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Abstract

The efficacy of the fungus Lecanicillium lecanii and two bacteria, Bacillus thuringiensis and
Streptomyces avermitilis against the two-spotted spider mite Tetranychus urticae Koch and
side effects on its predatory mite Phytoseiulus persimilis A.-H. was studied under labo-
ratory conditions. Both S. avermitilis and B. thuringiensis based biopesticides resulted
in maximum mortality rates of 90-100% and 91-99% for spider mite adults and larvae,
respectively. The mortality of spider mite larvae under fungus L. lecanii treatment was
around 60%. These bacteria and fungus also had toxic effects against P. persimilis on the
same day of applying insecticides and releasing the predatory mite. The release of preda-
tory mites one day post-treatment of plants with L. lecanii and 7 days post-treatment with
B. thuringiensis or S. avermitilis did not negatively affect the survival of predators released.
These findings support the potential use of entomopathogenic fungi and bacteria in com-
bination with predatory mites in spider mite biocontrol.
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Introduction

The two-spotted spider mite Tetranychus urticae Koch.
(Acari: Tetranychidae) is a serious pest of cucumber
and more than 200 other plants, including eggplant,
pepper, tomato, lemon, chrysanthemum, rose and car-
nation (Van Leeuwen et al. 2015). Greenhouse condi-
tions allow wide application of biological agents for
pest control. Several predatory mites, such as Phy-
toseiulus persimilis A.-H. (Acari: Phytoseiidae), have
become useful for pest control in greenhouses (Cak-
mak et al. 2009). The modern concept of biological

plant protection includes combining several biological
control agents to suppress pest populations. This is due
to synergistic effects achieved as a result of the effect
of biological preparations on pests, the expansion of
the spectrum of action of mixtures, and the ability of
active bioagents (predators) to effectively suppress the
residual number of the pest after the application of bio-
insecticides (Tomilova et al. 2016; Dogan et al. 2017;
Yaroslavtseva et al. 2017). Entomopathogenic fungi
(EPF), such as Metarhizium anisopliae, Beauveria
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bassiana, Isaria cateniannulata and Lecanicillium le-
canii, are often used to control T. urticae and other
spider mites (Chandler et al. 2005; Maniania et al.
2008; Zhang et al. 2018). Interestingly fungal infec-
tion not only caused the death of T. urticae females but
also significantly reduced the fecundity of surviving
individuals (Shi and Feng 2009). Entomopathogenic
fungi evolved to kill arthropods (insects, ticks and
mites) and they may affect natural enemies of spider
mites, including Phytoseiidae (Butt et al. 2016; Dogan
et al. 2017). Different studies have been conducted to
examine the possibility of combining the application
of EPF with predatory mites. For example, the sus-
ceptibility of Amblyseius swirskii to Beauveria bassiana
was found to vary and depended on the type of expo-
sure (Midthassel et al. 2016). Additionally, acaricidal
effects of fungi B. bassiana, Metarhizium flavoviride,
M. brunneum and L. lecanii against both the two-spot-
ted spider mite (Chandler et al. 2005) and predatory
mites have been reported (Dogan et al. 2017). Moreo-
ver, a 100% mortality rate of P. persimilis infected by
B. bassiana was shown in other studies, but without any
data regarding the time of observation and features of
fungal spore formation (Ludwig and Oetting 2001).

Biopesticides based on the bacterium B. thu-
ringiensis (Bt) and metabolites of the bacterium Strep-
tomyces avermitilis have also been used to control T.
urticae in recent years (Chapman and Hoy 1991; Brown
et al. 2017). It should be noted that Bt bacteria produce
beta-exotoxins with high contact (percuticular) activ-
ity against arthropods (Liu et al. 2014) including effects
on spider mites (Hall et al. 1971) and citrus red mites
(Panonychus citri) (Krieg 1972). It is well known that
bacteria S. avermitilis produce toxic metabolites (aver-
mectins) with contact activity against mites (Lasota
1991). However, little is known about the nonspecific
toxic effect of bacterial insecticides on predator mites.

The aims of this research were to determine the ef-
ficacy of bioinsecticides based on the fungus L. leca-
nii and the bacteria B. thuringiensis and S. avermitilis
against the two-spotted spider mite T. urticae and its
predatory mite P. persimilis and to determine the pos-
sibility of a combined treatment of these biological
agents for suppressing two-spotted spider mite popu-
lations in greenhouses.

Materials and Methods

Rearing of Tetranychus urticae
and Phytoseiulus persimilis mites

Laboratory populations of the two-spotted spider mite
T. urticae and predatory mite P. persimilis were main-
tained in the laboratory at Novosibirsk State Agrarian
University (Novosibirsk, Russia). The lines of both
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mite species were provided from a collection of labo-
ratory populations of the All-Russian Institute of Plant
Protection (Russia, St. Petersburg — Pushkin).

A culture of two-spotted spider mites was main-
tained on haricot (Phaseolus vulgaris L.) in the labora-
tory at 25 + 1°C, 50% humidity and a photoperiod of
16 : 8 h (L : D). The predatory mite P. persimilis was
bred on bean leaves pre-populated with spider mites in
the laboratory under the same conditions as those for
T. urticae but at 60-70% relative humidity.

