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Abstract

The use of pesticides is considered one of the most important threats to pollinators, especially since they are widely used in
agriculture for pest control. In the last years, several studies have reported severe secondary effects on various bee species,
including exotic and native bees. In this study, lethal (mortality) and sublethal (locomotor activity) effects of insecticides and
acaricides used in strawberries in Brazil (abamectin, novaluron, spinetoram, and thiamethoxam) were evaluated on the native
stingless bees Melipona quadrifasciata and Tetragonisca fiebrigi. The results showed that the effects varied significantly
according to the pesticide, type of exposure (oral or topical), and bee species. Through oral exposure, M. quadrifasciata was
more susceptible to all insecticides except for abamectin, while in topical exposure, 7. fiebrigi was more sensitive. Thiamethoxam
followed by spinetoram and abamectin were the most lethal, regardless of species or exposure route; novaluron was not harmful
at the highest tested dose. The locomotor activity of bees was altered in the presence of sublethal doses (LC;( and LCs() of all
insecticides. Spinetoram and abamectin can be as much as toxic as thiamethoxam against M. quadrifasciata and T. fiebrigi in
laboratory experiments. These findings should be confirmed in field experiments to define possibilities to combine pest control
and pollinator management. In crops like strawberries, the selectivity of native pollinators should be considered.
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Introduction

Bees perform an important service as pollinators in a large num-
ber of agricultural interest crops as well as wild plants (Klein et al.
2007; Cresswell 2011). The honeybee Apis mellifera L., 1758, is
the most widely used pollinator in commercial crops worldwide
and the most often used as a model organism for nontarget tox-
icity studies (Minussi and Alves-dos-Santos 2007; Brittain and
Potts 2011). However, in recent years, many beekeepers from
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different countries have been reporting unusual bee mortality
resulting in high losses of honey beehives (Bortolotti et al.
2003). Therefore, the use of other bees, such as the stingless bees,
has been encouraged, since these bees also contribute to pollina-
tion in agricultural crop areas (Slaa et al. 2000).

Among these are the Melipona quadrifasciata Lepeletier,
1836, known as “mandagcaia,” with similar size of Apis mellifera,
found in parts of Argentina, Brazil, and Paraguay, and
Tetragonisca fiebrigi (Schwarz, 1938), known as “‘jatai,” a small
bee, found in parts of Argentina, Brazil, Paraguay, and Bolivia
(Camargo and Pedro 2013). Several studies have shown that these
bees play an important role in the pollination of crops in protected
environments such tomatoes, eggplants, and strawberries (Free
1993; Del Sarto et al. 2005; Antunes et al. 2007; Nunes-Silva
et al. 2013; Yankit et al. 2018) as well in open field to crops such
as cotton and sesame among others (Stein et al. 2017), because it
improves the production and the quality of fruits.

The strawberry is a plant cultivated and much appreciated
worldwide (Witter et al. 2012). Although most commercial cul-
tivars are hermaphrodite and self-pollinated, the lack of
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pollinators during the flowering of the crop associated with in-
sufficient amounts of pollen results in deformations of the fruits
and lower yields (Zebrowska 1998; Witter et al. 2014). The ease
of management of M. quadrifasciata and T. fiebrigi combined
with the absence of functional sting makes these species suitable
for the pollination of strawberries in protected environments and
with that they aid in the pollination deficit (Slaa et al. 2006).
Also, because these bees are different in size, they may have a
complementary effect on flower pollination, since medium to
large bees fold at the top of the receptacle and pollinate the apical
stigmas, while small bees circulate in the stamens and around of
the receptacle, mainly to pollinate the basal stigmas (Chagnon
et al. 1993; Malagodi-Braga and Kleinert 2007).

However, in these crops, the application of pesticides is a
common practice in the management of pest arthropods
(Bernardi et al. 2015). Abamectin, thiamethoxam, spinetoram,
and novaluron are used to control mites, aphids, thrips, and
caterpillars, respectively, during strawberry crop production in
Brazil (Agrofit 2019). Abamectin belongs to chemical group
to avermectinas and acts as GABA agonist (gamma-
aminobutyric acid). Thiamethoxam is an insecticide from the
group of neonicotinoids that act as nicotinic acetylcholine re-
ceptor agonists (nAChR) in post-synaptic neurons of the cen-
tral nervous system, competing for the action site of the neu-
rotransmitter acetylcholine (Irac 2020). Spinetoram belongs to
spinosyns chemical group and which acts as modulators of
acetylcholine receptors. Some studies highlight that insecti-
cides in this group have low residual toxicity, in relation to
other insecticides and greater selectivity to beneficial insects
(Williams et al. 2003; Ruiz et al. 2008). Novaluron is an in-
secticide of chemical group of benzoylureas that works by
inhibiting chitin biosynthesis. The first three insecticides act
in synaptic transmission, while the last act in the change of
instars of insects (Irac 2020). Thus, during the pollination
activity, stingless bees can also be exposed directly or indi-
rectly to these products (Talebi et al. 2008; Mullin et al. 2010),
directly through the contact of the body of the insect with
chemical molecules suspended in the air and indirectly
through the ingestion of pesticide residues present in pollen,
nectar, or water (Girolami et al. 2009; Johnson et al. 2010).
Several studies have demonstrated the occurrence of serious
lethal and sublethal effects in these native bees species ex-
posed to insecticides (Tomé et al. 2015; Pitts-Singer and
Barbour 2016; Dorneles et al. 2017; Prado-Silveira et al.
2018; Brito et al. 2020; Padilha et al. 2020); however, little
information on most of the species is available.

Therefore, due to the importance of pollination for straw-
berry production, it is necessary to know the toxicity of pesti-
cides on these bees. The objectives of this study were to es-
tablish the lethal dose and lethal concentration (LDsq and
LCsq) as well as to evaluate the sublethal effects (locomotor
activity) of insecticides used in strawberry on species of the
native bees M. quadrifasciata and T. fiebrigi.

