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Abstract — The use of biopesticides against agricultural pests is of great importance for the sustainability of
pest management. The goal of the present study was to determine the lethal (acute) and sublethal (first male and
young queen emerge time, competition point, total number of workers, males and young queens) effects of four
commercial biopesticides [Nibortem (1.5% Lecanicillium (Verticillium) lecanii strain V1-1, Nostalgist (1.5%
Beauveria bassiana strain Bb-1), Priority (1.5% Isaria fumosorosea (= Paecilomyces fumosoroseus) strain PFs-1)
and Nimbecidine (0.3 g/L. Azadirachtin)] on Bombus terrestris. The impacts of biopesticides were investigated at
the individual and colony level on worker bees by two application methods, namely topical and residual contact.
While, the worker deaths were significantly higher in each biopesticide used than in the control in the residual
contact application, those except Nibortem were found higher than the control in the topical application. The
sublethal effect bioassays showed that there were no differences in terms of first male emergence time in the
colonies for both topical and residual contact applications. However, the total number of workers was not affected
by biopesticides in the residual contact method. The highest number of males was produced in the colonies
exposed to Nimbecidine in both application methods. The number of young queens produced in the colonies
was not affected by the application methods. In conclusion, Nimbecidine, among the tested biopesticides, caused
vitally negative effects on the bumblebee in the residual contact application, in particular.

bumblebee / colony traits / entomopathogenic fungi / side effect / pollinator

1. INTRODUCTION more effective pollinators (De Luca et al. 2013;
Gosterit and Gurel 2018).

About 85% of the plants that constitute about Bombus terrestris L. is the most commer-

35% of the world’s food production are polli-
nated by insects (Ahmad et al. 2015). In recent
years, bumblebees have become an indispensable
element for the pollination of greenhouse veg-
etables, especially for tomatoes (Gradish et al.
2012). Their pollination speed, buzzing behavior
and foraging capabilities at low temperature and
low light intensity make bumblebees reliable and
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cially reared species among bumblebees due to
easier breeding and the ability to form colonies
with high population size (Velthuis and Van
Doorn 2006). It is estimated that the current
worldwide commercial bumblebee colonies used
as pollinators have reached about three million
colonies (about 350,000 colonies used in Tur-
key in 2020). Although there is a high demand
for the use of bumblebees, some factors such
as greenhouse features, climatic conditions
indoors, and most importantly the intensive use
of pesticides may affect the growth and polli-
nation activities of commercial colonies used
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in greenhouses (Goulson et al. 2008; Gradish
et al. 2010; Potts et al. 2010). Colonies that
are affected by these factors have short pol-
lination periods and low performance. Thus,
while the cost of pollination increases, the
amount and quality of crops decrease causing
economic loss for farmers (Gurel et al. 2011;
Evans et al. 2017). Bumblebees can be exposed
to pesticides directly or indirectly by consum-
ing contaminated nectar and pollen (Thompson
2001; Arce et al. 2017). Worker bee deaths in
greenhouses reveal the direct effects of pesticide
exposure (Gradish et al. 2010; Wu et al. 2010).
On the other hand, abnormalities in foraging
behavior and pollen consumption of surviving
individuals and the disruption of colony devel-
opment may also be considered sublethal effects
of pesticides (Gradish et al. 2010; Gurel et al.
2011; Mommaerts and Smagghe 2011).

