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Simple Summary: In the neotropics, stingless bees co-exist with plant pests in agroecosystems. The
use of chemical insecticides used to control sap-sucking insects may pose a risk to the communities
of stingless bees. To gain insight into the potential risk of insecticides commonly used for farmers
in horticultural crops, we evaluated under laboratory conditions the effects of oral exposure to
five insecticides on the survival of two species of stingless bees, Nannotrigona perilampoides and
Frieseomelitta nigra. The results showed that some insecticides have a significant negative impact on
the survival of stingless bees under laboratory conditions. These results suggest that stingless bees
may be negatively affected when foraging flowers of crops that have been treated with insecticides.

Abstract: Insecticides used in agricultural pest management pose survival risks to the stingless bees
that forage on crops in tropical and subtropical regions. In the present study, we evaluated, under
laboratory conditions, the acute oral toxicity of five selected insecticides (dinotefuran, imidacloprid,
flupyradifurone, spirotetramat, and cyantraniliprole) to two species of neotropical stingless bees:
Nannotrigona perilampoides and Frieseomelitta nigra. At field recommended doses, dinotefuran, imi-
dacloprid, and flupyradifurone caused the highest mortality in both bee species. These insecticides
also caused the largest decrease in the survival rate when exposed to a 10-fold dilution of the field
recommended doses. Notably, dinotefuran exerted a high effect even at 100-fold dilution (100%
mortality). In contrast, cyantraniliprole had a low effect and spirotetramat was virtually nontoxic.
These results suggest that some insecticides used to control sap-sucking insects may have a significant
negative impact on the communities of stingless bees.

Keywords: stingless bees; neonicotinoid insecticides; diamide insecticide; butenolide insecticide;
cyclic keto-enol insecticide; nAChR-acting insecticides

1. Introduction

Stingless bees (Hymenoptera: Meliponini) are important pollinators to wild and culti-
vated plants [1]. In some regions of southeastern Mexico, stingless bees are particularly
associated with economically important local species crops. For example, in the Yucatán
Peninsula, Mexico, a region with a high diversity and abundance of stingless bees, Nan-
notrigona perilampoides and Frieseomelitta nigra are efficient pollinators of peppers, tomatoes,
and avocado [2–4], and of important native plants such as annatto, also known as “achiote”
(Bixa orellana) and Jatropha curcas, used for the production of biofuel [5,6]. Furthermore, the
stingless bees Melipona beecheii pollinate achiote [6] and Scaptotrigona pectoralis, and Trigona
fulviventris pollinate chili peppers (Capsicum chinense) [7], which shows that stingless bees
play an important role in maintaining the diversity of the flora.
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In the last couple of decades, a reduction in the richness and abundance of native
stingless bees has been experienced, which has been associated with various factors, such
as the anthropogenic disturbance and high dominance of the Africanized honeybee [8], the
loss of forests [9,10], and the presence of insecticides in the environment [11].

In intensively managed agroecosystems, stingless bees are exposed to a variety of
chemical insecticides when foraging flowers [12,13]. In this sense, to control highly dam-
aging sap-sucking insects, farmers of the region have made intense use of four groups of
insecticides: neonicotinoids (imidacloprid, thiamethoxam, and dinotefuran), butenolides
(flupyradifurone), cyclic keto-enols (spirotetramat), and diamides (cyantraniliprole) [13–15].
The use of these novel groups of insecticides has been questioned due to their negative
impact upon and threat to the bee community [16].

To gain insight into the potential risks of insecticide use in horticultural crops, we
evaluated under laboratory conditions the effects of oral exposure to dinotefuran, imidaclo-
prid, flupyradifurone, spirotetramat, and cyantraniliprole to the survival of two species of
stingless bees, Nannotrigona perilampoides and Frieseomelitta nigra.

2. Materials and Methods
2.1. Insects and Insecticides

The research was carried out at the Tecnológico Nacional de México, Campus Conkal,
at Conkal, Yucatán, Mexico. The colonies of N. perilampoides and F. nigra were maintained
in wooden hives in the field (five hives per bee species) and allowed to forage naturally.
The vegetation surrounding the hives included Piscidia piscipula, Leucaena leucocephala,
Tithonia diversifolia, and Parthenium hysterophorus. In the feeding zone of the stingless bees,
the absence of agricultural crops under the application of agrochemicals was verified.
Additionally, twice a week, 10 mL of a 50% sucrose solution (1 g of sucrose: 1 mL of
distilled water) was provided to each hive as a diet source.