Material and methods
Bee collection

Foragers bees of M. quadrifasciata and T. fiebrigi were col-
lected from three different colonies in the Meliponary at
Federal University of Pelotas (UFPel), (Capao do Ledo, RS,
Brazil) and maintained in disposable plastic cages of 250 mL
for all time of assay. The bee collecting was made in sunny
days with temperatures above 18 °C. After the collection, the
bees were transported to the laboratory (28 °C + 1 °C temper-
ature, 70% +5% relative humidity, and scotophase of 24 h). In
order to minimize the stress caused by confinement, the
workers remained in adaptation for 24 h and received sucrose
solution (50% v/v) ad libitum in an Eppendorf® tube (1.5 mL)
for food supply, before the beginning of tests.

Toxicity bioassays

The tested insecticides were the following: abamectin
(Vertimec® 18 EC 1.8% a.i.), thiamethoxam (Actara® 250
WG 25.0% a.i.), spinetoram (Delegate® 25.0% a.i.), and
novaluron (Rimon Supra® 10.0% a.i.) all registered for the
strawberry crop in Brazil. The concentrations evaluated for
each insecticide were determined based on the active ingredi-
ent concentration described on the formulations label.
Susceptibility of M. quadrifasciata and T. fiebrigi was
assessed through oral and topical exposure. The experiments
were conducted in two steps using a combined methodology
adapted from Felton et al. (1986), OECD (1998a, b), and
Medrzycki et al. (2013).

1) Preliminary tests: serial dilutions were performed (1:10)
with insecticide stock concentration (1000 ng a.i./uL) in
distilled water. Six concentrations were obtained in de-
scending order for the recognition of the doses ranges that
provided 0 to 100% mortality.

2) Final tests: after establishing the response range of pre-
liminary tests, were established six until eight doses in
increasing concentrations of their active ingredients to
be used in the bioassays.

Six replicates with ten adult bees from different col-
onies were used for each treatment. The bioassays were
conducted under a randomized design. Bioassays with
mortality higher than 10% in the control treatment were
not considered for analysis.

Determination of lethal oral concentration (LCs)
The commercial formulations of selected insecticides were

diluted in sucrose solution (50% v/v). To stimulate consump-
tion, the insects were starved for 2 h before the experiments.
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Each group of bees was fed with 1 mL of insecticide solution
for 6 h. Subsequently, the insecticide solution was replaced by
sucrose solution ad libitum. The concentrations of
thiamethoxam, spinetoram, abamectin, and novaluron ranged
from 0.1 to 100 ng a.i./uL diet, 0.1 to 50 ng a.i./uL diet, 0.1 to
100 ng a.i./uL diet, and 1.0 to 50,000 ng a.i./uL diet to
T. fiebrigi and from 0.01 to 1.0 ng a.i./uL diet, 0.1 to 10 ng
a.i./uL diet, 2.0 to 50 ng a.i./uL diet, and 1.0 to 50,000 ng a.i./
uL diet to M. quadrifasciata, respectively. The bees from the
control group were fed with sucrose solution only. Dead in-
sects, as well as abnormal symptoms, were recorded during
48 h after the initial exposition.

Determination of lethal topical dose (LDs)

The commercial formulations of selected insecticides were
diluted in distilled water and acetone (50% v/v) with a range
of concentrations. Prior topical application, all the bees (in-
cluding control group) were anesthetized with CO, for 10 s.
Using a micro applicator (Burkard Scientific, UK) a drop with
0.5 uL (T. fiebrigi) or 1.0 uL (M. quadrifasciata) was depos-
ited on the pronotum of each bee. The concentrations of
thiamethoxam, spinetoram, and abamectin ranged from 0.5
to 50 ng a.i./bee, 0.5 to 50 ng a.i./bee, and 0.25 to 125 ng
a.i/bee to T. fiebrigi and from 0.1 to 100 ng a.i./bee, 1.0 to
500 ng a.i./bee, and 1.0 to 1000 ng a.i./bee to
M. quadrifasciata, respectively. Control bees received a drop
of distilled water and acetone (50% v/v). Bees were fed with a
sucrose solution (50%) ad libitum. Mortality and abnormal
behavior were recorded 48 h after initial exposure.

Behavioral bioassays
Locomotor activity

Bees were exposed to sublethal concentrations LC;( and LCs.
The treatments were conducted as described previously to de-
termine the oral LCs,. The insects were individually released at
one end of a silicone tube with a total length of 60 cm (Fig. 1). A
fluorescent lamp was used at the opposite end of the tube to
stimulate the bees. The time that each bee spent to walk a dis-
tance of 50 cm toward the light source was recorded. Based on
untreated/control bees, the maximum walking period was about
1 min. Subsequently, the average speed for each bee was calcu-
lated. The bioassays using 30 bees per treatment were per-
formed under 28 + 1 °C, at 4 and 24 h after initial exposure.

Statistical analyses
Statistical analyses to determine the LCs, and LDs, values were
performed with the “four-parameter log-logistic function” of the

“drc” package (Analysis of Dose-Response Curves using the
statistical software R®) (Ritz and Streibig 2005). Toxicity was
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Fig. 1 Experimental setup. A silicone tube (50 cm) coupled to an appa-
ratus consisting of a wooden plate (angle 0°)

assessed by comparing the LCsy and LDs, values between the
insecticides for each species of bee and also comparing these
values among the species. In both cases, the values of the LCs,
and LDso confidence intervals were used, being significantly
different when no overlap occurred in the confidence intervals,
at 95% probability. For locomotor activity, analysis of variance
was performed using the Kruskal-Wallis test, and when statis-
tics obtained a significant p value (< 0.05), the Dunn test was
applied to 95% probability.