It is rather complicated to determine the risk
assessment of pesticides in insects living in
colonies, such as honeybees and bumblebees
(Blacquiere et al. 2012). However, the world-
wide decline in the populations of pollinators,
such as bees over the past few decades, has
made these assessments necessary and valu-
able (Potts et al. 2010; Jacobson et al. 2018).
It has been recently observed that biopesticides
are more frequently used in pest control appli-
cations of cultivated plants due to their direct
and indirect effects as well as target selectivity.
The fungi Isaria fumosorosea (= Paecilomyces
fumosoroseus), Lecanicillium (Verticillium)
lecanii, Beauveria bassiana, and Azadirachtin
which constitutes the content of biopesticides
that were also included in the present study
have lethal effects on important mite and
insect pests such as Tetranychus urticae Koch.
(Acari: Tetranychidae), Frankliniella occi-
dentalis Pergande (Thysanoptera: Thripidae),
Bemisia tabaci (Genn.) (Hemiptera: Aleyro-
didae) and Aphis gossypii Glover, Myzus per-
sicae (Sulzer) (Hemiptera: Aphididae). For
example, as a sublethal effect, they can reduce
the fecundity of aphids and whiteflies (Gouli
et al. 2009; Gurulingappa et al. 2011; Saranya
et al. 2013; Keerio et al. 2020; Abdulle et al.
2021). However, many studies have also been
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conducted to reveal the possible side effects of
biopesticides on non-target organisms in agri-
cultural production areas (Meikle et al. 2009;
Shipp et al. 2012; Smagghe et al. 2013; Barbosa
et al. 2015; Karise et al. 2016; Brownbridge and
Buitenhuis 2019). Exposure to B. bassiana and
Azadirachtin has been reported to cause non-
lethal effects on B. impatients and B. terrestris
colonies (Koskor et al. 2009; Barbosa et al.
2015). In relation to that, these biopesticides
have been found to lead to a decrease in the
number of males and a negative effect on the
foraging behavior of bees, resulting in a loss
of the body weight in individuals (Mommaerts
et al. 2009; Barbosa et al. 2015). However, there
are no detailed studies in the literature regard-
ing the lethal and sublethal effects of biopesti-
cides containing Isaria (Paecilomyces) spp. and
Lecanicillium (Verticillium) spp.

The present study aimed to determine the
lethal and sublethal effects of commercial biope-
sticides, Nibortem, Nostalgist, Priority, and Nim-
becidine on B. terrestris. In addition, the effects
of different application methods on the impact of
biopesticides were also investigated.

2. MATERIALS AND METHODS
2.1. Biopesticides

Four commercial biopesticides [Nibortem
(1.5% Lecanicillium (Verticillium) lecanii strain
V1-1; 250 mL/da, 1 x 108 CFU/mL), Nostalgist
(1.5% Beauveria bassiana strain Bb-1; 250 mL/
da, 1x108 CFU/mL), Priority (1.5% Isaria
fumosorosea (= Paecilomyces fumosoroseus)
strain PFs-1; 250 mL/da, 1 x 10% CFU/mL) and
Nimbecidine (0.3 g/L. Azadirachtin; 500 mL/100
L water, 16,000 IU/mg)] that have been licensed
to use against sucking pests in greenhouse veg-
etable production were obtained from Agrobest
inc. (Izmir, Turkey). The maximum field rec-
ommended doses (MFRD) of all biopesticides
(250 mL/da for Nibortem, Nostalgist and Prior-
ity; 500 mL/100 L water for Nimbecidine) were
applied under laboratory conditions.
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2.2. Bumblebees

Bombus terrestris L. was used as the bee
material for carrying out lethal and sublethal
bioassay trials. The bumblebee colonies were
obtained from Bio Group inc. (Antalya, Turkey)
in two groups according to their developmental
stage and maintained in the standard laboratory
rearing conditions (27 °C, 50% R.H. and dark-
ness). In lethal effect bioassays, the workers sup-
plied from more than 30 laboratory stock colo-
nies, were used to determine the lethal effects of
biopesticides on individuals. A total of 70 colo-
nies including a healthy founder queen, a rela-
tively small brood area, and approximately 30
workers (early stage of colony life) were used to
determine the sublethal effect of biopesticides on
the colony development (Sublethal effect bioas-
says). Sugar solution (50° Brix) and fresh thawed
pollen were used as food materials.

