily housed in a growth
chamber (25 °C, 70%RH, 16 h light) for up to 2 weeks. The mites and carrier materials
(vermiculite or bran) were transferred to vented plastic containers (22 x 22 x 10 cm) prior
to the assays and placed on top of sponges in a larger tray filled with water with 1-2 mL of
unscented dish soap to prevent escape. The mites were provided with Ephestia kuehniella
eggs (Beneficial Insectary, Redding, CA, USA) and cattail pollen (Nutrimite®, Biobest
Canada Ltd., Leamington, ON, Canada) adhered to strips of Post-it® labelling tape as a
food source until used in the assays. The O. insidiosus were kept in a screened cage and
given strips of E. kuehniella and pollen, as well as a bean plant (Phaseolus vulgaris ‘California
Red Kidney’) between receipt and the start of the assay.
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2.1.3. Nematodes

Entomopathogenic nematode species, S. feltiae, S. carpocapsae, and H. bacteriophora
were obtained from Sierra Biological (Lyndonville, NY, USA) and stored in a refrigerator
at 5-6 °C until use for a maximum of 1 week. For every assay, one packet of 1 million
nematodes was hydrated in a beaker with 500 mL room temperature (2024 °C) tap water
for 10 min. To verify viability and determine concentration of live infective juveniles (I])
in the solution, a 50 uL. sample was pipetted onto a petri dish and the number of live
and dead nematodes were counted using a microscope at 40x magnification based on the
methodology described in Kaya and Lacey 2007 [42]. This process was repeated 3 times
and used to calculate the average concentration of live nematodes per mL. Sufficient water
was added to dilute the nematode solution to equal 2000 live IJ/mL.

2.1.4. Microbial Biopesticide

Botanigard® 22WP (B. bassiana strain GHA) was tested as it is the most commonly
used by growers in Ontario for thrips control (S. J., personal observation). Prior to use,
viability of the product and enumeration of conidia in suspensions were assessed based on
the methodology described in Inglis et al., 2012 [43].

2.2. Experimental Set Ups
2.2.1. General Experimental Design

All experiments were set up as a complete block design (CBD), as the experimental
arenas in all cases were small, and therefore placed close together inside a single growth
chamber. In almost all cases, time was used as the blocking factor, repeating the experiments
2-7 times, to produce 1543 replicates/treatment for each experiment. The exception to this
was the choice trials involving O. insidiosus (see Section 2.2.3), where no blocking factor was
used to achieve >20 replicates per treatment. See tables and figures in the Results section
for the exact number of time blocks and total replicates (N) for each experiment.

2.2.2. Predation Rate and Prey Preference of Predatory Mites

The experimental arena used for predatory mite assays was a modified Munger cell-
type arena [44,45] consisting of two glass microscope slides, a 3 cm bean leaf disc, and craft
foam with a 2 cm circle cut in the center that formed the arena space. After placing thrips
larvae and mites inside, the cell was held firmly together with two binder clips, one on
each side of the arena space.

Adult female predatory mites of unknown age were transferred into petri dishes with
moistened filter paper for 24 h to starve them prior to all assays. First, all four mite species
(A. swirskii, 1. degenerans, N. cucumeris, A. limonicus) were tested in no-choice assays to
determine the predation rate on first instar larvae of either OT or WFT over a 24 h period.
As these mites are known to consume 4 to 7 first instar thrips larvae per day [35,46-48], we
provided 8 larvae to ensure an excess of prey. Eight first instar larvae of either OT or WFT,
and one predatory mite were moved into the arenas using a paint brush; arenas containing
only thrips larvae were the control. Sealed arenas were placed in a growth chamber
(25 °C, 70%RH, 16 h light) and the numbers of live OT, WFT, and mites were recorded after
24 h. Both fully consumed and intact thrips carcasses were counted as dead. This trial was
repeated with second instar larvae for A. swirskii, as this mite is known to consume second
instar, as well as first instar, larvae [49,50]. Amblydromalus limonicus can also consume
second instar larvae but was omitted due to time constraints. As second instar thrips are
larger, only 6 larvae were provided in each arena. Otherwise, the methodology was as
described above.

For choice assays, A. swirskii and N. cucumeris (the two most common mites used by
Ontario growers, S. Jandricic, personal observation) were provided with four OT and four
WEFT first instar larvae in a choice assay. Control arenas had no mites. Sealed arenas were
placed in a growth chamber as above. After 8 h, the predatory mite was removed. The
number of live thrips larvae for each species was recorded, then the arenas were re-sealed
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and returned to the growth chamber. The larvae were counted again 48 h later to verify
species identifications of survivors as distinguishing features are more readily visible on
second instar larvae (for description of differentiating features of larval OT and WEFT,
see [6,51]).

2.2.3. Predation Rate and Prey Preference of Orius insidiosus

As with the predatory mites, the O. insidiosus assay was repeated comparing single-
species (no-choice assay) and mixed-species (choice assay) dishes to determine prey prefer-
ence, including control dishes in which no predator was added. The assay arena consisted
of a bean leaf disc (47 mm) inside a small petri dish with an interior diameter of 47 mm.
The leaf disc was sealed to the inner edge of the petri dish with a thin ring of plasticine to
prevent thrips escape. Insects were transferred through a 4 mm diameter hole in the top of
the dish just large enough to fit the tip of an aspirator. Once the insects were added, the
hole was sealed with a small ball of plasticine.

For the no-choice assay, one adult O. insidiosus was added to the dish 24 h before the
assay and starved of any protein sources (prey or pollen), and the dishes were kept in a
growth chamber (25 °C, 70%RH, 16 h light). Twenty adult thrips (either OT or WFT) were
placed in the dish and returned to the growth chamber. The number of surviving and dead
adult thrips were counted after 24 h. For the choice assay, 16 adult thrips (8 OT and 8 WFT)
were added to the dish and counted after 8 h.

2.2.4. Efficacy of Entomopathogenic Nematodes

The arena used for the EPN laboratory assays follows the methods used in Saito and
Brownbridge 2016 [52]. A 120 mL translucent plastic jar with a screw-on lid (Qorpak®,
Berlin Packaging, Chicago, IL, USA) had a 4 cm hole cut in the lid to permit ventilation.
A 5.5 cm diameter sticky card disc was cut to cover the opening of the jar. Five 1 mm
air-holes were punched in the center of the card which was placed with the glue side facing
the inside of the jar to catch emerging adult thrips during the assay. The opposite side of
the sticky card disc was covered with wax paper. Fine mesh (200 um) fabric was placed
over the sticky card disc to catch any thrips that escaped through the air-holes. The lid was
then screwed on, securing the sticky card disc and mesh firmly in place.

Moist potting mix (Agro-Mix® G6, Fafard, Saint-Bonaventure, QC, Canada) was added
to the bottom of the jars as a pupation substrate for the thrips. The potting mix is composed
of 82% peat moss, 10% perlite, and 8% coconut husk fiber. Moisture content of the mix was
standardized by adding 250 mL of water to 100 g (ca. 1 L) of oven-dried potting mix. After
allowing time for the potting mix to hydrate, 13 g of mix was added to each cup and patted
down gently so that the depth of the substrate was 2 cm. This depth was chosen as it has
been found that most WFT and OT pupate within the upper 2 cm of substrate [53,54].

To obtain same-aged cohorts of pupae for assays, first instar WFT and OT (<24 h
difference in age) from miniature cucumber colonies [41] were moved onto detached
chrysanthemum leaves (Chrysanthemum indicum cv. ‘Springdale Purple’, Syngenta Flowers
North America, Gilroy, CA, USA) in 250 mL plastic containers (SOLO®, Dart Container
Corporation, Mason, MI, USA). The containers were placed in a growth chamber (25 °C,
70%RH, 16 h photoperiod) for 6 days. Ten late second instar larvae nearing pupation
were then moved onto a small piece of chrysanthemum leaf (approximately 2 cm?) on the
surface of the substrate in the assay arena. The arenas were placed in the growth chamber
(conditions as above). After three days, leaves were removed and inspected for larvae that
did not pupate or died in the transfer. The number of dead or non-pupating larvae (3.3%)
was recorded and subtracted from the starting number.

Then 1 mL of either nematode solution or water (control treatment) was pipetted
evenly onto the potting mix. The surface area was 19.63 cm?, therefore the nematode
application rate was equivalent to approximately 100 IJ /cm?, which is the highest recom-
mended rate for ornamental crops given by nematode suppliers [55-57]. Sealed arenas
were returned to the growth chamber. The combined duration of pre-pupa and pupa stages
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at 25 °C is 3.52 and 3.75 days for OT and WFT respectively [58]. Counts were conducted
after 7 days to ensure all survivors had sufficient time to complete development. Sticky
cards on the lids, the sides of the cup and potting mix surface were examined to determine
the number of thrips that successfully reached adulthood.

Initially, only S. feltiae was tested against an untreated control, followed by simulta-
neous tests of S. carpocapsae and H. bacteriophora and untreated controls in a separate set
of trials.