Results
Toxicity bioassays
Acute oral toxicity

The calculated values to LCsq (48 h) of thiamethoxam,
spinetoram, and abamectin to 7. fiebrigi were 2.05 ng a.i./uL,
2.72 ng a.i./uL, and 3.53 ng a.i./uL diet, respectively (Table 1).
In the bioassays performed with M. quadrifasciata, the LCs,
(48 h) of thiamethoxam, spinetoram and abamectin were
0.18 ng a.i./uL, 2.45 ng a.i./uL, and 8.81 ng a.i./uL diet, respec-
tively (Table 1). Thiamethoxam presented a higher lethal effect,
with an LCs, value considered extremely low. When comparing
the toxicity of the insecticides among the species in this route of
exposure, M. quadrifasciata presented greater susceptibility to
insecticides than 7. fiebrigi (except for abamectin). The over-
lapping in the confidence interval of LCs for spinetoram indi-
cated that the two species did not differ in susceptibility to this
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Table 1 Relative toxicity of
orally exposed insecticides to Insecticide Specie Slope (+ SE) LCso (95% FL) (ng a.i/uL) ¢ p value
T. fiebrigi and M. quadrifasciata
Thiamethoxam  T. fiebrigi 1.0047 (£0.11)  2.05 (1.5217-2.5858) 7.73  <0.0001
M. quadrifasciata  1.7364 (£0.32)  0.18 (0.1453-0.2311) 8.84  <0.0001
Spinetoram T. fiebrigi 24631 (£0.38)  2.72(2.2599-3.1792) 1192 <0.0001
M. quadrifasciata  1.5342 (£0.30)  2.45 (1.6001-3.3013) 5.80  <0.0001
Abamectin T. fiebrigi 2.7584 (£0.44)  3.53(3.0996-3.9732) 1622 <0.0001
M. quadrifasciata  9.5683 (£1.96)  8.81 (8.4575-9.1725) 49.69  <0.0001

insecticide. For both species, the most toxic insecticides when
ingested were thiamethoxam, spinetoram, and abamectin,
respectively.

Novaluron caused a low percentage of mortality for adults
of T. fiebrigi (10%) and M. quadrifasciata (16%) at the max-
imum tested concentration (50,000 ng a.i./uL diet) and not
possible to construct the dose-response curve.

Acute topical toxicity

Topical treatments in 7. fiebrigi with thiamethoxam, spinetoram,
and abamectin resulted in LDs, values of 5.50 ng a.i./bee,
5.79 ng a.i./bee, and 8.07 ng a.i./bee, respectively (Table 2).
The values for the topical LDs of the thiamethoxam, spinetoram,
and abamectin for M. quadrifasciata were as the following:
9.06 ng a.i./bee, 26.27 ng a.i./bee, and 237.74 ng a.i./bee, respec-
tively (Table 2). In this route of exposure, 7. fiebrigi was the
specie most susceptible to the insecticides studied, according to
the values of the confidence intervals of each LDs. For the two
species, the most toxic insecticides were thiamethoxam,
spinetoram, and abamectin, respectively.

Behavioral bioassays
Locomotor activity

Exposure to insecticides caused changes in the locomotor ac-
tivity of the bees, varying according to species, concentration,
insecticide, and period evaluated. Thiamethoxam significantly
reduced the average speed of T. fiebrigi (X° =52.48; df=2;
p<0.0001) and M. quadrifasciata (X* =30.76; df=2; p<

0.0001) 4 h after the oral exposure. However, after 24 h, no
statistically significant difference was observed, either for
T. fiebrigi (X*=0.09; df=2; p=0.9538) as for
M. quadrifasciata (X*=5.18; df = 2; p = 0.07). When compar-
ing the average speed of T. fiebrigi bees from the control treat-
ment with the speed of bees exposed to LC;y and LCs, of
thiamethoxam after 4 h, a statistically significant difference
was observed, since the control group walked the established
distance with a higher velocity than the others (2.20 cm/s)
(Fig. 2a). Bees of the LC;, although presenting a lower average
speed in relation to the control (1.85 cm/s), were less impaired
than those exposed to LCs,, which presented reduced locomo-
tor activity (0.52 cm/s). M. quadrifasciata presented similar
behavior, and after 4 h, the average speed of bees exposed to
LCip (2.19 cm/s) and LCsq (1.85 cm/s) differed statistically
from the control group (4.18 cm/s), but there was no difference
between bees of LCq and LCs,. No significant difference was
observed at 24 h, of the control group (3.59 cm/s) (Fig. 2b).

Bees exposed to LCsg and LC;q of spinetoram showed a
significant difference in average speed values compared with
control group bees at 4 h (. fiebrigi: X* =10.57; df=2; p =
0.005; M. quadrifasciata: X = 28.75; df=2; p<0.0001) and
24 h after (7. fiebrigi: X? =28.01; df=2; p<0.0001;
M. quadrifasciata: X* = 25.35; df = 2; p <0.0001). Bees from
the control treatment walked the established distance with
higher speed (T. fiebrigi: 2.13 cm/s (4 horas) and 2.01 cm/s
(24 horas); M. quadrifasciata: 2.52 cm/s (4 horas) and
3.45 cm/s (24 horas)) than bees submitted to feeding with
the insecticide, which presented minimum average speed of
1.27 cm/s (T. fiebrigi) and 1.24 cm/s (M. quadrifasciata) after
24 h exposed to LCsq (Fig. 3 a and b).

Table 2 Relative toxicity of topically exposed insecticides to 7. fiebrigi and M. quadrifasciata

Insecticide Specie Slope (+ SE) LDsg (95% FL) (ng a.i./bee) t p value
Thiamethoxam T. fiebrigi 2.9547 (£0.65) 5.50 (4.8082-6.2068) 15.87 <0.0001
M. quadrifasciata 3.7765 (£ 1.32) 9.06 (8.1888-9.9387) 20.88 <0.0001
Spinetoram T. fiebrigi 1.0743 (£0.14) 5.79 (3.7172-7.8718) 5.62 <0.0001
M. quadrifasciata 2.0000 (£0.59) 26.27 (18.2274-34.3170) 6.58 <0.0001
Abamectin T. fiebrigi 0.9860 (£0.15) 8.07 (4.4483-11.6968) 448 <0.0001
M. quadrifasciata 1.3457 (£0.21) 237.74 (152.9804-322.4947) 5.65 <0.0001
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Fig. 2 Locomotor activity of adult 7. fiebrigi (a) and M. quadrifasciata
(b) 4 and 24 h after oral exposure to thiamethoxam. * Averages followed
by the same letter do not differ statistically from one another by the Dunn
test at 5% probability. White bars indicate the average speed (cm/s) of
bees 4 h after oral exposure to insecticide; dashed bars indicate the
average speed (cm/s) 24 h after exposure of the bees to the insecticide

thoxam (ng a.i. pL/diet)