The commercial formulations of the insecticides were purchased from local agro-
chemical suppliers. All the insecticides evaluated (Table 1) are recommended to control
sap-sucking insects (Aleyrodidae and Aphididae) in horticultural crops. The concentra-
tions of the insecticides used for the evaluation were selected based on the application
rate recommended by the manufacturer for the whitefly (Bemisia tabaci). From these field
recommended doses, 10-fold and 100-fold dilutions were prepared for the experiment of
survival analysis.

Table 1. Details of the insecticides evaluated in the present experiment.

Insecticide
(Chemical Group)

Concentration
(Formulation) a

Evaluated
Concentrations

(mg L−1) *

Trade Name
(Manufacturer) Mode of Action

Dinotefuran
(Neonicotinoid)

200 g/kg
(SG) 600, 60, 6 Venom 20 SG

(Valent)

Agonist of Nicotinic
Acetylcholine receptor

(nAChR)

Imidacloprid
(Neonicotinoid)

350 g a.i. L−1

(SC)
700, 70, 7 Confial

(Quimica Sagal)

Agonist of Nicotinic
Acetylcholine receptor

(nAChR)

Flupyradifurone
(Butenolide)

200 g a.i. L−1

(SL)
680, 68, 6.8 Sivanto Prime

(Bayer Crop Science)

Agonist of Nicotinic
Acetylcholine receptor

(nAChR)
Spirotetramat

(Cyclic keto-enol)
150 g a.i. L−1

(OD)
300, 30, 3 Movento 150 OD

(Bayer Crop Science)
Inhibitor of acetyl CoA

carboxilase
Cyantraniliprole

(Anthranilic diamide)
200 g L−1

(SC)
200, 20, 2 Benevia

(FMC)
Activator of Ryanodine

Receptor (RyR)

* The highest concentrations of the insecticides used for the evaluation were based on the field recommended
doses for the whitefly (Bemisia tabaci) and their 10-fold and 100-fold dilution. a Concentration and (formulation).
SG: soluble granules; SC: suspension concentrate; SL: soluble concentrate; OD: oil dispersion.
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2.2. Oral Toxicity Bioassay

Groups of 10 foragers were collected from the entrance of the hives of the stingless
bees. Each group, obtained from a different hive, was placed in a plastic bottle (500 mL)
with filter paper on the bottom and a 20 cm2 section of organza mesh was fixed to the side
of the bottle to facilitate the air exchange. In the middle part of the bottle (the organza
mesh section) we placed a microtube (1.5 mL) for food supply, which consisted of sucrose
solution (sucrose/water 1:1) ad libitum. To minimize the stress caused by confinement,
prior to the bioassays the bees remained in adaptation for approximately 12 h (one night
and part of the next morning) at room conditions, 25 ◦C and 70% R.H.

The oral acute toxicity test was conducted in adult foragers as described by Botina
et al. [17]. Prior to insecticide exposure, bees were starved for 2 h. Following this, 1 mL
of insecticide-contaminated diet was placed in the microtube placed at the middle part
of the bottle. Insecticide-free diet was used as control. The mortality was recorded after
2, 4, and 24 h of offering the diet. Individuals were considered dead if they did not react
when stimulated with a fine hairbrush [18,19]. The experiment was set in a completely
randomized design with five replicates per insecticide, each experimental unit consisting
of 10 foragers confined in a 500 mL plastic bottle.

2.3. Statistical Analysis

Analysis of variance (ANOVA) was used to compare the mortality caused by the
field recommended doses of the insecticides over 24 h. Comparison of means was carried
out with Tukey post hoc test at p < 0.05. The normality and homoscedasticity of the data
were confirmed prior to their analysis. Survival curves were obtained with the Kaplan–
Meier estimators, which were generated from the percentage of mortality of bees over
2, 4, and 24 h evaluation periods with 10-fold and 100-fold dilution of the insecticides.
The estimated survival functions were compared with a nonparametric Log-Rank test
(Holm–Sidak method). All the statistical analyses were performed using the SigmaPlot
11.0 software (Systat Software, San Jose, CA, USA).