2.2.5. Efficacy of B. bassiana GHA

The arena used for entomopathogenic fungi follows the “leaf disc sandwich” method
described in Ugine et al., 2005 [59]. The “leaf disc sandwich” was created by stacking a
2.5 cm filter paper (Grade 417, VWR International, Mississauga, ON), two 2 cm diameter
chrysanthemum leaf discs (‘Springdale purple’) with the abaxial sides facing each other,
and a second filter paper on top. Prior to assembly, the abaxial surfaces of both leaves
within the sandwich were sprayed with their respective treatments using a Potter spray
tower and allowed to dry. Each filter paper was moistened with 35 pL of reverse osmosis
(RO) water, and the sandwich was then put into a 30 mL translucent plastic portion cup
(SOLO®) and sealed with a lid.

For the assays, 5 ml of solution was sprayed onto a 100 mm petri dish containing
6 leaf discs. Two discs the same diameter as the leaf discs (2 cm) cut from stiff plastic
film were also included in each dish to confirm the conidia concentration applied to the
leaf discs. The plastic discs were submerged in 0.01% surfactant (Triton™ X-100, Dow
Chemical Canada ULC, Calgary, AB, Canada) solution (2 to 5 mL depending on spray
concentration) and vortexed to dislodge conidia. The number of conidia in the surfactant
solution was determined using haemocytometer counts. The average number of conidia
per mm? applied to the leaf discs per rate are reported in Results.

Three rates of B. bassiana were applied to the discs: (1) 2.5 g/L—the maximum recom-
mended label rate; (2) 1.25 g/L—the minimum recommended label rate; and
(3) 0.125 g/L—10% of the minimum recommended label rate, as well as a water-only
control. After the leaf disc sandwich had been assembled, ten 3-day old second instar
larvae (either OT or WFT) were transferred to the top filter paper using a fine tip paintbrush.
As per Ugine et al. (2005) [59], the thrips then crawled between the leaf discs for feeding,
thereby exposing them to the EPF. The cups were then sealed and placed in a growth
chamber (25 °C, 70%RH, 16 h photoperiod) for 5 days. The leaf discs, filter papers, and
inside of the cup were then searched, and the number of dead and living larvae counted.

2.3. Statistical Analysis

Data were analyzed using Proc GLIMMIX in SAS® Studio Version 3.8 (Copyright
© 2013-2018, SAS Institute Inc., Cary, NC, USA). For all assays, to reach a minimum of
15 replicates, experiments were repeated over multiple time blocks. These experimental
blocks were included as a random variable in analyses (total N for replicates and number
of time blocks for each trial are reported in results tables). For all predator trials, data from
dishes in which the predator died were omitted. In all cases, a generalized linear mixed
model (GLMM) was used. The specific distribution type varied across assays as to best fit
assumptions of variance, as did the use of comparison tests. Details are given below.

2.3.1. Tests with Predatory Mites

In both the no-choice and choice assays, the difference in control mortality between
thrips species was not statistically significant. Therefore, uncorrected mortality was ana-
lyzed with the control included in the model as a treatment. Predation rate (i.e., the total
number of dead thrips, whether consumed entirely or killed) was analyzed using a Poisson
distribution for no-choice assays. Contrast statements were conducted to determine differ-
ences between predation rates on OT and WFT within each predator species. Simple effect
comparisons were used to determine the difference in predation rate between predator
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species for OT and WFT separately. For the choice assays, differences in the predation
rate between OT and WFT used a Gaussian distribution, with contrast statements used to
determine differences between the numbers of thrips species consumed for each predator.

2.3.2. Trials with O. insidiosus

In both the O. insidiosus no-choice and choice assays, OT had higher mortality than
WET in the controls. Therefore, the corrected mortality rate was calculated using Abbott’s
formula [60]. Differences in corrected mortality between thrips species were analyzed using
a GLMM with a beta distribution.

2.3.3. Trials Using Entomopathogens

For both the EPN and B. bassiana assays, the corrected thrips mortality was calculated
using Abbott’s formula [60] with control mortality for each thrips species within each
experimental block. The corrected mortality was analyzed using a beta distribution. For the
B. bassiana trials, the effect of thrips species and B. bassiana rate on the corrected mortality
of thrips was analyzed as in the O. insidiosus trials. As S. feltine was tested in a separate
trial from the other 2 species, each nematode species was analyzed separately to determine
differences in mortality between OT and WFT, and differences between nematode species
were not analyzed.

3. Results
3.1. Predation Rate and Prey Preference of Predatory Mites

In no-choice trials, there were significant differences between predator treatments
in the number of first instar larvae killed or consumed (F4 04y = 39.7, p < 0.0001). There
was no effect of thrips species (Fj 04y = 2.71, p = 0.1014) or interaction (F4,204) = 0.57,
p = 0.6877). Amblyseius swirskii consumed the most OT, which was significantly more than
I. degenerans and N. cucumeris, but there was no significant difference between any predatory
mite species with WFT as prey (Table 1). In paired contrasts between OT and WFT within
each predator species, A. swirskii consumed significantly more OT first instar larvae than
WEFT larvae, whereas the other predators, N. cucumeris, 1. degenerans, and A. limonicus,
consumed equal numbers of both thrips species (Table 1).

Table 1. Mean predation rates (number of thrips killed or consumed) + standard error (SE) of
predatory mite species on Thrips tabaci (OT) and Frankliniella occidentalis (WFT) in 24 h no-choice
trials and 8 h choice trials, and Tukey’s adjusted p-value of contrasts between thrips species. ‘Control’
represents natural mortality in no-predator treatments. Total N were collected over a series of time
blocks (reported in sub-titles). Different letters represent significant differences («x = 0.05) between
predator species within each thrips species for each trial as determined by simple effects comparisons,
and asterisks (*) indicate significant differences between OT and WEFT for each predator.

oT WFT Adj. p-Value
Predator Treatment N Avg. N Avg. (OT vs. WFT)
No-choice (24 h), first instar (7 blocks)
A. swirskii 24 6.2 +0.36 A 22 45+042 A 0.0139 *
A. limonicus 1 15 5.1+ 0.65 AB 15 4.7 £0.56 A 0.6935
1. degenerans 2 20 41+037 B 19 3.34+0.33 A 0.1772
N. cucumeris 21 3.7 +£044 B 20 33+042 A 0.5364
Control 35 0.7 £0.12 c 29 0.7 £0.15 B 0.9728
No-choice (24 h), second instar (2 blocks)
A. swirskii 21 1.0 £0.20 21 1.9 £0.28 0.0022 *

Control 21 0.1 £0.07 21 0.1+0.1 1.0000
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Table 1. Cont.
oT WFT Adj. p-Value
Predator Treatment N Avg. N Avg. (OT vs. WFT)
Choice (8 h), first instar (5 blocks)
A. swirskii 20 2.7 £0.22 20 1.6 +0.24 <0.0001 *
N. cucumeris 22 2.8 +£0.23 22 1.5+0.18 <0.0001 *
Control 43 0.7 £0.13 43 0.4 +0.08 0.0813

1 A. limonicus was used in 3 of the 7 time blocks. 2 I. degenerans was used in 4 of the 7 time blocks.

In the no-choice trial with second instar thrips, there was a significant interaction
between predator treatment and thrips species (F(q 79) = 4.99, p = 0.0283), as well as predator
treatment (F(1 79) = 56.11, p < 0.0001) and thrips species (F(y,79) = 4.99, p = 0.0283). Contrary
to the results of the no-choice trials with first instar larvae, A. swirskii consumed 77% more
second instar WFT than OT (Table 1).

In the 8 h choice trial, when presented with equal numbers of OT and WEFT first instar
larvae, there was a significant effect of thrips species (Fy,17.17) = 32.29, p < 0.0001) but
not predator treatment (F(j 4,532 = 0.09, p = 0.7804) on predation rate, with no significant
interaction (Fq,17.17) = 0.10, p = 0.7597). Both predators appear to prefer OT over WFT.
Amblyseius swirskii consumed 42% more OT than WFT, and N. cucumeris consumed 45%
more OT than WFT (Table 1).

3.2. Predation Rate and Prey Preference of Orius insidiosus

In the no-choice trials, analysis of the corrected mortality found that O. insidiosus
consumed twice as many OT adults compared to WFT (F(; 35) = 21.10, p < 0.0001). However,
when presented with both species in the choice trial, the effect of species was not significant
(F(1,34) = 1.81, p = 0.1879) (Table 2). For clarity, the non-corrected mortality rates are also
shown in Table 2.

Table 2. Predation rates (mean number (#) of thrips dead or consumed =+ standard error) and
corrected mortality of Orius insidiosus on adult Thrips tabaci (OT) and Frankliniella occidentalis (WFT)
in 24 h no-choice trials and 8 h choice trials. ‘Control’ represents natural mortality in no-predator
treatments. Different letters indicate significant difference between corrected mortality ! rate (%) of
OT and WFT (« = 0.05) within the O. insidiosus treatments. Total N were collected over a series of
series of time blocks (reported in table headings).

No Choice, 24 h (3 Blocks) Choice, 8 h (1 Block)
N oT WFT N oT WFT
Control, #dead 25 3.8+05 0.8+0.2 20 1.8+0.36 0.8 £0.12
O. insidiosus, #dead 22 13.0+13 53+09 19 59+054 3.9+ 044
Corrected mortality A 68.8 £8.1A 272 +53B 499 £ 6.6ns 342+47ns

! Mortality rate was corrected using Abbott’s formula [60] using the control mortality for each thrips species
within each experimental block.