2.3. Biopesticide application methods

The biopesticides were applied by topical
(TA) and residual contact application methods
(RCA) to the workers in both experiments. All
worker bees were immobilized by CO, anesthe-
sia in each application method for all the treat-
ments including controls. In the topical applica-
tion method, the MFRD of each biopesticides
was prepared in water then 50 pL of the suspen-
sion of each biopesticide was topically applied
to the dorsal part of the thorax of each worker
with a micropipette according to the treatment
group (Mommaerts et al. 2009). In the residual
application method, it was aimed to determine
the effects of biopesticide residue. For this pur-
pose, the suspension of each biopesticide was
sprayed into empty plastic boxes (13 X5 X3 cm)
in the form of misting at 1 atm pressure for 20 s
(0.5 mL). After 15 min, the anesthetized work-
ers were transferred into the biopesticide residue
boxes and kept there for 15 min (by modified
of USEPA 2012a, b). Thus, the workers that
became active immediately after the transfer
were allowed to contact the spore suspension
during this period. Sterile distilled water was

used in the control treatments of both application
methods (Mommaerts et al. 2009). In both exper-
iments, the dead individuals in all biopesticides
except Azadirachtin were taken into the PDA
(Potato dextrose agar) medium, and a re-isolation
process was carried out to determine whether the
cause of death was due to the entomopathogenic
fungi (Meng et al. 2017).

2.4. Lethal effect bioassays

In this stage of the study, while the direct
lethal effect of biopesticide on workers was
investigated by the topical application method,
their sublethal effect was determined by the
residual application method considering that
they may come into contact with the biopesticide
residues during their foraging activities. Because
the B. terrestris workers start foraging activities
at the age of 1 week (Gill and Raine 2014), the
workers aged between 8 and 12 days were used
in the lethal effect bioassays. For this purpose,
old worker pupae collected from different col-
onies were transferred to empty rearing boxes
(20169 cm) and kept at 27 °C. All emerged
workers were transferred to separate boxes and
fed in for 7 days (Bulus et al. 2020). The trials
were set up with these workers (8—12 days old)
according to the randomized plot design, with 5
replications with 10 workers each in both RCA
and TA methods (totally 500 worker bees). All
workers were given sugar syrup ad libitum. The
number of dead individuals was recorded daily
(24-h interval) for 15 days after biopesticide
applications.

2.5. Sublethal effect bioassays

The sublethal effect bioassays of biopesti-
cides were carried out to determine their impact
on some colony developmental traits (first male
and young queen emerging time, competition
point, total number of workers, males and young
queens). A total of 70 colonies (35 for topical
and 35 for residual contact application methods;
7 colonies for each treatment) in the early stage of
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colony life were used for this purpose. Although
it is difficult to achieve a complete homogeneity
without harming the normal development of the
colony, similar colonies were selected in terms of
brood area, and it was ensured that each colony
contained a founder queen and about 30 work-
ers. The colonies were observed twice a week
under the same conditions until the end of their
life cycle. The trials of emergence time of sexu-
als (males and young queens) and competition
point (affecting colony life and also an indicator
for the end of the colony life) were counted start-
ing from the biopesticides application day which
was considered as time 0. Worker oviposition,
oophagy, egg-cup destruction, and two or more
open egg cups were accepted as a competition
point. During each observation, dead individuals
were removed immediately and counted (Gosterit
2016).

O. Demirozer et al.

2.6. Statistical analysis

All statistical analyses of the data obtained
within the scope of the study were performed by
the SPSS 20.0 software package. The Fischer’s
chi-square test was used in the comparison of
the total numbers of deaths obtained at the 15"
day for each biopesticide in the topical and resid-
ual contact application methods. A square-root
transformation was applied to the data obtained
in the sublethal effect bioassays and tested
for normality before analysis. The difference
between the time-dependent survival probabil-
ity in the topical and residual contact application
methods was evaluated by Kaplan—Meier analy-
sis for each time interval (0-5 (log-rank), 5-10
(Breslow (Generalized Wilcoxon)), and 10-15
(Tarone-Ware) days with Bonferroni correction).
The descriptive statistics of traits were calculated

50
Topical mResidual Contact
45
2 40
S
S 35
£ 30
<
5 25
Lf 20
z 15
10 4
5 a
0
Control Nimbecidine Nostalgist Nibortem Priority
P*: 0.1212 0.0002 0.0159 0.0019 0.8351
X2: 3.409 38.200 6.763 10.746 0.174

a, b: dead numbers followed by different letters within each treatment show significant differences between

application methods

P*, x%: Fischer's chi-square test

Figure 1. The comparison of the death numbers obtained at the 15" observation day in Topical and Residual con-

tact application methods.
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and one-way analyses of variance (ANOVA) was
performed. The groups were compared using the
Tukey’s multiple comparison test.