When the species were exposed to abamectin, there was a
significant difference between the groups for the two evaluated
periods (4 h=T. fiebrigi: X*=34.27; df=2; p<0.0001;
M. quadrifasciata: X*=9.52; df=2; p=0.008; 24 h =
T. fiebrigi: X*=12.03; df=2; p=0.002; M. quadrifasciata:
X’ = 16.36; df=2; p=0.0002). The average speed of
T. fiebrigi bees belonging to the control after 4 h (1.54 cm/s)
and 24 h (1.66 cm/s) was statistically higher than the speed of
bees exposed to LCyy and LCso (Fig. 4a). For
M. quadrifasciata, at 4 h, the average speed of the control bees
(3.49 cm/s) did not differ statistically from the speed of bees
exposed to feeding with LCs (3.13 cm/s), while both differed
and were higher than those under LC; (2.32 ci/s). On the other
hand, after 24 h of feeding, both the average speed of bees
exposed to LCsq (2.73 cm/s) and LC (1.95 cm/s) differed from
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Fig. 3 Locomotor activity of adult 7. fiebrigi (a) and M. quadrifasciata
(b) 4 and 24 h after oral exposure to spinetoram. * Averages followed by
the same letter do not differ statistically from one another by the Dunn test
at 5% probability. White bars indicate the average speed (cm/s) of bees
4 h after oral exposure to insecticide; dashed bars indicate the average
speed (cm/s) 24 h after exposure of the bees to the insecticide

the control (3.51 cm/s) showing lower average speeds. At this
time, it was also observed that the bees exposed to LCs, pre-
sented higher average speed compared with LC; bees (Fig. 4b).

Discussion

The results have shown that the toxicity of the insecticides and
the acaricide abamectin vary according to the route of exposure
and specie. Furthermore, it was observed that the recommended
concentrations for formulations of thiamethoxam, spinetoram,
and abamectin, for use in Brazilian strawberries, are consider-
ably higher than the LCs, values determined in this study. For
thiamethoxam, insecticide that was most toxic to both species
and routes of exposure, the recommended concentration is
25.0 ng a.i./uL water (10 g/100 L water) which represents about
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Fig. 4 Locomotor activity of adult 7. fiebrigi (a) and M. quadrifasciata
(b) 4 and 24 h after oral exposure to abamectin. * Averages followed by
the same letter do not differ statistically from one another by the Dunn test
at 5% probability. White bars indicate the average speed (cm/s) of bees
4 h after oral exposure to insecticide; dashed bars indicate the average
speed (cm/s) 24 h after exposure of the bees to the insecticide

12 and 140 times the oral LCsy value for 7. fiebrigi and
M. quadrifasciata, respectively. The high toxicity of
neonicotinoids to bees has been reported in several studies
(Biddinger et al. 2013; Soares et al. 2015; Jiménez and Cure
2016; Jacob et al. 2019). Melipona scutellaris exposed by feed-
ing with imidacloprid presented oral LCso of 0.81 ng a.i./uL
diet (Costa et al. 2015). For A. mellifera, independent of the
route of exposure, thiamethoxam was extremely toxic (Costa
et al. 2014). The LCs oral for this specie was 0.12 ng a.i./uL
diet (48 h) (Laurino et al. 2011), which corroborates the results
observed in this study. Neonicotinoids cause alterations in the
nerve impulses of insects since they interfere in the nicotinic
acetylcholine receptors (nAChR) (Brown et al. 2006; Tan et al.
2007). The linkage of the insecticide molecules with nAChR is
irreversible, resulting in paralysis and death of insects (Jeschke
et al. 2011). This scenario becomes even more worrying, since

neonicotinoid insecticides, once absorbed by the plant, can
translocate up to the water of guttation, nectar, and pollen of
the crops, which in the flowering stage attract several bees
(Krupke et al. 2012). In cucurbit crops, the foliar application
and drip irrigation of thiamethoxam during flowering resulted
in high average levels of residues in pollen (122 ng/g) and
nectar (17.6 ng/g) (Dively and Kamel 2012). According to
Dively and Kamel (2012), environmental conditions have a
significant effect on overall residue levels, and therefore, further
studies are needed to determine the real dose that bees may be
exposed in the pollen and/or nectar of the crops.

In the case of spinetoram, the recommended concentration is
50.0 ng a.i./uL water (20 g/100 L water) which represents about
19 and 20 times the oral LCs value observed for 7. fiebrigi and
M. quadrifasciata, respectively. Despite the biological origin of
the insecticides of the spinosyns group, they also act in synaptic
transmission which may explain the high mortality. These results
demonstrate that the lower adverse effects of this group on ben-
eficial insects may be overestimated, and it is, therefore, impor-
tant to emphasize the importance of non-exemption of new bio-
insecticidal molecules from the risk assessment analysis for bees.
A similar result was observed with spinosad (also belonging to
the spinosyns) that presented a higher lethal effect than the
imidacloprid insecticide for M. quadrifasciata (Tomé et al.
2015). Spinosad and spinetoram were found to be dangerous
for Megachile rotundata in contact with adults, causing changes
also in the immature stages of this species (Gradish et al. 2012).

T. fiebrigi was more susceptible to abamectin than
M. quadrifasciata in the two exposure routes evaluated. The
recommended concentration of this product is 13.5 ng a.i./uL
water (75 mL/100 L water) which represents about 14 and 1.5
times the oral LCsq value for 7. fiebrigi and M. quadrifasciata,
respectively. Del Sarto et al. (2014) observed that A. mellifera
also presented lower tolerance of this acaricide than
M. quadrifasciata. The oral administration of abamectin sig-
nificantly reduced the survival of A. mellifera, with a lethal
time about three times less than deltamethrin (Aljedani 2017).
Ingestion of abamectin may cause changes in bees midgut
cells, leading to severe digestive disturbances (Aljedani 2017).