3.3. Efficacy of Entomopathogenic Nematodes

Mortality rates in the untreated control treatments were high (47.0% and 45.7% for OT
and WEFT, respectively), but there was no significant difference in control mortality between
thrips species (F; 57 = 0.09, p = 0.7684). There was no difference in corrected mortality
between OT and WFT for S. carpocapsae (F(1,7) = 0.23, p = 0.6361) nor H. bacteriophora
(F,27) = 2.57, p = 0.1205), which caused average corrected mortality rates of 37.6% (4-8.73)
and 44.9% (+7.62), respectively. There was, however, a significant difference between thrips
species for S. feltiae (F(1 37) = 14.32, p = 0.0005). For this species, the corrected mortality for
OT (40.9% =+ 6.27) was two times higher than that for WFT (13.6% =+ 5.54) (Figure 1).
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Figure 1. Mean corrected mortality (%) of pupating Thrips tabaci (OT) and Frankliniella occidentalis
(WFT) when treated with entomopathogenic nematodes Steinernema feltiae (N = 20), S. carpocapsae
(N =15), or Heterorhabditis bacteriophora (N = 15) in laboratory assays. Replicates were conducted over
2 time blocks for each nematode species. *** indicates a significant difference between thrips species
within nematode species > 0.001; ‘n.s.” indicates no significant effect. Mortality was corrected using
Abbott’s formula [60] using control mortality for each species within each experimental block.

3.4. Efficacy of Entomopathogenic Fungi

In trials with the EPF, there was a significant effect of the rate of B. bassiana on thrips
mortality (F(p,92) = 16.49, p < 0.0001), but no effect of thrips species (F;,92) = 0.01, p = 0.9376)
or interaction between rate and species (F(2,92) = 0.05, p = 0.9509). There was no significant
difference between high (2.5 g/L) and low (1.25 g/L) label rates on the corrected mortality
of thrips (tgp = 1.52, p = 0.2886). The rate ten-fold lower than the low label rate (0.125 g/L)
still caused 26% corrected mortality. However, this was significantly lower than both the
high and low label rates (to; > 5.60, p < 0.0002 for both) (Table 3).

Table 3. Mean conidia density and corrected mortality rate + standard error of Thrips tabaci (OT),
Frankliniella occidentalis (WFT), and average mortality at three rates of Beauveria bassiana strain GHA
(BotaniGard® WP) in a laboratory assay. N = 17 (per species x rate), over 4 time blocks. Significant
differences in average mortality between rates is indicated by different letters (x = 0.05).

% OT % WEFT Average %
o qe 2 (] g
Rate Conidia/mm Mortality ! Mortality ! Mortality !
25g/L 1161.7 61.3 + 6.63 59.9 + 6.55 60.6 +4.59 A
125g/L 604.6 50.1 £5.70 52.2 + 6.50 511 +4.18 A
0.125g/L 75.9 255 + 3.46 25.8 + 6.93 257+ 3.81B

1 Mortality rate was corrected using Abbott’s formula [60] using the control mortality for each thrips species
within each experimental block.

4. Discussion

The primary goal of this study was to determine if biocontrol agents commonly used
in floriculture biocontrol programs differed in their ability to control both WFT, a key
pest, along with the novel greenhouse pest, OT. This research fills an important gap in the
literature, as direct comparisons of biocontrol agents against OT and WFT were lacking,
despite their coexistence in floriculture [6,61,62] and vegetable greenhouses [63,64]. In most
cases, predators, entomopathogenic fungi (EPF), and entomopathogenic nematodes (EPN)
performed equally well against OT as WFT, if not better.

An issue encountered in our screening of biocontrol agents against OT was the high
control mortality in our EPN trial when compared to the mortality rates seen in the preda-
tory mite assays (8.3%) and B. bassiana assay (14.5%). This difference may be due to a
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combination of the developmental stage used (pupae versus larvae), the assay environ-
ment, and duration of the assay. However, a relatively high control mortality is not unusual
in laboratory trials of thrips pupation in soilless media. Saito and Brownbridge [52], upon
whose assay method this trial was based, recorded a control mortality of WFT ranging from
29.2 to 38.2%. Helyer et al. [54] reported a control mortality of WFT of 31.3% in peat/loam
substrate. Both the type of substrate and pupation depth may impact the natural mortality
rate. Comparing substrate types, Ansari et al. [65] found the lowest control mortality in
bark (12%), moderate mortality in peat (25.5%), and higher mortality in coir (31.5%). They
posited that higher mortality in peat and coir might be attributed to suffocation in the
relatively more compact and waterlogged peat and coir substrate. This was corroborated by
Ebssa et al. [66], who found increasing mortality of WFT with increasing moisture content
in peat-based potting mix, from only 6.1% mortality in the driest treatment up to 34.5%
in the wettest treatment. Highly saturated peat is representative of typical conditions in
commercial floriculture operations, and EPNs are typically applied using a soil drench
with large volumes of water to promote survival and movement of the nematodes [67,68].
Although such high control mortality rates are not considered ideal for laboratory tri-
als, it may be that this is an accurate representation of natural thrips survival in this
cropping system.

Despite being the most commonly used species, the results of this study indicate that
S. feltiae is less effective at infecting and killing WFT than OT, and that it is less effective
for WFT than S. carpocapsae and H. bacteriophora. Saito and Brownbridge [52] reported a
similarly low corrected mortality rate of 13.2% for WFT exposed to S. feltiae in potting mix
substrate. Among the many published studies, there is no clear consensus as to which EPN
species offers the best control of WFT or OT. There is research demonstrating the superiority
of H. bacteriophora [25,27], S. feltiae [27,40], and S. carpocapsae [39,40], as well as studies that
show the species are equally effective [20,69,70]. The lack of consensus in the literature may
be due to the variety of assay conditions, species strains, and nematode culturing methods
used. The documented differences in virulence between strains [25-27] make it difficult to
generalize about the effectiveness of a species, or discern whether differences may be due
to strain or assay method. Several studies demonstrate that substrate type impacts EPN
efficacy. For example, S. carpocapsae is more mobile in clay, while H. bacteriophora performs
well in peat-based potting mixes and other substrates with a high percentage of organic
matter [71-74]. This highlights the importance of validating EPN results using commercial
strains in the substrates in which they will be used, to get a clearer picture of how they will
perform in real-life settings.

Our study was designed to rapidly screen a large number of BCAs to determine which
may differ in their efficacy between OT and WEFT, to potentially identify where current bio-
control programs may be failing, and to point towards future research questions. As such,
our predator assays were of short duration. Previous research has demonstrated that over
longer-term trials, satiation impacts the consumption rate of predatory mites, and that the
effect of satiation differs between species [75]. Therefore, these results may not accurately
reflect which predatory mite species can consume the most OT over its lifetime. Further,
as WFT are larger than OT, the effect of satiation could exacerbate differences between
thrips species, as predators would reach satiety faster when consuming WFT. Our trial
also used adults collected at random from those received in biocontrol shipments, rather
than creating single-aged cohorts. As predator age can impact consumption rate [18,76],
using mites of unknown age may have introduced more variation in predation between
individuals within each species. However, as all ages of predators are present in a green-
house environment, this may offer a more realistic view of predation capacity, rather than
maximum capacity, as would be the case if only the most voracious life stage were used.

Although all biocontrol agents performed well against OT in our lab trials (often better
than on WEFT), this does not reflect the experience of growers who struggle to control this
species. It is not uncommon for researchers to find inconsistency between laboratory and
field trial results. For example, A. swirskii was found to be a better predator of Scirtothrips
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dorsalis than N. cucumeris in greenhouse trials despite performing equally well in laboratory
trials [77], and A. limonicus dramatically outperformed N. cucumeris as a WFT predator in
greenhouse trials [34] despite having a very similar predation rate in laboratory trials [35].
In other studies, the efficacy of EPNs in greenhouse trials dropped substantially compared
to laboratory assays for both WFT [69] and OT [20]. Many factors may contribute to these
discrepancies, including the behaviors of both predator and prey, plant structure, and
environmental factors. There are limitations inherent in laboratory trials that may explain
why the BCAs included in this study fail to realize their potential when they are used in
commercial operations.

The arenas used in laboratory assays such as these offer little opportunity for thrips
to hide, escape, or exhibit other behaviors that influence predation rate. Uiterwaal and
DeLong [78] found that arena size was the most important determinant of predation rate in
experiments using ladybird beetles on a variety of prey types. The frequency with which
predators and prey interact (‘encounter rate’) is among the main determinants of predation
rate [19], and small arenas used in laboratory trials ensure an artificially high encounter
rate. In whole plant studies, the within-plant distribution of both predator and prey will
affect how likely they are to encounter each other, and have previously explained failures
in the biocontrol of novel greenhouse species [79]. Predator avoidance behavior can also
reduce the encounter rate between predators and prey that would otherwise share the same
habitat. Research has found that O. insidiosus consumes more WFT even when presented
with other flower-feeding thrips species on pepper host plants [19,80]. Though Frankliniella
tritici and F. bispinosa are equally acceptable food sources for O. insidiosus as WFT, these
species retreat more readily in the presence of the predator, thus reducing their encounter
rate relative to the slower WFT [19]. To date, study of OT defensive/avoidant behaviors in
the presence of predators is limited [9], and research on how these behaviors compare to
WEFT may provide further clarity.