3. Results
3.1. Mortality

Oral exposure for 24 h to the field recommended doses of insecticides caused sig-
nificant differences in mortality in N. perilampoides (F = 14.03, df = 5, p < 0.0001) and F.
nigra (F = 76.06, df = 5, p < 0.0001). In both bee species, dinotefuran, imidacloprid, and
flupyradifurone were the most toxic. Bee mortality ranged from 90–100% when exposed
to dinotefuran and imidacloprid, and from 75–90% when exposed to flupyradifurone
(Figure 1). Mortality caused by cyantraniliprole was lower (30–45%). Spirotetramat was
not toxic to either bee species (Figure 1).
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Figure 1. Mortality percentage (± standard error) of the stingless bees Nannotrigona perilampoides
(A) and Frieseomelitta nigra (B), orally exposed for 24 h to the insecticides at field recommended doses,
dinotefuran (600 mg a.i. L−1), imidacloprid (700 mg a.i. L−1), flupyradifurone (680 mg a.i. L−1),
spirotetramat (300 mg a.i. L−1), and cyantraniliprole (200 mg a.i. L−1). Bars with different letters are
statically different (Tukey test, n = 5, p < 0.05).

3.2. Survival Analysis

Exposure to the insecticides, in a 10-fold dilution and 100-fold dilution, resulted in
significantly distinctive effects in both bee species (Tables S1–S4): N. perilampoides (χ2 = 300.8,
df = 5, p < 0.001; Figure 2A) and F. nigra (χ2 = 432.9, df = 5, p < 0.001; Figure 2B), depending
on the agrochemical used. Overall, in both species, dinotefuran, and imidacloprid produced
the largest decrease in the survival rate, followed by flupyradifurone. Cyantraniliprole had
a slight, but significant effect, and spirotetramat showed no toxicity (Figure 2).
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Figure 2. Kaplan–Meier survivorship curves of stingless bees orally exposed to 10-fold diluted
commercial formulation of the selected insecticides: dinotefuran, 60 mg L−1; imidacloprid, 70 mg L−1;
flupyradifurone, 68 mg L−1; spirotetramat, 30 mg L−1; and cyantraniliprole, 20 mg L−1. The figure
displays Nannotrigona perilampoides (A) and Frieseomelitta nigra (B). The estimated survival functions
were compared with a nonparametric Log-Rank test (Holm–Sidak method). Significant differences
(p < 0.05) among insecticide treatments are indicated by different letters.
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For the 100-fold dilution of the recommended application rate, significant differences
in the effects of the insecticides were observed depending on the bee species (Figure 3).
In N. perilampoides (χ2 = 322.1, df = 5, p < 0.001), flupyradifurone and dinotefuran caused
significant decreases in the survival rates: the highest effect was produced by dinotefuran
(90% mortality), while cyantraniliprole, spirotetramat, and imidacloprid had no effect
(Figure 3A). On the other hand, in F. nigra (χ2 = 466.6, df = 5, p < 0.001) dinotefuran
produced a complete depletion of the survival rate (100% mortality). The other insecti-
cides (flupyradifurone, cyantraniliprole, spirotetramat, and imidacloprid) had no effect
(Figure 3B).
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Figure 3. Kaplan–Meier survivorship curves of stingless bees orally exposed to 100-fold diluted
commercial formulation of the selected insecticides: dinotefuran, 6 mg L−1; imidacloprid, 7 mg L−1;
flupyradifurone, 6.8 mg L−1; spirotetramat, 3 mg L−1; and cyantraniliprole, 2 mg L−1. The figure
displays Nannotrigona perilampoides (A) and Frieseomelitta nigra (B). The estimated survival functions
were compared with a nonparametric Log-Rank test (Holm–Sidak method). Significant differences
(p < 0.05) among insecticide treatments are indicated by different letters.