In addition, the toxicity scale of pesticides
against beneficial insects was used to evaluate
the side effects of the biopesticides on B. fer-
restris individuals (Class 1, non-toxic <%25
death; Class 2, weakly toxic %25-50 death;
Class 3, moderately toxic %51-75 death; Class
4, highly toxic >%75 death) according to the side
effect scale of the International Organization for
Biological and Integrated Control (IOBC) (Sterk
et al. 2002). For this scale, mortality rates calcu-
lated from the total death numbers of each treat-
ment on the 15" day were used in both applica-
tion methods.

3. RESULTS
3.1. Results of lethal effect bioassays

In the topical application (TA) method, it
was seen that the deaths obtained in Nimbe-
cidine ()c2 =10.981, P =0.0016), Nostal-
gist (x> =13.562, P =0.0003), and Priority
(x? =12.250, P =0.0008) were significantly
higher than in the control on the 15 day of obser-
vation. Only, Nibortem (x2 =0.5434, P = 0.7149)
was not found different from the control. In the
residual contact application (RCA) method, the

number of death in all commercial products
was recorded significantly higher (Nimbecidine
x? = 55.313, P = 0.0000; Nostalgist x> = 20.166,
P = 0.0000; Nibortem x> = 4.960, P = 0.0000;
Priority x> = 4.960, P = 0.0000) than in the control
(Table I) at 15 days after application. In addition,
when the application methods within each biope-
sticide treatment were compared, it was found that
number of deaths obtained in the RCA for all biope-
sticides except Priority (x> = 0.173, P = 0.8351)
were significantly higher than in the TA method.
Also, the number of deaths obtained was not sig-
nificantly different from each other in the control
treatments in both methods (Figure 1). According
to the IOBC’s toxicity scale, the results obtained
on the 15™ observation day, Nimbecidine (highly
toxic) and Nostalgist (moderately toxic) were found
toxic to bumblebee workers in the residual contact
method. None of the biopesticides was classified as
toxic in the topical application method.

The death that occurred in the workers on
each observation day is given in Figure 2(a,
b). The Kaplan—Meier survival curves plotted
for two application methods (TA and RCA)
showed that the difference between the number
of deaths occurring at each time interval (0-5,
5-10, and 10-15 days) was significant. The sur-
vival probability was significantly higher for
each biopesticide in the TA than in the RCA
method in the time intervals of 0—5 (x>=22.471,
df=4, P=0.0001 for TA, x*=79.086, df =4,
P=0.0000 in RCA) and 5-10 days (x*=22.469,

Table I The values obtained from the Fischer’s chi-square test of the cumulative death numbers of biopesti-
cides by comparing with the control groups in topical and residual contact application methods

Treatments Worker bee Topical application Residual contact application
numbers*** _ §
15" day*  Pvalues™  Fischer’s 15" day*  Pvalues™  Fischer’s
chi-square chi-square

Nimbecidine 50 16 0.0016 10.981 46 0.0000 55.313
Nostalgist 50 18 0.0003 13.562 31 0.0001 20.167
Nibortem 50 5 0.7149 0.543 19 0.0439 4.960
Priority 50 17 0.0008 12.250 19 0.0439 4.960
Control 50 3 - - 9 - -

* Occurred cumulative death numbers until the 15" day

" P values obtained Fischer’s chi-square test, P values shown in bold in the same column are different

*“** Fifty individuals were used for each treatments in both application methods (Topical and residual contact application)
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Figure 2. (a) Kaplan—Meier survival curve for all biopesticides in topical application method. (b) Kaplan—Meier
survival curve for all biopesticides in resudial contact application method.

df=4, P=0.0001 for TA, x>*=77.471, df =4,
P=0.0000 in RCA). It was found that the
survival probability differed according to the
application methods and biopesticides in the
time interval of 10-15 days (x>=22.470, df =4,
P=0.0001 and x*>=78.486, df =4, P =0.0000

INRAZ ©DIB &) Springer

for TA and RCA, respectively). At the end of
the study, the highest survival probability was
observed for Nibortem in the TA method, and
for Nibortem and Priority in the RCA method.
On the last observation day (15" day), the high-
est death was determined for Nostalgist in the
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TA method, for Nimbecidine in the RCA method
(Figure 2a, b).