The within-plant distribution of different thrips species is also relevant to the efficacy
of microbial insecticides, as the pest needs to contact viable spores to cause mortality.
Differences in the movements of thrips within and between plants throughout the day
could be of particular relevance to foliar applications of EPFs. Dispersal patterns of OT
and WFT have been shown to vary throughout the day; however, the time of peak activity
differs among reports [81-83]. Research from Israel found that OT were more active in
the morning [82], whereas research conducted in New York state found that OT were
more active in the afternoon [83]. The researchers posited that this difference may be
due to the cooler overnight and morning temperatures in New York state compared to
the warmer Mediterranean climate [83]. If OT in the greenhouse are less active in the
afternoon, as they are in Israel, this could reduce their contact with foliar applications of
EPFs which are typically applied later in the day in commercial greenhouses due to re-entry
interval restrictions.

Differences in leaf surface and plant architecture make every plant species a unique
landscape that can change the movement and behavior of both predator and prey, re-
sulting in differences in predator efficacy between crops. The impact of host plants
on thrips predator efficacy has previously been documented for N. cucumeris [36,47,84],
O. insidiosus [84,85], and A. swirskii [11,86]. The host plant, as well as spray equipment
and technique, can also impact the efficacy of EPFs [28,87,88]. The dense canopy structure
of many floriculture crops makes adequate coverage challenging, resulting in high spray
deposition on the top leaves and upper surface, and substantially less on the underside
of leaves and canopy interior where pests are often found [88]. Predator efficacy can also
be impacted by environmental conditions. The optimal temperatures of predators and
prey species can create advantages for different species under different growing conditions.
Research has found that A. limonicus can provide better control than other phytoseiid
mites under cool, short-season conditions [89]. Given that OT populations persist in the
greenhouse in late fall and winter [6], the potential to provide better control during cooler
months makes A. limonicus worthy of further study.
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Despite the limitations of laboratory trials, they are an essential first step in the
process to determine efficacy. Investigations must begin in small, controlled, laboratory
assays before scaling up to semi-field and field environments [90]. Our results establish a
fundamental capacity for these BCAs to consume or kill OT as well as they do WFT, and
they suggest areas for further study. Specifically, further investigation of A. swirskii as an
effective predator is warranted, based on increased predation of this particular species of
mite on OT first instars over WFT. To save money on biocontrol programs, ornamental
growers in Ontario will often use the less expensive N. cucumeris over A. swirskii, as both can
be effective for WFT. If, for OT, A. swirskii outperform N. cucumeris in the greenhouse to the
same extent as these lab trials, this may explain some of the biocontrol failures seen at certain
facilities in Ontario. Further, O. insidiosus is rarely used in potted ornamentals in Ontario
(also due to cost), except in severe outbreak situations [91]. Given its high predation rate
on adult WFT and OT, this predator may be a necessary addition to greenhouses battling
regular OT outbreaks. Similarly, nematode species other than S. feltiae are rarely used in
commercial greenhouses. The similar performance of S. carpocapsae and H. bacteriophora
for OT (and superior performance against WFT) warrants further testing of these species
in whole plant trials. More preliminary research is also needed on other commercially
available microbial pesticides against OT. Although there were no differences between OT
and WFT for BotaniGard WP, previous research has shown a wide variation in response
to different species and strains of EPF when it comes to greenhouse pests in the same
superfamily [92]. Other commercially available Beauveria strains, such as Velifer (B. bassiana
strain PPRI 5339) or Bioceres (strain ANT-03), or Lalguard M52 (M. brunneum M52), and
different formulations (e.g., powder vs. oil-based carriers) may prove more effective against
OT and other non-WFT species both in the lab and in the greenhouse.

Lastly, more research into the ecology of OT as a pest of ornamentals is necessary to
elucidate non-pesticide solutions for this pest. Biocontrol agents are living organisms that
interact with each other in many ways that can affect pest control outcomes. Ecological
factors such as within-plant distribution [93], intraguild predation [16,17], and interspecific
competition [94] between thrips species can affect the realized efficacy of an IPM program.
As living organisms, BCAs can also be harmed by pesticides, thus reducing their effective-
ness in crops where pesticides are still being used [95-98]. Coupled with the continuation
of biocontrol screening in research greenhouse trials, future research will need to address
these ecological factors to develop a reliable IPM strategy that can be effective for both
thrips species.

Author Contributions: Conceptualization, R.B., S.J. and A.S.; methodology, A.S.; formal analysis, A.S.
and S.J.; investigation, A.S.; writing—original draft preparation, A.S.; writing—review and editing,
R.B. and S.J.; visualization, A.S.; supervision, R.B., S.J. and C.D.S.-D.; project administration, R.B. and
C.D.S.-D,; funding acquisition, R.B. and C.D.S.-D. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Ontario Ministry of Agriculture, Food and Rural Af-
fairs (OMAFRA), through the Ontario Agri-Food Innovation Alliance (Tier 1 grant # UofG2018-
3171). Some materials used in this research were donated by Biobest Canada, BioWorks Inc., and
Sierra Biological.

Data Availability Statement: Data are available on request from corresponding author
(ashley.summerfield@vinelandresearch.com).

Acknowledgments: We would like to thank Taro Saito for his training and technical support with the
entomopathogen trials.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.



Insects 2024, 15, 400 13 of 16

References

1. Daughtry, M.; Buitenhuis, R. Integrated Pest and Disease Management in Greenhouse Ornamentals. In Integrated Pest and Disease
Management in Greenhouse Crops; Gullino, M.L., Albajes, R., Nicot, P.C., Eds.; Springer: Cham, Switzerland, 2020; pp. 625-679.

2. Brodsgaard, H.F. Biological Control of Thrips on Ornamental Crops. In Biocontrol in Protected Culture; Heinz, K.M., Van Driesche,
R.G,, Parrella, M.P, Eds.; Ball Publishing: Batavia, IL, USA, 2004; pp. 253-264.

3. Mouden, S.; Sarmiento, K.F,; Klinkhamer, P.G.L.; Leiss, K.A. Integrated pest management in western flower thrips: Past, present
and future. Pest Manag. Sci. 2017, 73, 813-822. [CrossRef] [PubMed]

4. Brownbridge, M.; Buitenhuis, R. Integration of microbial biopesticides in greenhouse floriculture: The Canadian experience. J.
Invertebr. Pathol. 2019, 165, 4-12. [CrossRef] [PubMed]

5. Murphy, G. Grower adoption of biological control in greenhouse ornamentals and the role of technology transfer. IOBC-WPRS
Bull. 2014, 102, 163-167.

6.  Summerfield, A. Integrated Pest Management of Onion Thrips (Thrips tabaci), an Emerging Pest of Greenhouse Floriculture Crops
in Ontario. Master’s Thesis, University of Guelph, Guelph, ON, Canada, 2022. Available online: https://hdl.handle.net/10214/
26946 (accessed on 16 April 2024).

7. Ontario Ministry of Agriculture Food and Rural Affairs the Ontario Greenhouse Floriculture Industry. Available online:
http:/ /www.omafra.gov.on.ca/english/crops/facts/greenflor.htm (accessed on 26 November 2020).

8. Van Lenteren, J.C.; Alomar, O.; Ravensperg, W.]J.; Urbaneja, A. Biological Control Agents for Control of Pests in Greenhouses.
In Integrated Pest and Disease Management in Greenhouse Crops; Gullino, M.L., Albajes, R., Nicot, P.C., Eds.; Springer: Cham,
Switzerland, 2020; pp. 409-439.