The low toxicity of novaluron to adult bees can be ex-
plained by the fact that growth-regulating insecticides act es-
pecially on the immature stage of insects, interfering in the
process of ecdysis (Mommaerts et al. 2006). The maximum
tested concentration, which caused inexpressive mortality,
was about 1400 times the recommended concentration for
the field 36.0 ng a.i./uL water (60 mL/100 L water). Due to
these factors, such an insecticide was not used in sublethal
tests. Similar results to adult bees have been reported in sev-
eral studies (Malone et al. 2007; Scott-Dupree et al. 2009). For
adults of Bombus terrestris, this group of insecticides also did
not provoke acute toxicity; however, for the immature stages,
harmful effects were observed, including egg mortality and
larval deformation (Mommaerts et al. 2006). Studies
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exploring the effects of these insecticides on the early stages of
development of M. quadrifasciata and T. fiebrigi are required.

In topical application, M. quadrifasciata and T. fiebrigi pre-
sented high susceptibility to thiamethoxam, being more sensi-
tive when compared with A. mellifera (29.90 ng a.i./bee) (Iwasa
et al. 2004). The high lethality of this insecticide was also ob-
served for Nannotrigona perilampoides (LDsy = 4.0 ng a.i./bee)
(Valdovinos-Nufiez et al. 2009), which corroborates the lethal
dose obtained for 7. fiebrigi (5.50 ng a.i./bee). Despite the lack
of studies, Dorneles et al. (2017) also reported high sensitivity of
T. fiebrigi to the topical application of chlorpyrifos (organo-
phosphate). The greater susceptibility of this species compared
with M. quadrifasciata may be related to the structure of the
cuticle, which possibly facilitates the absorption of insecticides.
According to Bacci et al. (2007), the penetration rate is related to
the composition and chemical thickness of the insect cuticle and
the physic-chemical characteristics of the compounds.

The routes of exposure studied in this work sought to sim-
ulate the possible forms of contamination of bees with insec-
ticides in the field. In general, the species M. quadrifasciata
and T. fiebrigi showed greater susceptibility to the insecticide
thiamethoxam followed by spinetoram and abamectin in the
two routes evaluated. The differential susceptibility observed
may have occurred due to specific characteristics of insecti-
cides and bee species. Life story traits, body weight, detoxifi-
cation capacity, and cuticle structure are factors that may
change the level of toxicity (Oliveira et al. 2002; Hardstone
and Scott 2010; Brittain and Potts 2011). The lower molecular
weight of thiamethoxam (291.71), followed by spinetoram
(754.00) and abamectin (873.10) (Yu 2008), may have influ-
enced the different degrees of toxicity of insecticides.
According to Stock and Holloway (1993), substances with
smaller molecular weights have greater penetration capacity
in the cuticle of the insects.

The locomotor activity of bees was altered in the presence
of sublethal doses of insecticides. Sublethal responses should
be considered since the lethality is only a simplistic indicator
of environmental impact (Tomé et al. 2015). Thiamethoxam
decreased the locomotor activity of 7. fiebrigi and
M. quadrifasciata shortly after exposure (4 h). Although the
short-term response to neurotoxic insecticides usually occurs
through hyperexcitation, in this study, the initial decrease in
activity may have occurred due to the severe symptoms ob-
served, including spasms and disorientation, which made it
difficult to move. The symptoms of prostration and motor
disturbance caused by thiamethoxam on honey bees are due
to the effect of the compound on the synapses of the insect
central nervous system (Kagabu 1997). After 24 h, bees of the
species M. quadrifasciata exposed to LCs, presented average
speed superior to the bees belonging to LC, and control. This
species exhibited similar behavior when exposed to
imidacloprid (Tomé et al. 2015). Contradictory results were
observed for A. mellifera, which, after 24-48 h after
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application of thiamethoxam, showed lower mobility and
flight activity (Charreton et al. 2015; Tosi et al. 2017). El
Hassani et al. (2008) did not observe changes in the locomotor
activity of bees exposed to thiamethoxam.

Different behavioral responses may have occurred due to ex-
posure time, bee species, and doses used in each study. Lambin
et al. (2001) point out that sublethal effects are highly dependent
on the dose of the insecticide. Moreover, several nicotinic recep-
tor subtypes are involved in complex behaviors and memory
processes and may be differentially altered by sublethal doses
of neonicotinoids (Gauthier 2010). In A. mellifera, exposure to
sublethal doses of thiamethoxam (10 ppb) increased the expres-
sion of two subunits nAChRs, nAChRx9, and nAChR 32, indi-
cating a compensatory reaction to the functional loss of nAChRs
due to the neonicotinoid (Christen et al. 2016; Shi et al. 2017).
This insecticide seems to induce changes in the regulation of the
gene responsible for memory formation in A. mellifera NMDA
receptor 1 (NR1)) (Shi et al. 2017), which may explain in part the
adverse behavioral effects observed.

Spinetoram and abamectin also interfered in the locomotor
activity of both species. Disorientation was the typical symp-
tom of the first. Spinosad, although it did not alter the loco-
motion, affected the flight activity of M. quadrifasciata (Tomé
et al. 2015). The sublethal toxicity of spinosyns has been
reported as negative in bumblebees (Morandin et al. 2005).

Tremors and spasms, followed by disorientation and paral-
ysis, were caused when insects were exposed to abamectin.
Avermectins, as well as neonicotinoids and spinosyns, act in
the transmission of the nerve impulse; however, the first group
acts like agonist of the gamma-aminobutyric acid (GABA),
causing immobilization and paralysis of the insects, due to
neuromuscular action (Sanchez-Bayo 2011). This fact may
explain the locomotor difficulty observed in bees exposed to
abamectin. These effects may cause impacts on the survival of
all colony, which require active and healthy bees for feeding,
cleaning, cell building, and various tasks (Winston 1987).

In conclusion, the insecticides thiamethoxam, spinetoram,
and abamectin presented high lethality for M. quadrifasciata
and T. fiebrigi under the conditions (oral and topical) evaluat-
ed. The recommended concentrations for use in Brazilian
strawberries are considerably higher than the LCs values here
determined. Novaluron was not harmful at the highest tested
dose. The sublethal test suggests that abamectin and
spinetoram can be as toxic as thiamethoxam neonicotinoid
toward native bees and therefore implies that the molecules
to be used would need to be carefully selected. These
results confirm the importance of considering other species
of bees in the risk assessments, not only using
A. mellifera as reference (Decourtye et al. 2013). Further
studies evaluating sublethal effects in semi-field and field
experiments are necessary to investigate the impacts of
these products under more realistic conditions and the
possibility of integrated pest and pollinator management.