Entomopathogenic fungus and bacteria:
strains and preparation of inoculum

Biovert (suspension powder) - an insecticide based
on L. lecanii Zimm. spores, strain B-80, 1 x 10°
CFU - g! of media, industrial preparation by Sib-
biofarm (Berdsk, Russia). Bitoxibacillin (BTB)
(powder) - an insecticide based on spores, pro-
tein crystals (Cry toxins) and exotoxin of B. thur-
ingiensis var. thuringiensis (BA-1500 EA - mg,
20 billion spores - g™'), industrial preparation by Sib-
biofarm (Berdsk, Russia). Fitoverm (emulsion concen-
trate) — an insecticide based on a complex of natural
avermectins produced by S. avermitilis (Aversectin
C - 2 g - I"), industrial preparation by Farmbiomed
(Moscow, Russia).

Bioassays

To determine toxicity in two-spotted spider and pred-
atory mites, maximum concentrations of 1% Biovert,
1% BTB and 0.2% Fitoverm, allowed for use against
spider mites, were used. The bioinsecticides were ini-
tially assayed against two-spotted spider mites in Petri
dishes (90 mm in diameter) containing cut leaves (area
58.3 + 3.4 square cm) at 25°C. Leaves were placed on
a damp filter paper disc and kept constantly wet. The
bioinsecticides were evaluated by spraying two-spot-
ted spider mite-infested leaves using a hand sprayer
(12 £ 1 pl per square cm). The experiment was carried
out in five replicates per treatment (80-120 individuals
per one Petri dish). The mortality rate of the two-spot-
ted spider mites was monitored for 5 days for larvae
(total per treatment: n = 445 per control; n = 435 per
Fitoverm; n = 598 BTB; n = 619 Biovert) and 5 days
for adults (total per treatment: n = 456 per control;
n = 364 per Fitoverm; n = 466 BTB; n = 490 Biovert)
post-bioinsecticide application. The predatory mite fe-
males (five adults per Petri dish, five replicates) were
transferred to the bean leaves with T. urticae on the
same day 10 min after bioinsecticide application as well
as 1 and 7 days after bioinsecticide application. Control
treatments involved spraying with water. The number
of predatory mites and their offspring was monitored
at 1, 3, 5 and 7 days post-bioinsecticide application.
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Data analysis

Kaplan-Meier survival analysis followed by a log-rank
test was applied to estimate differences in mortal-
ity dynamics of two-spotted spider mites. Data were
checked for normality (Gaussian) using the Shapiro-
Wilk test. Two-way ANOVA with Bonferroni multiple
comparisons was applied to estimate differences in the
mortality of predatory mites. Data were analysed using
GraphPad Prism v8.0 (GraphPad Software Inc., USA).

Results and Discussion

Effect of fungal and bacterial preparations
on spider mites

Both avermectins and Bt caused significant mortality
in the two-spotted spider mite larvae at 99.3% (chi-sq:
823.6, p < 0.001) and 91.6% (chi-sq: 751, p < 0.001),
respectively (Fig. 1A), on the 5th day after bioinsecti-
cide application. The application of avermectins led to
100% (chi-sq: 787, p < 0.001) mortality of two-spot-
ted spider mite adults on the 5th day post treatment
(Fig. 1B). The Bt treatment resulted in 95% (chi-sq:
492, p < 0.001) mortality of spider mites on the 5th day
after application.

Bioinsecticides based on bacterial Bt and aver-
mectins exhibited high biological efficacy against the
spider mites. It has been shown that a mixture of spores
and a combination of Bt toxins have effects against
T. urticae nymphs, resulting in high mortality and an
increased mite development time (Alper et al. 2013).
Bacillus thuringiensis var. tenebrionis is also highly toxic
(90% mortality) to adult female spider mites (Chapman
and Hoy 1991). The B. thuringiensis toxins were shown
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to have profound contact effects on the adults, the num-
ber of laid eggs, and the emerging larvae of citrus red
mite and spider mites (Hall et al. 1971; Krieg 1972).

Additionally, the susceptibility of spider mites to
avermectins has been demonstrated (Campos et al.
1996; Doker and Kazak 2019), whereby the resistance
of spider mite populations to avermectins was corre-
lated with the number of repeated treatments and the
period of application. Furthermore, resistance was not
detected in a nursery in which avermectins were ap-
plied less than six times a year and less than 30 times
over 6 years (Campos et al. 1996).

The mortality rate of the two-spotted spider mite
larvae was 65.8% on the 5th day after treatment by
L. lecanii (chi-sq: 342, p < 0.001) (Fig. 1A). In contrast,
L. lecanii did not cause mortality of the spider mite
adults compared with the control (Fig. 1B).

Thus, we found that the efficacy of L. lecanii against
the larvae of spider mites increased with time after ap-
plication and resulted in a maximum mortality rate
of 65% on the 5th day of the experiment. It should
be noted that the mortality caused by this fungus has
a long delay due to the fungal infection process. Over-
all, Lecanicillium entomopathogenic fungi are ecologi-
cally safe and have substantial potential for pest con-
trol (Dogan et al. 2017).