9. Bakker, EM.; Sabelis, M.W. How larvae of Thrips tabaci reduce the attack success of phytoseiid predators. Entomol. Exp. Appl.
1989, 50, 47-51. [CrossRef]

10. Gillespie, D.R. Biological control of thrips [Thysanoptera: Thripidae] on greenhouse cucumber by Amblyseius cucumeris. Ento-
mophaga 1989, 34, 185-192. [CrossRef]

11. Wimmer, D.; Hoffmann, D.; Schausberger, P. Prey suitability of western flower thrips, Frankliniella occidentalis, and onion thrips,
Thrips tabaci, for the predatory mite Amblyseius swirskii. Biocontrol Sci. Technol. 2008, 18, 533-542. [CrossRef]

12.  Kumar, R; Tian, J.C.; Naranjo, S.E.; Shelton, A.M. Effects of Bt Cotton on Thrips tabaci (Thysanoptera: Thripidae) and its predator,
Orius insidiosus (Hemiptera: Anthocoridae). J. Econ. Entomol. 2014, 107, 927-932. [CrossRef] [PubMed]

13.  Xu, X.; Enkegaard, A. Prey preference of the predatory mite, Amblyseius swirskii between first instar western flower thrips
Frankliniella occidentalis and nymphs of the twospotted spider mite Tetranychus urticae. J. Insect Sci. 2010, 10, 149. [CrossRef]
[PubMed]

14. Van Maanen, R.; Messelink, G.J.; Van Holstein-Saj, R.; Sabelis, M.W.; Janssen, A. Prey temporarily escape from predation in the
presence of a second prey species. Ecol. Entomol. 2012, 37, 529-535. [CrossRef]

15. Messelink, G.J.; van Maanen, R.; van Steenpaal, S.E.F; Janssen, A. Biological control of thrips and whiteflies by a shared predator:
Two pests are better than one. Biol. Control 2008, 44, 372-379. [CrossRef]

16.  Buitenhuis, R.; Shipp, L.; Scott-Dupree, C. Intra-guild vs extra-guild prey: Effect on predator fitness and preference of Amblyseius
swirskii (Athias-Henriot) and Neoseiulus cucumeris (Oudemans) (Acari: Phytoseiidae). Bull. Entomol. Res. 2010, 100, 167-173.
[CrossRef]

17.  Chow, A.; Chau, A.; Heinz, KM. Compatibility of Orius insidiosus (Hemiptera: Anthocoridae) with Amblyseius (Iphiseius)
degenerans (Acari: Phytoseiidae) for control of Frankliniella occidentalis (Thysanoptera: Thripidae) on greenhouse roses. Biol.
Control 2008, 44, 259-270. [CrossRef]

18. Rahmani, H.; Hoseini, M.; Saboori, A.; Walzer, A. Prey preference of the predatory mite Neoseiulus californicus (Mesostigmata:
Phytoseiidae) when offered two major pest species, the two spotted spider mite and the onion thrips. Int. J. Acarol. 2016, 42,
319-323. [CrossRef]

19. Reitz, S.R.; Funderburk, J.E.; Waring, S.M. Differential predation by the generalist predator Orius insidiosus on congeneric species
of thrips that vary in size and behavior. Entomol. Exp. Appl. 2006, 119, 179-188. [CrossRef]

20. Gulzar, S.; Wakil, W.; Shapiro-Ilan, D.I. Potential use of entomopathogenic nematodes against the soil dwelling stages of onion
thrips, Thrips tabaci Lindeman: Laboratory, greenhouse and field trials. Biol. Control 2021, 161, 104677. [CrossRef]

21. Wu,S,; Gao, Y.; Xu, X.; Zhang, Y.; Wang, ].; Lei, Z.; Smagghe, G. Laboratory and greenhouse evaluation of a new entomopathogenic
strain of Beauveria bassiana for control of the onion thrips Thrips tabaci. Biocontrol Sci. Technol. 2013, 23, 794-802. [CrossRef]

22.  Woldemelak, W.A. The major biological approaches in the integrated pest management of onion thrips, Thrips tabaci (Thysanoptera:
Thripidae). J. Hortic. Res. 2020, 28, 13-20. [CrossRef]

23. Hemalatha, S.; Ramaraju, K.; Jeyarani, S. Evaluation of entomopathogenic fungi against tomato thrips, Thrips tabaci Lindeman.
J. Biopestic. 2014, 7, 151-155. [CrossRef]

24. Wraight, S.P.,; Carruthers, R.I; Bradley, C.A.,; Jaronski, S.T.; Lacey, L.A.; Wood, P.; Galaini-Wraight, S. Pathogenicity of the
entomopathogenic fungi Paecilomyces spp. and Beauveria bassiana against the silverleaf whitefly, Bemisia argentifolii. |. Invertebr.
Pathol. 1998, 71, 217-226. [CrossRef]

25. Premachandra, D.W.T.S.; Borgemeister, C.; Berndt, O.; Ehlers, R.U.; Poehling, H.M. Laboratory bioassays of virulence of

entomopathogenic nematodes against soil-inhabiting stages of Frankliniella occidentalis Pergande (Thysanoptera: Thripidae).
Nematology 2003, 5, 539-547. [CrossRef]


https://doi.org/10.1002/ps.4531
https://www.ncbi.nlm.nih.gov/pubmed/28127901
https://doi.org/10.1016/j.jip.2017.11.013
https://www.ncbi.nlm.nih.gov/pubmed/29196232
https://hdl.handle.net/10214/26946
https://hdl.handle.net/10214/26946
http://www.omafra.gov.on.ca/english/crops/facts/greenflor.htm
https://doi.org/10.1111/j.1570-7458.1989.tb02313.x
https://doi.org/10.1007/BF02372667
https://doi.org/10.1080/09583150802029784
https://doi.org/10.1603/EC13567
https://www.ncbi.nlm.nih.gov/pubmed/25026649
https://doi.org/10.1673/031.010.14109
https://www.ncbi.nlm.nih.gov/pubmed/21070175
https://doi.org/10.1111/j.1365-2311.2012.01395.x
https://doi.org/10.1016/j.biocontrol.2007.10.017
https://doi.org/10.1017/S0007485309006944
https://doi.org/10.1016/j.biocontrol.2007.11.002
https://doi.org/10.1080/01647954.2016.1191540
https://doi.org/10.1111/j.1570-7458.2006.00408.x
https://doi.org/10.1016/j.biocontrol.2021.104677
https://doi.org/10.1080/09583157.2013.794896
https://doi.org/10.2478/johr-2020-0002
https://doi.org/10.57182/jbiopestic.7.2.151-155
https://doi.org/10.1006/jipa.1997.4734
https://doi.org/10.1163/156854103322683256

Insects 2024, 15, 400 14 of 16

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Matuska-Lyzwa, J. Effectiveness of selected strains of entomopathogenic nematodes in peat substrate in container breeding. Ecol.
Quest. 2013, 18, 63-67. [CrossRef]

Ebssa, L.; Borgemeister, C.; Berndt, O.; Poehling, H.M. Efficacy of entomopathogenic nematodes against soil-dwelling life stages
of western flower thrips, Frankliniella occidentalis (Thysanoptera: Thripidae). J. Invertebr. Pathol. 2001, 78, 119-127. [CrossRef]
Thungrabeab, M.; Blaeser, P.; Sengonca, C. Effect of temperature and host plant on the efficacy of different entomopathogenic
fungi from Thailand against Frankliniella occidentalis (Pergande) and Thrips tabaci Lindeman (Thysanoptera: Thripidae) in the
laboratory. J. Plant Dis. Prot. 2006, 113, 181-187. [CrossRef]

Raviv, M.J.; Lieth, H. Soilless Culture: Theory and Practice, 1st ed.; Elsevier: Amsterdam, The Netherlands, 2008; ISBN 978-0-444-
52975-6.

Koppenhofer, A.M.; Fuzy, E.M. Soil moisture effects on infectivity and persistence of the entomopathogenic nematodes Steinernema
scarabaei, S. glaseri, Heterorhabditis zealandica, and H. bacteriophora. Appl. Soil Ecol. 2007, 35, 128-139. [CrossRef]

Kapranas, A.; Maher, AM.D.; Griffin, C.T. The influence of organic matter content and media compaction on the dispersal of
entomopathogenic nematodes with different foraging strategies. Parasitology 2017, 144, 1956-1963. [CrossRef]

Ansari, M.A.; Shah, EA.; Whittaker, M.; Prasad, M.; Butt, TM. Control of western flower thrips (Frankliniella occidentalis) pupae
with Metarhizium anisopliae in peat and peat alternative growing media. Biol. Control 2007, 40, 293-297. [CrossRef]
Summerfield, A. Adoption of Biological Control in Ontario: Greenhouse Ornamental Growers Survey, 2018 (Internal Report); Vineland
Research and Innovation Centre: Vineland Station, ON, Canada, 2018.

Messelink, G.J.; Van Steenpaal, S.E.F.; Ramakers, PM.]. Evaluation of phytoseiid predators for control of western flower thrips on
greenhouse cucumber. BioControl 2006, 51, 753-768. [CrossRef]

van Houten, Y.M.; van Rijn, P.C.J.; Tanigoshi, L.K.; van Stratum, P.; Bruin, . Preselection of predatory mites to improve year-round
biological control of western flower thrips in greenhouse crops. Entomol. Exp. Appl. 1995, 74, 225-234. [CrossRef]

Scott Brown, A.S.; Simmonds, M.S.].; Blaney, W.M. Influence of species of host plants on the predation of thrips by Neoseiulus
cucumeris, Iphiseius degenerans and Orius laevigatus. Entomol. Exp. Appl. 1999, 92, 283-288. [CrossRef]

Buitenhuis; Murphy, G.; Shipp, L. Aphis gossypii Glover, Melon/Cotton Aphid, Aulacorthum solani (Kaltenbach), Foxglove Aphid,
and Other Arthropod Pests in Greenhouse Crops. In Biocontrol Programmes in Canada 2001-2012; Mason, P.G., Gillespie, D.R., Eds.;
CAB International: Oxfordshire, UK, 2013; pp. 98-107.

Osborne, L.S.; Bolckmans, K.; Landa, Z.; Pena, J. Kinds of Natural Enemies. In Biocontrol in Protected Culture; Heinz, K.M., Van
Driesche, R.G., Parrella, M.P,, Eds.; Ball Publishing: Batavia, IL, USA, 2004; pp. 95-127.