Environ Sci Pollut Res (2020) 27:42472-42480

42479

Funding information To Coordination of Improvement of Higher
Education Personnel (CAPES, Finance Code 001) for granting
scholarships.

References

(AGROFIT) Ministério da Agricultura Pecuaria e Abastecimento (2019)
Available in: <http://agrofit.agricultura.gov.br/agrofit cons/
principal agrofit cons>

(IRAC) Insecticide Resistance Action Committee (2020) Available in:
<http: https://www.irac-br.org/folhetos>

(OECD) Organization for Economic Co-operation and Development
(1998a) Guidelines for the testing of chemicals: honeybees, acute
oral toxicity test. Environmental health safety division, organization
for economic co-operation and development- Number 213, Paris,
France

(OECD) Organization for Economic Co-Operation and Development
(1998b) Guidelines for the testing of chemicals: honeybees, acute
contact toxicity test. Environmental health safety division, organiza-
tion for economic co-operation and development - Number 214,
Paris, France

Aljedani DM (2017) Effects of Abamectin and Deltamethrin to the for-
agers honeybee workers of Apis mellifera jemenatica
(Hymenoptera: Apidae) under laboratory conditions. Saudi J Biol
Sci 24:1007-1015

Antunes OT, Calvete EO, Rocha HC, Nienow AA, Cecchetti D, Riva E,
Maran RE (2007) Producdo de cultivares de morangueiro
polinizadas pela abelha jatai em ambiente protegido. Hortic Bras
25:94-99

Bacci L, Pereira EJG, Crespo ALB, Picanco MC, Coutinho DC, Sena ME
(2007) Eficiéncia e seletividade de inseticidas para o manejo de
mosca branca e inimigos naturais em melancia. Revista Ceres 54:
47-54

Bernardi D, Botton M, Nava DE, Zawadneak MAC (2015) Guia para a
identificagdo e monitoramento de pragas e seus inimigos naturais em
morangueiro. Embrapa, Brasilia

Biddinger DJ, Robertson JL, Mullin C, Frazier J, Ashcraft SA, Rajotte
EG, Joshi NK, Vaughn M (2013) Comparative toxicities and syn-
ergism of apple orchard pesticides to Apis mellifera (L.) and Osmia
cornifrons (Radoszkowski). PLoS One 8:¢72587

Bortolotti L, Montanari R, Marcelino J, Mdrzycki P, Maini S, Porrini C
(2003) Effects of sub-lethal imidacloprid doses on the homing rate
and foraging activity of honey bees. Bull. Insectology 56:63—67

Brito P, Elias M, Silva-Neto C, Sujii E, Silva D, Gongalves B,
Franceschinelli E (2020) The effects of field-realistic doses of
imidacloprid on Melipona quadrifasciata (Apidae: Meliponini)
workers. Environ Sci Pollut Res 1:1-8

Brittain C, Potts SG (2011) The potential impacts of insecticides on the
life-history traits of bees and the consequences for pollination. Basic
Appl Ecol 12:321-331

Brown LA, Thara M, Buckingham SD, Matsuda K, Sattelle DB (2006)
Neonicotinoid insecticides display partial and super agonist actions
on native insect nicotinic acetylcholine receptors. J Neurochem 99:
608-615

Camargo JMF, Pedro SRM (2013) Meliponini Lepeletier, 1836. In
Moure JS, urban D, Melo GAR (orgs). Catalogue of bees
(Hymenoptera, Apoidea) in the neotropical region - online version.
Available at <http://www.moure.cria.org.br/catalogue>. Accessed
28 November 2017

Chagnon M, Gingras J, Oliveira D (1993) Complementary aspects of
strawberry pollination by honey and indigenous bees
(Hymenoptera). J Econ Entomol 86:416-420

Charreton M, Decourtye A, Henry M, Rodet G, Sandoz JC, Charnet P,
Collet C (2015) A locomotor deficit induced by sublethal doses of

pyrethroid and neonicotinoid insecticides in the honeybee Apis
mellifera. PLoS One 10:¢0144879

Christen V, Mittner F, Fent K (2016) Molecular effects of neonicotinoids
in honey bees (Apis mellifera). Environ Sci Technol 50:4071-4081

Costa EM, Araujo EL, Maia AVP, Silva FEL, Bezerra CES, Silva JG
(2014) Toxicity of insecticides used in the Brazilian melon crop to
the honey bee Apis mellifera under laboratory conditions.
Apidologie 45:34-44

Costa L, Grella MTC, Barbosa RA, Malaspina O, Nocelli RCF (2015)
Determination of acute lethal doses (LD50 and LC50) of
imidacloprid for the native bee Melipona scutellaris Latreille,
1811 (Hymenoptera: Apidae). Sociobiology 62:578-582

Cresswell JE (2011) A meta-analysis of experiments testing the effects of
a neonicotinoid insecticide (imidacloprid) on honey bees.
Ecotoxicology 20:149-157

Decourtye A, Henry M, Desneux N (2013) Overhaul pesticide testing on
bees. Nature 497:188

Del Sarto MCL, Peruquetti RC, Campos LA (2005) Evaluation of the
neotropical stingless bee Melipona quadrifasciata (Hymenoptera:
Apidae) as pollinator of greenhouse tomatoes. J Econ Entomol 98:
260-266

Del Sarto MCL, Oliveira EE, Guedes RNC, Campos LAO (2014)
Differential insecticide susceptibility of the Neotropical stingless
bee Melipona quadrifasciata and the honey bee Apis mellifera.
Apidologie 45:626-636

Dively GP, Kamel A (2012) Insecticide residues in pollen and nectar of a
cucurbit crop and their potential exposure to pollinators. J Agric
Food Chem 60:4449-4456

Dorneles AL, de Souza Rosa A, Blochtein B (2017) Toxicity of organo-
phosphorus pesticides to the stingless bees Scaptotrigona
bipunctata and Tetragonisca fiebrigi. Apidologie 48:612—620