4. Discussion

In the present study, we evaluated the effects of oral exposure to selected insecticides
on the survival of two species of neotropical stingless bees, N. perilampoides and F. nigra, un-
der laboratory conditions. It is worth considering that oral exposure may negatively impact
not only the survival of the directly exposed bees, but also the bees in the colonies, given
that foragers, who collect contaminated pollen or nectar, carry them to the hives [20–22].
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Here, we observed that at field recommended doses, dinotefuran, imidacloprid, and
flupyradifurone (nAChR-acting insecticides) exerted the strongest lethal effects in both
bee species. For dinotefuran and imidacloprid, a dramatic decrease in the survival rate
(approximately 50–60% mortality) was observed as quickly as 4 h after exposure to the
10-fold dilution of the field recommended doses. Moreover, we observed that even at
100-fold dilution, dinotefuran was able to dramatically deplete the bee survival rate (100%
mortality). In this sense, previous studies have shown that nAChR-acting insecticides
are highly toxic to various species of bees [23–25], and their lethal effects at realistic
concentrations are observed as quickly as 1 h after insect exposure [26]. In the present work,
we also found that flupyradifurone caused a significant decrease in the survival rate of N.
perilampoides and F. nigra when used at the 10-fold dilution. Flupyradifurone is considered
a highly toxic insecticide to the European bee (Apis mellifera), which may indicate that this
insecticide would be even more toxic to stingless bees, given their high susceptibility to
insecticides [27,28].

The anthranilic diamide, cyantraniliprole, showed low to moderate toxicity to both
species of bees at the 10-fold dilution, but had no effect at all at the 100-fold dilution. To our
knowledge, this insecticide has not been previously evaluated on stingless bees. However,
Tomé et al. [29] found that chlorantraniliprole (3 mg L−1), another anthranilic diamide com-
pound, affects the flight activity of Partamona helleri and Scaptotrigona xanthotrica. In Apis
mellifera, compounds from this group of insecticides have moderate effects when applied
topically [30]. In agriculture, cyantraniliprole is recommended to control phytophagous
species of the families Thripidae, Liviidae, Aphididae, Aleyrodidae, Noctuidae, Plutellidae,
and Gelechiidae [14,31–33]. In contrast to nAChR-acting insecticides, anthranilic diamide
insecticides act on ryanodine receptors (RyR), which are responsible for intracellular cal-
cium regulation within the sarcoplasmic reticulum of insect muscle cells [34], but with
differential effects among insect orders and even among species [35,36]. This difference in
susceptibility has been attributed to the binding affinity of the insecticide molecule to the
target site [37]. It is reasonable to infer that the low to moderate toxicity of cyantraniliprole
to the stingless bees, shown in the present work, may be in part due to this pharmacological
characteristic of the anthranilic diamide insecticides.

The cyclic keto-enol, spirotetramat, had no acute oral effects on both species of stingless
bees. Spirotetramat has been recommended to control both immature and adult stages
of phytophagous mites [38,39], and immature Hemiptera of the families Aleyrodidae,
Aphididae, and Triozidae [40,41]. Spirotetramat is particularly effective against the juvenile
stages of pest insects; the compound also reduces fecundity and fertility in adults [40].
Owing to its mode of action (the disruption of lipid biosynthesis by inhibiting the Acetyl-
CoA-carboxylase), spirotetramat has low toxicity to adult insects [14,42], which would
explain why this insecticide was not toxic to either species of stingless bee. This outcome
is in agreement with other studies that showed the nontoxic effects of spirotetramat on
adults of A. mellifera [43,44], and adults of Apis cerana, Apis florea, and Trigona iridipennis [44].
In this work, we did not evaluate the effects of spirotetramat on the immature stages of
the stingless bees, thus we could not rule out the potential effects of this compound when
ingested by larvae in contaminated nectar/pollen carried by foragers to the hives.

5. Conclusions

The acute oral exposure of N. perilampoides and F. nigra to the nAChR-acting insecti-
cides dinotefuran, imidacloprid, and flupyradifurone, negatively impacted their survival
rate. Even at a low concentration (100-fold of the recommended application rate), dinotefu-
ran produced a dramatic impact on bee survival, whereas insecticides that act on ryanodine
receptors (cyantraniliprole) or inhibit lipid biosynthesis (spirotetramat) caused moderate
and nontoxic acute effects, respectively. The results show that the intensive use of the
nAChR-acting insecticides (dinotefuran, imidacloprid and flupyradifurone) to control
sap-sucking insects in horticultural crops poses a threat to the communities of neotropical
stingless bees that forage in the area. It is important to evaluate the impact of these insecti-
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cides on the expression of genes involved in metabolic pathways as well as to evaluate the
epigenetic changes after long term exposure, in order to gain insight on the effects of these
insecticides at physiological and molecular levels in stingless bees.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/insects13100961/s1, Tables S1–S4. Evaluation of 10–100-fold dilution of the recommended
application rate.
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