Effect of fungal and bacterial preparations
on predatory mites

In the absence of negative influences from bioinsec-
ticides, predatory mite females started to lay eggs in
the control treatment. The first larvae emerged on the
3rd day, and a very large number of larvae and nymphs
emerged on the 5th day (Fig. 2A-B).
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Fig. 1. Mortality rate of larvae (A) and adults (B) of the two-spotted spider mite Tetranychus urticae after treatment with avermectins
(0.2%, Fitoverm), the bacterium Bacillus thuringiensis (1%, BTB) and the fungus Lecanicillium lecanii (1%, Biovert); ***p < 0.001

compared with the control
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Fig. 2. Number of Phytoseiulus persimilis adults and their offspring at the release of predatory mites on the day of treatment with
bioinsecticides (10 min after bioinsecticide application) (A) and 1 day post-treatment (B) with avermectins (0.2%, Fitoverm), the
bacterium Bacillus turingiensis (1%, BTB) and the fungus Lecanicillium lecanii (1%, Biovert); **p < 0.01; ***p < 0.001 compared with the

control for the same day

Treatments with bioinsecticides and the time of
post application had a significant effect on the preda-
tory mite P. persimilis number released on the same
day (10 min delay) when spraying with bacteria and
fungi [treatments: F (3, 16) = 350.1; p < 0.0001; time:
F (3, 48) =42.42; p < 0.0001] and 1-day-delayed treat-
ments [treatments: F (3, 15) = 175.3; p < 0.0001; time:
F(3,45) = 123.0; p < 0.0001].

Bioinsecticides based on Bt and avermectins
were highly toxic to the predatory mite P. persimilis
in the case of joint and 1-day-delayed treatments
(Fig. 2A-B). We showed that the release of predatory
mites 7 days after treatment with biopreparations did
not cause their death. The abundance of predators
was the same as that in the control (248 + 13.56%),
and on the 5th day of the experiment, abundance in-
creased 232 + 10.95% (Bt) and 220 + 19.6% (aver-
mectins) times compared to the initial number. It
has been shown that B. thuringiensis var. tenebrionis
was also moderately toxic to Metaseiulus occidenta-
lis predatory mites (Chapman and Hoy 1991). The
high toxicity of Bt and S. avermitilis can be related to
bacterial toxins with contact activity, which may be
active for a long time on leaves. It should be noted,
that some strains of Bt produce toxin, thuringiensin,
also known as -exotoxin, a thermostable secondary
metabolite. Thuringiensin has nonspecific insecti-
cidal toxic effects by inhibition of DNA-dependent
RNA polymerase in a wide range of insects, including
species belonging to the orders Diptera, Coleoptera,
Lepidoptera, Hymenoptera, Orthoptera, and Isoptera,
and even several nematode species (Gohar and Per-
chat 2001; Liu et al. 2014).

The bioinsecticide based on L. lecanii was the least
toxic to the predatory mites, with 40% of the released
predatory mites being dead on the 3rd day of the exper-
iment after joint treatment with both P. persimilis and

the fungus (Fig. 2A). However, the surviving predatory
mite females continued to feed and lay eggs, and on the
5th day of the experiment, the number of predatory
mites began to increase again due to the emergence of
larvae of the new generation. The number of preda-
tory mites did not change on the subsequent days and
was 3.9 times lower on the 7th day than in the control
(Fig. 2A), in which the number of P, persimilis mites
increased 3.4 times (Fig. 2A). With the release of the
predatory mites 1 day post-treatment with L. lecanii,
the total number of P. persimilis, including mites that
emerged during the experiment, did not change sig-
nificantly compared to the control (Fig. 2B).

It has been shown previously that entomopatho-
genic fungi such as L. muscarium, M. brunneum,
M. flavoviride and B. bassiana can negatively affect the
predatory mite P. persimilis (Donka et al. 2008). How-
ever, a delay in the contact of predatory mites with
B. bassiana fungus can decrease the virulence of the
pathogens (Ullah and Lim 2017). This result is prob-
ably because success in conidial adhesion is related to
post-infection time (Butt et al. 2016).

This study shows that bacterial preparations (Bt
and avermectins) caused high mortality of both spi-
der mite larvae and adults. The L. lecanii-based prep-
aration had a significant effect only on the larvae of
the spider mite. Bacterial preparations also caused
significant mortality of individuals of the predatory
mite released both on the day of treatment and 1 day
after treatment. In contrast to bacterial preparations,
L. lecanii did not harm the predator if it was released
1 day after treatment. The release of predatory P. per-
similis mites 7 days post-treatment of plants with Bt
or avermectins did not negatively affect the adult
predators released or their offspring. Thus, fungal
and bacterial biological agents and P. persimilis have
the potential to complement one another as part of
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an integrated spider mite management program in
greenhouses.

The reported study was funded by Russian Founda-
tion for Basic Research according to research projects
No 19-016-00121, No 18-316-20007 and Russian Science
Foundation Ne 19-16-00019 in part of Bt testing.
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