El Hassani AK, Dacher M, Gary V, Lambin M, Gauthier M, Armengaud
C (2008) Effects of sublethal doses of acetamiprid and
thiamethoxam on the behavior of the honeybee (Apis mellifera).
Arch Environ Con Tox 54:653-661

Felton JC, Oomen PA, Stevenson JH (1986) Toxicity and hazard of
pesticides to honeybees: harmonization of the test methods. Bee
World 67:114-124

Free JB (1993) Insect pollination of crops. Academic Press, London

Gauthier M (2010) State of the art on insect acetylcholine receptor func-
tion in learning and memory. In: Thany SH (ed) Insect nicotinic
acetylcholine receptors. Advances in experimental medicine and
biology, vol 683. Springer, New York, pp 97-115

Girolami V, Mazzon L, Squartini A, Mori N, Marzaro M, Di Bernardo A,
Greatti M, Giorio C, Tapparo A (2009) Translocation of
neonicotinoid insecticides from coated seeds to seedling guttation
drops: a novel way of intoxication for bees. J Econ Entomol 102:
1808-1815

Gradish AE, Scott-Dupree CD, Cutler GC (2012) Susceptibility of
Megachile rotundata to insecticides used in wild blueberry produc-
tion in Atlantic Canada. J Pest Sci 85:133-140

Hardstone MC, Scott JG (2010) Is Apis mellifera more sensitive to insec-
ticides than other insects? Pest Manag. Sci. 66:1171-1180

Iwasa T, Motoyama N, Ambrose JT, Roe RM (2004) Mechanism for the
differential toxicity of neonicotinoid insecticides in the honey bee,
Apis mellifera. Crop Prot 23:371-378

Jacob CRO, Malaquias JB, Zanardi OZ, Silva CAS, Jacob JFO,
Yamamoto PT (2019) Oral acute toxicity and impact of
neonicotinoids on Apis mellifera L. and Scaptotrigona postica
Latreille (Hymenoptera: Apidae). Ecotoxicology 28:744-753

Jeschke P, Nauen R, Schindler M, Elbert A (2011) Overview of the status
and global strategy for neonicotinoids. J Agric Food Chem 59:
2897-2908

Jiménez DR, Cure JR (2016) Efecto letal agudo de los insecticidas em
formulacion comercial Imidacloprid, Spinosad y Thiocyclam

@ Springer


http://agrofit.agricultura.gov.br/agrofit_cons/principal_agrofit_cons%3e
http://agrofit.agricultura.gov.br/agrofit_cons/principal_agrofit_cons%3e
https://www.iracr.org/folhetos
http://www.moure.cria.org.br/catalogue

42480

Environ Sci Pollut Res (2020) 27:42472-42480

hidrogenoxalato en obreras Bombus atratus (Hymenoptera:
Apidae). Rev Biol Trop 64:1737-1745

Johnson RM, Ellis MD, Mullin CA, Frazier M (2010) Pesticides and
honey bee toxicity-USA. Apidologie 41:312-331

Kagabu S (1997) Chloronicotinyl insecticides - discovery, application
and future perspective. Rev Toxicol 1:75-129

Klein AM, Vaissiéri BE, Cane JH, Steffan-Dewenter I, Cunningham SA,
Kremen C, Tscharntke T (2007) Importance of pollinators in chang-
ing landscapes for world crops. Proc R Soc B 274:303-313

Krupke CH, Hunt GJ, Eitzer BD, Andino G, Given K (2012) Multiple
routes of pesticide exposure for honey bees living near agricultural
fields. PLoS One 7:¢29268

Lambin M, Armengaud C, Raymond S, Gauthier M (2001) Imidacloprid-
induced facilitation of the proboscis extension reflex habituation in
the honeybee. Arch Insect Biochem Physiol 48:129—134

Laurino D, Porporato M, Patetta A, Manino A (2011) Toxicity of
neonicotinoid insecticides to honey bees: laboratory tests. Bull
Insectol 64:107-113

Malagodi-Braga KS, Kleinert AMP (2007) Como o comportamento das
abelhas na flor do morangueiro (Fragaria ananassa Duchesne)
influencia a formagao dos frutos? Bioscience 23:76-81

Malone LA, Scott-Dupree CD, Todd JH, Ramankutty P (2007) No sub-
lethal toxicity to bumblebees, Bombus terrestris, exposed to Bt-corn
pollen, captan and novaluron. New Zeal J Crop Hort 35:435-439

Medrzycki P, Giffard H, Aupinel P, Belzunces LP, Chauzat MP, Claben
C, Colin ME, Dupont T, Girolami V, Johnson R, Le Conte Y,
Luckmann J, Marzaro M, Pistorius J, Porrini C, Schur A,
Sgolastra F, Delso NS, Van der Steen JJM, Wallner C, Alaux C,
Biron DG, Blot N, Bogo G, Brunet JL, Delbac F, Diogon M, El
Alaouil H, Provost B, Tosi S, Vidau C (2013) Standard methods for
toxicology research in Apis mellifera. J Apic Res 52:1-60

Minussi LC, Alves-dos-Santos 1 (2007) Abelhas nativas versus Apis
mellifera Linnaeus, espécie exotica (Hymenoptera: Apidae).
Bioscience 23:58—62

Mommaerts V, Sterk G, Smagghe G (2006) Hazards and uptake of chitin
synthesis inhibitors in bumblebees Bombus terrestris. Pest Manag
Sci 62:752-758

Morandin LA, Winston ML, Franklin MT, Abbott VA (2005) Lethal and
sub-lethal effects of spinosad on bumble bees (Bombus impatiens
Cresson). Pest Manag Sci 61:619-626

Mullin CA, Frazier M, Frazier JL, Ashcraft S, Simonds R, vanEngelsdorp
D, Pettis JS (2010) High levels of miticides and agrochemicals in
North American apiaries: implications for honey bee health. PLoS
One 5:¢9754