It was observed that the side effects caused by
the biopesticides on B. ferrestris workers could
be classified into the different groups based on
the IOBC classification according to the different
application methods used in this study. Priority, a
myco-pesticide, was weakly toxic in both appli-
cation methods with the mortality of 34-38%,
whereas Nibortem was classified as non-toxic
with 10% mortality when it was applied topi-
cally. It was weakly toxic in the residual con-
tact method with the mortality of 38%. On the
other hand, Nostalgist was weakly toxic in the
topical application method with 36% mortality,
while moderately toxic in the residual contact
application method with the mortality of 62%.
Nimbecidine, a plant-derived biopesticide, was
found to be weakly toxic with 32% mortality in
the topical application method and highly toxic
with remarkably high 92% mortality in the resid-
ual contact application method.

3.2. Results of sublethal effect bioassays

The results of the first male and young queen
emergence time and competition point are
shown in Table II. No significant differences
were found between biopesticide treatment
groups in terms of the first male emergence time
in any application methods. However, the first
young queen emergence time in colonies was
affected significantly by the biopesticide expo-
sure in both topical (F=4.58; P=0.0080) and
residual contact (F=5.08; P=0.0060) applica-
tion methods. Nimbecidine exposure, in particu-
lar, caused the start of young queen production
at an earlier period of colony life when com-
pared to the other biopesticides. In addition, the
application methods did not cause any difference
in the effects of biopesticides on the first young
queen emergence time.

As explained in detail in Sect. 2, one of the
most important traits that affect the colony life
of B. terrestris is the competition point. This
critical stage is considered an indicator for the
end of the colony life cycle. The results showed

that there were significant differences between
the biopesticide treatment groups in terms of
the competition point in the topical applica-
tion. Nimbecidine significantly differed from
the other biopesticides tested and caused a late
competition point. However, in the residual
contact application method, the effect of the
biopesticides on the competition point was not
significant. The results regarding the total num-
ber of workers, males and young queens pro-
duced in colonies are given in Table III. The
differences between the biopesticide treatment
groups in terms of the total number of workers
(F=2.76; P=0.0460) were significant in the
topical application method, but not significant
in the residual contact method. In the topical
application method, while the highest number
of workers was observed in the colonies treated
with Nimbecidine, the lowest number of workers
was in the Nostalgist treated colonies. The effect
of the biopesticides on the total number of males
produced in the colonies was not significant
in TA. But, there were significant differences
between the applied biopesticides in terms of
the total number of males produced in the colo-
nies only in the residual contact method. The
average total number of males was significantly
higher in the colonies treated with Nimbecidine
(120.0+21.40) than in the control (50.83 +9.44)
and Nibortem (45.00 +7.75) treatment groups
(F=4.52; P=0.0070). However, in the residual
contact method, the number of males in Nibor-
tem treated colonies, despite being the lowest
value, was not significantly different than in the
colonies treated with Nostalgist or Priority.

In this study, we determined that the number
of young queens produced in the colonies was
not affected by the application method of the
biopesticide. However, the results obtained in the
topical application method showed more varia-
tion than those in the residual contact method.
The number of young queens produced in the
colonies treated with Nimbecidine was sig-
nificantly higher than in all other biopesticide
groups in the residual contact method (F=7.85;
P=0.0010), but differed only from the Nibor-
tem and Control treatment groups in the topical
application method (F=4.58; P=0.0080).
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4. DISCUSSION