Hussein, M.A; EI-Mahdi, I.LE.S. Efficiency of three formulated entomopathogenic nematodes against onion thrips, Thrips tabaci
under aquaculture system. J. Biopestic. 2019, 12, 134-138. [CrossRef]

Kashkouli, M.; Khajehali, J.; Poorjavad, N. Impact of entomopathogenic nematodes on Thrips tabaci Lindeman (Thysanoptera:
Thripidae) life stages in the laboratory and under semi-field conditions. J. Biopestic. 2014, 7, 77-84. [CrossRef]

DeGraaf, H.E.; Wood, G.M. An improved method for rearing western flower thrips Frankliniella occidentalis. Florida Entomol. 2009,
92, 664-666. [CrossRef]

Lacey, L.A.; Kaya, HK. Field Manual of Techniques in Invertebrate Pathology, 2nd ed.; Lacey, L.A., Kaya, H.K., Eds.; Springer:
Dordrecht, The Netherlands, 2007; ISBN 978-1-4020-5933-9.

Inglis, D.G.; Enkerli, J.; Goettel, M.S. Laboratory Techniques Used for Entomopathogenic Fungi: Hypocreales. In Man-
ual of Techniques in Invertebrate Pathology; Lacey, L.A., Ed.; Academic Press: Cambridge, MA, USA, 2012; pp. 189-253.
ISBN 978-0-12-386899-2.

Munger, E. A method for rearing citrus thrips in the laboratory. J. Econ. Entomol. 1942, 35, 373-375. [CrossRef]

de Jager, C.M.; Butot, R.P.T.; de Jong, T.J.; Klinkhamer, P.G.L.; van der Meijden, E. Population growth and survival of western
flower thrips Frankliniella occidentalis Pergande (Thysanoptera, Thripidae) on different chrysanthemum cultivars: Two methods
for measuring resistance. J. Appl. Entomol. 1993, 115, 519-525. [CrossRef]

Hewitt, L.C.; Shipp, L.; Buitenhuis, R.; Scott-Dupree, C. Seasonal climatic variations influence the efficacy of predatory mites used
for control of western flower thrips in greenhouse ornamental crops. Exp. Appl. Acarol. 2015, 65, 435-450. [CrossRef] [PubMed]
Madadi, H.; Enkegaard, A.; Brodsgaard, H.F.; Kharrazi-Pakdel, A.; Mohaghegh, J.; Ashouri, A. Host plant effects on the functional
response of Neoseiulus cucumeris to onion thrips larvae. J. Appl. Entomol. 2007, 131, 728-733. [CrossRef]

Nielsen, M.C.; Davidson, M.M.; Butler, R.C. Predation rate of Thrips tabaci larvae by Neoseiulus cucumeris is influenced by prey
density and presence of a host plant. New Zeal. Plant Prot. 2014, 67, 197-203. [CrossRef]

Ghasemzadeh, S.; Leman, A.; Messelink, G.J. Biological control of Echinothrips americanus by phytoseiid predatory mites and the
effect of pollen as supplemental food. Exp. Appl. Acarol. 2017, 73, 209-221. [CrossRef] [PubMed]

Schoeller, E.N.; McKenzie, C.L.; Osborne, L.S. Comparison of the phytoseiid mites Amblyseius swirskii and Amblydromalus limonicus
for biological control of chilli thrips, Scirtothrips dorsaliz (Thysanoptera: Thripidae). Exp. Appl. Acarol. 2020, 83, 309-318. [CrossRef]
[PubMed]

Vierbergen, G.; Kucharczyk, H.; Kirk, W.D.J. A key to the second instar larvae of the Thripidae of the Western Palaearctic region
(Thysanoptera). Tijdschr. Voor Entomol. 2010, 153, 99-160. [CrossRef]

Saito, T.; Brownbridge, M. Compatibility of soil-dwelling predators and microbial agents and their efficacy in controlling
soil-dwelling stages of western flower thrips Frankliniella occidentalis. Biol. Control 2016, 92, 92-100. [CrossRef]


https://doi.org/10.2478/ecoq-2013-0007
https://doi.org/10.1006/jipa.2001.5051
https://doi.org/10.1007/BF03356177
https://doi.org/10.1016/j.apsoil.2006.05.007
https://doi.org/10.1017/S0031182017001317
https://doi.org/10.1016/j.biocontrol.2006.12.007
https://doi.org/10.1007/s10526-006-9013-9
https://doi.org/10.1111/j.1570-7458.1995.tb01895.x
https://doi.org/10.1046/j.1570-7458.1999.00548.x
https://doi.org/10.57182/jbiopestic.12.1.134-138
https://doi.org/10.57182/jbiopestic.7.1.77-84
https://doi.org/10.1653/024.092.0424
https://doi.org/10.1093/jee/35.3.373
https://doi.org/10.1111/j.1439-0418.1993.tb00422.x
https://doi.org/10.1007/s10493-014-9861-4
https://www.ncbi.nlm.nih.gov/pubmed/25408478
https://doi.org/10.1111/j.1439-0418.2007.01206.x
https://doi.org/10.30843/nzpp.2014.67.5732
https://doi.org/10.1007/s10493-017-0191-1
https://www.ncbi.nlm.nih.gov/pubmed/29128983
https://doi.org/10.1007/s10493-020-00556-5
https://www.ncbi.nlm.nih.gov/pubmed/33025240
https://doi.org/10.1163/22119434-900000294
https://doi.org/10.1016/j.biocontrol.2015.10.003

Insects 2024, 15, 400 15 of 16

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Deligeorgidis, P.N.; Ipsilandis, C.G. Determination of soil depth inhabited by Frankliniella occidentalis (Pergande) and Thrips tabaci
Lindeman (Thysan., Thripidae) under greenhouse cultivation. J. Appl. Entomol. 2004, 128, 108-111. [CrossRef]

Helyer, N.L.; Brobyn, PJ.; Richardson, PN.; Edmondson, R.N. Control of western flower thrips (Frankliniella occidentalis (Pergande))
pupae in compost. Ann. Appl. Biol. 1995, 127, 405-412. [CrossRef]

BioWorks. Application Instructions for Fungus Gnat & Western Flower Thrips Control; NemaShield®; BioWorks Inc.: Victor, NY, USA,
2021; Available online: https:/ /bioworksinc.com/wp-content/uploads/products/nemashield / fungus-gnat-and-western-thrips-
control.pdf (accessed on 16 April 2024).

Biobest. Nemafence Felti User Manual. Biobest Group NV, Westerlo, Belgium. 2022. Available online: https://api.
cmz4g8wnol-biobestgrl-pl-public.model-t.cc.commerce.ondemand.com/medias/MNL-en-WOW-NemaFence-Felti.pdf?
context=bWFzdGVyfHBkZnwxNzEwMjN8YXBwbGIjYXRpb24vcGRm{GFEYzZBMMmd5TOM4NEYUY3dNRGczTXpZMk5
qZzJMMDFPVEMxbGJpMVhUMWNOVG1WdFIVWmxibU5sSUVabGJIUnBMbkJrWmd8NjFjYWZjMzYIM2NmNGUzYWQ1
YmIwMjEzZMAMTIyYzZhYmFmOGM3ZDk2YTkIMGUyNGM3YzU4N2FkZTFIYTAyYg (accessed on 16 April 2024).
Beneficial Insectary. Nemaforce™ SF. Beneficial Insectary, Redding, CA, USA. 2022. Available online: https://insectary.com/
nemaforcesf/ (accessed on 16 April 2024).

Van Rijn, P.C.J.; Mollema, C.; Steenhuis-Broers, G.M. Comparative life history studies of Frankliniella occidentalis and Thrips tabaci
(Thysanoptera: Thripidae) on cucumber. Bull. Entomol. Res. 1995, 85, 285-297. [CrossRef]

Ugine, T.A.; Wraight, S.P,; Brownbridge, M.; Sanderson, J.P. Development of a novel bioassay for estimation of median lethal
concentrations (LC50) and doses (LD50) of the entomopathogenic fungus Beauveria bassiana, against western flower thrips,
Frankliniella occidentalis. ]. Invertebr. Pathol. 2005, 89, 210-218. [CrossRef] [PubMed]

Abbott, W.S. A method for computing the effectiveness of an insecticide. J. Econ. Entomol. 1925, 18, 265-267. [CrossRef]

Boaria, A. Biological and Integrated Control of Frankliniella occidentalis (Pergande) on Ornamentals in Northeastern Italy. Ph.D.
Thesis, Universita degli Studi di Padova, Padua, Italy, 2014. Available online: https://hdl.handle.net/11577 /3423799 (accessed
on 13 April 2022).

Pizzol, J.; Nammour, D.; Rabasse, M.; Desneux, N.; Poncet, C.; Reynaud, P. Species and population dynamics of thrips occurring
inside and outside greenhouses cultivated with roses in southern France. Int. |. Agric. Pol. Res. 2014, 2, 141-153.