Nunes-Silva P, Hmcir M, Da Silva CI, Rolddo YS, Imperatriz-Fonseca
VL (2013) Stingless bees, Melipona fasciculata, as efficient polli-
nators of eggplant (Solanum melongena) in greenhouses.
Apidologie 44:537-546

Oliveira EE, de Souza Aguiar RW, de Almeida Sarmento R, de Souza
Tuelher E, Guedes RNC (2002) Seletividade de inseticidas a
Theocolax elegans parasitoide de Sitophilus zeamais. Bioscience
18:11-16

Padilha AC, Piovesan B, Morais MC, Pazini JB, Zotti MJ, Griitzmacher
AD (2020) Toxicity of insecticides on Neotropical stingless bees
Plebeia emerina (Friese) and Tetragonisca fiebrigi (Schwarz)
(Hymenoptera: Apidae: Meliponini). Ecotoxicology 29:119-128

Pitts-Singer TL, Barbour JD (2016) Effects of residual novaluron on
reproduction in alfalfa leafcutting bees, Megachile rotundata F.
(Megachilidae). Pest Manag Sci 73:153—159

Prado-Silveira A, Nunes LA, Dos Santos JM, Affonso PRAM,
Waldschmidt AM (2018) Morphogenetic alterations in Melipona
quadrifasciata anthidioides (Hymenoptera: Apidae) associated with
pesticides. Arch Environ Contam Toxicol 74:627-632

Ritz C, Streibig JC (2005) Bioassay Analysis using R. J Stat Softw 12:1-22

@ Springer

Ruiz L, Flores S, Cancino J, Arredondo J, Valle J, Diazfleischer F, Williams
T (2008) Lethal and sublethal effects of spinosad-based GF-120 bait on
the tephritid parasitoid Diachasmimorpha longicaudata (Hymenoptera:
Braconidae). Biol Control 44:296-304

Sanchez-Bayo F (2011) Insecticides mode of action in relation their tox-
icity to non-target organisms. J Environ Anal Toxicol 4:1-9

Scott-Dupree CD, Conroy L, Harris CR (2009) Impact of currently used
or potentially useful insecticides for canola agroecosystems on
Bombus impatiens (Hymenoptera: Apidae), Megachile rotundata
(Hymentoptera: Megachilidae), and Osmia lignaria
(Hymenoptera: Megachilidae). J Econ Entomol 102:177-182

Shi TF, Wang WF, Liu F, Qi L, Yu LS (2017) Sublethal effects of the
neonicotinoid insecticide thiamethoxam on the transcriptome of the
honey bees (Hymenoptera: Apidae). J Econ Entomol 20:1-7

Slaa EJ, Chaves LAS, Malagodi-Braga KS, Hofsted FE (2006) Stingless
bees in applied pollination: practice and perspectives. Apidologie
37:293-315

Soares HM, Jacob CRO, Carvalho SM, Nocelli RCF, Malaspina O
(2015) Toxicity of imidacloprid to the stingless bee Scaptotrigona
postica Latreille, 1807 (Hymenoptera: Apidae). Bull Environ
Contam Toxicol 94:675-680

Stein K, Coulibaly D, Stenchly K, Goetze D, Porembski S, Lindner A,
Konaté S, Linsenmair EK (2017) Bee pollination increases yield
quantity and quality of cash crops in Burkina Faso, West Africa.
Sci Rep 7:1-10

Stock D, Holloway PJ (1993) Possible mechanisms for surfactant-
induced foliar uptake of agrochemicals. Pestic Sci 38:165-177

Talebi K, Kavousi A, Sabahi Q (2008) Impacts of pesticides on arthropod
biological control agents. Pest Technol 2:87-97

Tan J, Galligan JJ, Hollingworth RM (2007) Agonist actions of
neonicotinoids on nicotinic acetylcholine receptors expressed by
cockroach neurons. Neurotoxicology 28:829-842

Tomé HVV, Barbosa WF, Martins GF, Guedes RNC (2015) Spinosad in
the native stingless bee Melipona quadrifasciata: regrettable non-
target toxicity of a bioinsecticide. Chemosphere 124:103—-109

Tosi S, Burgio G, Nieh JC (2017) A common neonicotinoid pesticide,
thiamethoxam, impairs honey bee flight ability. Sci Rep 7:1-8

Valdovinos-Nunez GF, Quezada-Euan JJG, Ancona-Xiu P, Moo-Valle
H, Carmona A, Sanchez ER (2009) Comparative toxicity of pesti-
cides to stingless bees (Hymenoptera: Apidae: Meliponini). J Econ
Entomol 102:1737-1742

Williams T, Valle J, Vifiuela E (2003) Is the naturally-derived insecticide
Spinosad compatible with insect natural enemies? Biocontrol Sci
Technol 13:459-475

Winston ML (1987) The biology of the honey bee. Harvard university
press, London

Witter S, Radin B, Lisboa BB, Teixeira JSG, Blochtein B, Imperatriz-
Fonseca VL (2012) Desempenho de cultivares de morango
submetidas a diferentes tipos de polinizagdo em cultivo protegido.
Pesqui Agropecu Bras 47:58-65

Witter S, Nunes-Silva P, Blochtein B, Lisboa BB, Imperatriz-Fonseca VL
(2014) As abelhas e a agricultura. EDIPUCRS, Porto Alegre

Yankit P, Rana K, Sharma HK, Thakur M, Thakur RK (2018) Effect of
bumble bee pollination on quality and yield of tomate (Solanum
lycopersicum Mill.) grown under protected conditions. Int J Curr
Microbiol App Sci 7:257-263

Yu SJ (2008) The toxicology and biochemistry of insecticides. CRC
Press, Boca Raton

Zebrowska J (1998) Influence of pollination modes on yield components in
strawberry (Fragaria x ananassa Duch.). Plant Breed 117:225-260

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.



	Effects...
	Abstract
	Introduction
	Material and methods
	Bee collection
	Toxicity bioassays
	Determination of lethal oral concentration (LC50)
	Determination of lethal topical dose (LD50)

	Behavioral bioassays
	Locomotor activity

	Statistical analyses

	Results
	Toxicity bioassays
	Acute oral toxicity
	Acute topical toxicity

	Behavioral bioassays
	Locomotor activity


	Discussion
	References