In recent years, a considerable number of
scientific studies are available proving the
negative effects of pesticides on human and
environmental health (Ries et al. 2003). There-
fore, bio-origin plant protection products used
in the controlling of harmful arthropods are
attracting more attention and their use has been
increasing (Pineda et al. 2008; Shahid et al.
2012; Maina et al. 2018). As with any pes-
ticide, clarifying the effects of biopesticides
on target and non-target organisms is vital for
the sustainability of agricultural production.
Nimbecidine derived from neem tree shows
insecticidal effects due to tetranortriterpe-
noids it contained (Zhong et al. 2017). It has
been reported that Nimbecidine poses potential
risks to non-target arthropods, especially bees,
and has strong biological properties as an anti-
feedant, repellent, sterilant, and insect growth
regulator (Morgan 2009). According to our
results, among the biopesticides tested, Nim-
becidine stood out with its lethal effect (92%)
in the RCA method. The application methods
of biopesticides can be decisive on their effect
levels on bumblebees. Barbosa et al. (2015)
determined that the exposure of B. terrestris to
Nimbecidine in the concentration of between
3.2 and 320 mg per liter sugar water inhibited
their reproduction and also caused 32 to 100%
mortality in the colony. Previous studies have
also indicated that Nimbecidine concentrations
in different ranges (low/high) shorten the ovar-
ian length. Therefore, it stops the ovulation and
thus the production of males. Consequently,
antifeedant effects of Nimbecidine may lead
to a low food intake and thus adversely affect
bees’ ovarian development (Mordue and Nisbet
2000; Melathopoulos et al. 2000; Trumm and
Dorn 2000). In another study, when Nimbeci-
dine has been applied to honeybees by the leaf
disk method, it has caused 60% death in adults
and 42% death in larvae (Xavier et al. 2015).
Similarly, the mortality rate with Nimbecidine
application was 92% for the contact method
and 32% for the topical application method.
The product named Nostalgist containing B.
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bassiana strain, Bb-1 caused 36% death in the
workers when it was applied topically, and
62% death in the residual application. Differ-
ent results have been reported about the effects
of different isolates of B. bassiana on bumble-
bee species. Karise et al. (2016) reported that
Botanigard caused a high mortality on B. ter-
restris workers, consistent with our results. On
the contrary, Shipp et al. (2012) reported that
B. bassiana did not cause a significant mortal-
ity on B. impatiens. Mommaerts et al.’s (2009)
results showed that the B. bassiana killed 92%
of B. terrestris workers in the topical applica-
tion. In addition, they found that when the B.
terrestris colonies were exposed to B. bassi-
ana with pollen and sugar syrup, it negatively
affected the production of males in the colo-
nies. In general, B. terrestris colonies produced
a large number of workers in the early stage of
colony life. To produce the next generations,
young queens and males are expected to be
produced at the end of the life cycle. However,
in our study, Nostalgist was determined not to
have an adverse effect in the total number of
males in both application methods. Besides,
it had no effect on the first male emergence
and the competition point but shortened the
first young queen emergence time in the topi-
cal application. On the other hand, it has been
reported that no growth parameters of B. impa-
tiens were adversely affected in the exposure
to the same product by the topical application
method (Ramanaidu and Cutler 2013). The
application of Nibortem (Lecanicillium (Ver-
ticillium) lecanii strain V1-1) resulted in the
lethality of 10% in the topical application and
38% in the residual contact application, but
did not cause any negative effect on the colony
development of the bees. On the other hand,
Priority (Isaria fumosorosea (= Paecilomyces
Jumosoroseus) strain PFs-1), another bioinsec-
ticide tested, was weakly toxic in both applica-
tion methods and its effects on the colony life
varied. It caused a decrease in the total num-
ber of workers when applied topically and an
increase in the total number of young queens
and males in the residual contact application.
In general, bumblebees by nature produce a
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large number of queens and males toward the
end of the colony life.

In conclusion, the assessment of the lethal and
sublethal effects of these plant protection prod-
ucts at the individual and colony level on bum-
blebees is vital for the food chain cycle in nature.
It is also crucial for the future and sustainability
of agricultural activities. Further studies is rec-
ommended to be conducted in the conditions of
greenhouse and open field production areas to
contribute to the elimination of many doubts on
biopesticides by considering the results obtained
in the present study.
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