Teulon, D.A ].; Castafié, C.; Nielsen, M.C.; El-Sayed, A.M.; Davidson, M.M.; Gardner-Gee, R.; Poulton, ].; Kean, A.M.; Hall, C,;
Butler, R.C.; et al. Evaluation of new volatile compounds as lures for western flower thrips and onion thrips in New Zealand and
Spain. N. Z. Plant Prot. 2014, 67, 175-183. [CrossRef]

Veres, A.; Toth, E; Orosz, S.; Kristof, D.; Fetyko, K. Spatial analysis of greenhouse density in relation to western flower thrips
(Frankliniella occidentalis), onion thrips (Thrips tabaci) and minute pirate bug (Orius spp.) populations in greenhouses. IOBC-WPRS
Bull. 2008, 34, 129-132.

Ansari, M.A.; Brownbridge, M.; Shah, EA.; Butt, T.M. Efficacy of entomopathogenic fungi against soil-dwelling life stages of
western flower thrips, Frankliniella occidentalis, in plant-growing media. Enfomol. Exp. Appl. 2008, 127, 80-87. [CrossRef]

Ebssa, L.; Borgemeister, C.; Poehling, H.M. Effects of post-application irrigation and substrate moisture on the efficacy of
entomopathogenic nematodes against western flower thrips, Frankliniella occidentalis. Entomol. Exp. Appl. 2004, 112, 65-72.
[CrossRef]

Miles, C.; Blethen, C.; Gaugler, R.; Shapiro-ilan, D.; Murray, T. Using Entomopathogenic Nematodes for Crop Insect Pest Control Using
Entomopathogenic Nematodes for Crop Insect Pest Control; PNW544; Pacific Northwest Extension, Washington State University:
Pullman, WA, USA, 2012; Available online: https://s3.wp.wsu.edu/uploads/sites/2709/2021/05/PNW544.pdf (accessed on
16 April 2024).

Glenister, C.; Shields, E. Getting the Most Out of Beneficial Nematodes in Organic Production; University of Massachusetts, UMass
Extension: Amherst, MA, USA, 2020; Available online: https://ag.umass.edu/sites/ag.umass.edu/files/pdf-doc-ppt/nematode_
resources_and_ga_0.pdf (accessed on 16 April 2024).

Ebssa, L.; Borgemeister, C.; Berndt, O.; Poehling, H.M. Impact of entomopathogenic nematodes on different soil-dwelling stages
of western flower thrips, Frankliniella occidentalis (Thysanoptera: Thripidae), in the laboratory and under semi-field conditions.
Biocontrol Sci. Technol. 2001, 11, 515-525. [CrossRef]

Saffari, T.; Madadi, H.; Karimi, J. Pathogenicity of three entomopathogenic nematodes against the onion thrips, Thrips tabaci Lind.
(Thys.; Thripidae). Arch. Phytopathol. Plant Prot. 2013, 46, 2459-2468. [CrossRef]

Koppenhofer, A.M.; Kaya, H.K.; Taormino, S.P. Infectivity of entomopathogenic nematodes (Rhabditida: Steinernematidae) at
different soil depths and moistures. J. Invertebr. Pathol. 1995, 65, 193-199. [CrossRef]

Koppenhofer, A.M.; Fuzy, E.M. Effect of soil type on infectivity and persistence of the entomopathogenic nematodes Steinernema
scarabaei, Steinernema glaseri, Heterorhabditis zealandica, and Heterorhabditis bacteriophora. ]. Invertebr. Pathol. 2006, 92, 11-22.
[CrossRef] [PubMed]

Shapiro, D.I.; McCoy, C.W,; Fares, A.; Obreza, T.; Dou, H. Effects of soil type on virulence and persistence of entomopathogenic
nematodes in relation to control of Diaprepes abbreviatus (Coleoptera: Curculionidae). Environ. Entomol. 2000, 29, 1083-1087.
[CrossRef]

Barbercheck, M.E.; Kaya, H.K. Effect of host condition and soil texture on host finding by the entomogenous nematodes
Heterorhabditis bacteriophora (Rhabditida: Heterorhabditidae) and Steinernema carpocapsae (thabditida: Steinernematidae). Environ.
Entomol. 1991, 20, 582-589. [CrossRef]


https://doi.org/10.1111/j.1439-0418.2003.00815.x
https://doi.org/10.1111/j.1744-7348.1995.tb07600.x
https://bioworksinc.com/wp-content/uploads/products/nemashield/fungus-gnat-and-western-thrips-control.pdf
https://bioworksinc.com/wp-content/uploads/products/nemashield/fungus-gnat-and-western-thrips-control.pdf
https://api.cmz4g8wno1-biobestgr1-p1-public.model-t.cc.commerce.ondemand.com/medias/MNL-en-WOW-NemaFence-Felti.pdf?context=bWFzdGVyfHBkZnwxNzEwMjN8YXBwbGljYXRpb24vcGRmfGFEYzBMMmd5T0M4NE9UY3dNRGczTXpZMk5qZzJMMDFPVEMxbGJpMVhUMWN0VG1WdFlVWmxibU5sSUVabGJIUnBMbkJrWmd8NjFjYWZjMzY1M2NmNGUzYWQ1YmIwMjEzZjM4MTIyYzZhYmFmOGM3ZDk2YTk1MGUyNGM3YzU4N2FkZTFlYTAyYg
https://api.cmz4g8wno1-biobestgr1-p1-public.model-t.cc.commerce.ondemand.com/medias/MNL-en-WOW-NemaFence-Felti.pdf?context=bWFzdGVyfHBkZnwxNzEwMjN8YXBwbGljYXRpb24vcGRmfGFEYzBMMmd5T0M4NE9UY3dNRGczTXpZMk5qZzJMMDFPVEMxbGJpMVhUMWN0VG1WdFlVWmxibU5sSUVabGJIUnBMbkJrWmd8NjFjYWZjMzY1M2NmNGUzYWQ1YmIwMjEzZjM4MTIyYzZhYmFmOGM3ZDk2YTk1MGUyNGM3YzU4N2FkZTFlYTAyYg
https://api.cmz4g8wno1-biobestgr1-p1-public.model-t.cc.commerce.ondemand.com/medias/MNL-en-WOW-NemaFence-Felti.pdf?context=bWFzdGVyfHBkZnwxNzEwMjN8YXBwbGljYXRpb24vcGRmfGFEYzBMMmd5T0M4NE9UY3dNRGczTXpZMk5qZzJMMDFPVEMxbGJpMVhUMWN0VG1WdFlVWmxibU5sSUVabGJIUnBMbkJrWmd8NjFjYWZjMzY1M2NmNGUzYWQ1YmIwMjEzZjM4MTIyYzZhYmFmOGM3ZDk2YTk1MGUyNGM3YzU4N2FkZTFlYTAyYg
https://api.cmz4g8wno1-biobestgr1-p1-public.model-t.cc.commerce.ondemand.com/medias/MNL-en-WOW-NemaFence-Felti.pdf?context=bWFzdGVyfHBkZnwxNzEwMjN8YXBwbGljYXRpb24vcGRmfGFEYzBMMmd5T0M4NE9UY3dNRGczTXpZMk5qZzJMMDFPVEMxbGJpMVhUMWN0VG1WdFlVWmxibU5sSUVabGJIUnBMbkJrWmd8NjFjYWZjMzY1M2NmNGUzYWQ1YmIwMjEzZjM4MTIyYzZhYmFmOGM3ZDk2YTk1MGUyNGM3YzU4N2FkZTFlYTAyYg
https://api.cmz4g8wno1-biobestgr1-p1-public.model-t.cc.commerce.ondemand.com/medias/MNL-en-WOW-NemaFence-Felti.pdf?context=bWFzdGVyfHBkZnwxNzEwMjN8YXBwbGljYXRpb24vcGRmfGFEYzBMMmd5T0M4NE9UY3dNRGczTXpZMk5qZzJMMDFPVEMxbGJpMVhUMWN0VG1WdFlVWmxibU5sSUVabGJIUnBMbkJrWmd8NjFjYWZjMzY1M2NmNGUzYWQ1YmIwMjEzZjM4MTIyYzZhYmFmOGM3ZDk2YTk1MGUyNGM3YzU4N2FkZTFlYTAyYg
https://insectary.com/nemaforcesf/
https://insectary.com/nemaforcesf/
https://doi.org/10.1017/S0007485300034386
https://doi.org/10.1016/j.jip.2005.05.010
https://www.ncbi.nlm.nih.gov/pubmed/16039665
https://doi.org/10.1093/jee/18.2.265a
https://hdl.handle.net/11577/3423799
https://doi.org/10.30843/nzpp.2014.67.5749
https://doi.org/10.1111/j.1570-7458.2008.00674.x
https://doi.org/10.1111/j.0013-8703.2004.00184.x
https://s3.wp.wsu.edu/uploads/sites/2709/2021/05/PNW544.pdf
https://ag.umass.edu/sites/ag.umass.edu/files/pdf-doc-ppt/nematode_resources_and_qa_0.pdf
https://ag.umass.edu/sites/ag.umass.edu/files/pdf-doc-ppt/nematode_resources_and_qa_0.pdf
https://doi.org/10.1080/09583150120067544
https://doi.org/10.1080/03235408.2013.797158
https://doi.org/10.1006/jipa.1995.1028
https://doi.org/10.1016/j.jip.2006.02.003
https://www.ncbi.nlm.nih.gov/pubmed/16563427
https://doi.org/10.1603/0046-225X-29.5.1083
https://doi.org/10.1093/ee/20.2.582

Insects 2024, 15, 400 16 of 16

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Van Rijn, P.C.J.; Bakker, FM.; Van Der Hoeven, W.A.D.; Sabelis, M.W. Is arthropod predation exclusively satiation-driven? Oikos
2005, 109, 101-116. [CrossRef]

Fathipour, Y.; Karimi, M.; Farazmand, A.; Talebi, A.A. Age-specific functional response and predation capacity of Phytoseiulus
persimilis (Phytoseiidae) on the two-spotted spider mite. Acarologia 2018, 58, 31-40. [CrossRef]

Arthurs, S.; McKenzie, C.L.; Chen, J.; Dogramaci, M.; Brennan, M.; Houben, K.; Osborne, L. Evaluation of Neoseiulus cucumeris and
Amblyseius swirskii (Acari: Phytoseiidae) as biological control agents of chilli thrips, Scirtothrips dorsalis (Thysanoptera: Thripidae)
on pepper. Biol. Control 2009, 49, 91-96. [CrossRef]

Uiterwaal, S.F.; DeLong, ].P. Multiple factors, including arena size, shape the functional responses of ladybird beetles. J. Appl.
Ecol. 2018, 55, 2429-2438. [CrossRef]

Jandricic, S.E.; Wraight, S.P.; Gillespie, D.R.; Sanderson, ]J.P. Biological control outcomes using the generalist aphid predator
Aphidoletes aphidimyza under multi-prey conditions. Insects 2016, 7, 75. [CrossRef]

Baez, I; Reitz, S.R.; Funderburk, J.E. Predation by Orius insidiosus (Heteroptera: Anthocoridae) on life stages and species of
Frankliniella flower thrips (Thysanoptera: Thripidae) in pepper flowers. Environ. Entomol. 2004, 33, 662—670. [CrossRef]

Sites, R.W.; Chambers, W.S.; Nichol, B.]. Diel periodicity of thrips (Thysanoptera: Thripidae) dispersion and the occurrence of
Frankliniella williamsi on onions. J. Econ. Entomol. 1992, 85, 100-105. [CrossRef]

Ben-Yakir, D.; Chen, M. Studies of thrips migratory flights in Israel. Acta Phytopathol. Entomol. Hungarica 2008, 43, 243-248.
[CrossRef]

Smith, E.A; Shields, E.J.; Nault, B.A. Impact of abiotic factors on onion thrips (Thysanoptera: Thripidae) aerial dispersal in an
onion ecosystem. Environ. Entomol. 2016, 45, 1115-1122. [CrossRef]

Sorensson, A.; Nedstam, B. Effect of Ambyseius cucumeris and Orius insidiosus on Frankliniella occidentalis in ornamentals. [OBC-
WPRS Bull. 1993, 16, 129-132.

Herrick, N.J.; Cloyd, R.A.; Conner, M.A.; Motolai, G. Insidious flower bug, Orius insidiosus (Say) (Hemiptera: Anthocoridae),
predation on western flower thrips, Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae), on Transvaal daisy, Gerbera
jamesonii, cut flowers and chrysanthemum, Tanacetum x grandiflorum, plants under laboratory and greenhouse conditions. Biol.
Control 2021, 163, 104739. [CrossRef]

Buitenhuis, R.; Shipp, L.; Scott-Dupree, C.; Brommit, A.; Lee, W. Host plant effects on the behaviour and performance of
Amblyseius swirskii (Acari: Phytoseiidae). Exp. Appl. Acarol. 2014, 62, 171-180. [CrossRef]

Ugine, T.A.; Wraight, S.P.; Sanderson, ].P. Effects of manipulating spray-application parameters on efficacy of the ento-
mopathogenic fungus Beauveria bassiana against western flower thrips, Frankliniella occidentalis, infesting greenhouse impatiens
crops. Biocontrol Sci. Technol. 2007, 17, 193-219. [CrossRef]

Chapple, A.C.; Downer, R.A.; Bateman, R.P. Theory and Practice of Microbial Insecticide Application. In Field Manual of Techniques
in Invertebrate Pathology; Lacey, L.A., Kaya, H.K., Eds.; Springer: Dordrecht, The Netherlands, 2007.

Labbé, R.M.; Gagnier, D.; Shipp, L. Comparison of Transeius montdorensis (Acari: Phytoseiidae) to other Phytoseiid mites for the
short-season suppression of western flower thrips, Frankliniella occidentalis (Thysanoptera: Thripidae). Environ. Entomol. 2019, 48,
335-342. [CrossRef]

Hassan, S.A. Standard methods to test the side-effects of pesticides on natural enemies of insects and mites developed by the
IOBC/WPRS Working Group “Pesticides and Beneficial Organisms”. EPPO Bull. 1985, 15, 214-255. [CrossRef]

Murphy, G.; Jandricic, S. Reacting to a sudden summer pest threat. Greenh. Canada 2016, 36, 44-48.

Jandricic, S.E.; Filotas, M.; Sanderson, J.P.; Wraight, S.P. Pathogenicity of conidia-based preparations of entomopathogenic fungi
against the greenhouse pest aphids Myzus persicae, Aphis gossypii, and Aulacorthum solani (Hemiptera: Aphididae). J. Invertebr.
Pathol. 2014, 118, 34-46. [CrossRef]

Jandricic, S.E.; Mattson, N.S.; Wraight, S.P.; Sanderson, J.P. Within-plant distribution of Aulacorthum solani (Hemiptera: Aphididae),
on various greenhouse plants with implications for control. J. Econ. Entomol. 2014, 107, 697-707. [CrossRef]

Zhao, X.; Reitz, S.R.; Yuan, H.; Lei, Z.; Paini, D.R.; Gao, Y. Pesticide-mediated interspecific competition between local and invasive
thrips pests. Sci. Rep. 2017, 7, 40512. [CrossRef]

Biondi, A.; Mommaerts, V.; Smagghe, G.; Vifiuela, E.; Zappala, L.; Desneux, N. The non-target impact of spinosyns on beneficial
arthropods. Pest Manag. Sci. 2012, 68, 1523-1536. [CrossRef]

Williams, T.; Valle, J.; Vifiuela, E. Is the naturally derived insecticide Spinosad®compatible with insect natural enemies? Biocontrol
Sci. Technol. 2003, 13, 459-475. [CrossRef]

Dader, B.; Colomer, I; Adén, A.; Medina, P; Vifiuela, E. Compatibility of early natural enemy introductions in commercial pepper
and tomato greenhouses with repeated pesticide applications. Insect Sci. 2020, 27, 1111-1124. [CrossRef] [PubMed]

You, Y.; Lin, T.; Wei, H.; Zeng, Z.; Fu, J.; Liu, X,; Lin, R.; Zhang, Y. Laboratory evaluation of the sublethal effects of four selective
pesticides on the predatory mite Neoseiulus cucumeris (Oudemans) (Acari: Phytoseiidae). Syst. Appl. Acarol. 2016, 21, 1506-1514.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/j.0030-1299.2005.12987.x
https://doi.org/10.24349/acarologia/20184225
https://doi.org/10.1016/j.biocontrol.2009.01.002
https://doi.org/10.1111/1365-2664.13159
https://doi.org/10.3390/insects7040075
https://doi.org/10.1603/0046-225x-33.3.662
https://doi.org/10.1093/jee/85.1.100
https://doi.org/10.1556/APhyt.43.2008.2.5
https://doi.org/10.1093/ee/nvw089
https://doi.org/10.1016/j.biocontrol.2021.104739
https://doi.org/10.1007/s10493-013-9735-1
https://doi.org/10.1080/09583150600937618
https://doi.org/10.1093/ee/nvz017
https://doi.org/10.1111/j.1365-2338.1985.tb00224.x
https://doi.org/10.1016/j.jip.2014.02.003
https://doi.org/10.1603/EC13428
https://doi.org/10.1038/srep40512
https://doi.org/10.1002/ps.3396
https://doi.org/10.1080/0958315031000140956
https://doi.org/10.1111/1744-7917.12723
https://www.ncbi.nlm.nih.gov/pubmed/31475776
https://doi.org/10.11158/saa.21.11.6

	Introduction 
	Materials and Methods 
	Insects and Biological Control Agents 
	Thrips 
	Predators 
	Nematodes 
	Microbial Biopesticide 

	Experimental Set Ups 
	General Experimental Design 
	Predation Rate and Prey Preference of Predatory Mites 
	Predation Rate and Prey Preference of Orius insidiosus 
	Efficacy of Entomopathogenic Nematodes 
	Efficacy of B. bassiana GHA 

	Statistical Analysis 
	Tests with Predatory Mites 
	Trials with O. insidiosus 
	Trials Using Entomopathogens 


	Results 
	Predation Rate and Prey Preference of Predatory Mites 
	Predation Rate and Prey Preference of Orius insidiosus 
	Efficacy of Entomopathogenic Nematodes 
	Efficacy of Entomopathogenic Fungi 

	Discussion 
	References

