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Abstract

Worldwide, many pollinator populations are in decline. Population reductions have been
documented for the agriculturally important honey bee (Apis mellifera), and other bee spe-
cies such as bumble bees that are also critical for pollinating crops and natural landscapes.
A variety of factors contribute to the observed population reductions, including exposure to
agrochemicals. In recent decades, neonicotinoid pesticide use has dramatically increased,
as have concerns regarding the safety of these chemicals for pollinator health. Here we
assessed the toxicity of the neonicotinoid acetamiprid to the bumble bee Bombus impatiens,
a species commercially available for use in agricultural settings in North America. Using the
microcolony model, we examined nest growth, development and subsequent nest produc-
tivity as measured by drone production. We found that high concentrations of acetamiprid in
syrup (11,300 ug/L) significantly impacted nest growth and development, and ultimately
drone production, and exposure to 1,130 pg/L acetamiprid also significantly decreased
drone production. The no observable adverse effect level was 113 pg/L. Overall, acetami-
prid delivered in syrup can negatively impact B. impatiens nest development and productiv-
ity, however only at concentrations above which would be expected in the environment
when used according to label rates.

Introduction

Worldwide, bees are responsible for the majority of pollination services necessary to maintain
crops and sustain agricultural systems [1, 2]. Despite their importance, many bee populations
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are in decline due to complex factors such as habitat loss [3, 4], pesticide use [5, 6], parasites
[6, 7], and pathogens [2]. In the United States, eight bee species have been listed as endangered,
and population declines have been documented around the country [8-11].

While honey bees (Apis mellifera) provide critical pollination services in agricultural set-
tings, other bees, such as bumble bees (Bombus sp) also make important contributions. Bum-
ble bees are used commercially to pollinate a variety of crops including lowbush blueberries
[12, 13], greenhouse tomatoes [14, 15], and peppers [16]. In many cases, bumble bees are more
effective pollinators than honey bees due to differences in body size, morphological features,
pollination style, and foraging habits [12, 17, 18]. For instance, bumble bees can sonicate flow-
ers to obtain pollen and can forage in more inclement conditions than honey bees [17, 19, 20].

Neonicotinoid pesticides, which target the insect nicotinic acetylcholine receptor and disrupt
nervous system function, are widely used in agriculture to control sucking insects (e.g., aphids,
thrips) [21-23]. There are two classes of neonicotinoids, the nitro-group containing (imidaclo-
prid, clothianidin, thiamethoxam, dinotefuran, nitenypyram) and the cyano-group containing
(acetamiprid and thiacloprid) [24]. Neonicotinoids in the nitro-group containing class are
known to have adverse impacts on pollinators and have been subject to bans in the European
Union [24-26]. Neonicotinoid research with bumble bees has also focused on the nitro-group
containing class, and results indicate that these pesticides have adverse impacts on growth,
behavior, and survival [19, 27-29]. Because the acute toxicity of cyano-neonicotinoids to bees is
known to be lower than that of nitro-group neonicotinoids [30], comparatively little research
effort has been dedicated to the impacts of thiacloprid and acetamiprid on pollinators.

Acetamiprid is approved for use on a wide variety of crops that bumble bees pollinate,
including many types of fruit, and is applied as a foliar spray [21, 31]. As such, nectar and/or
pollen may become contaminated with acetamiprid [32-34]. Acetamiprid exposure may pose
a threat to wild and managed bumble bee populations, however, very little data exists for the
effects of chronic acetamiprid exposure on pollinator health, and of the sparse research, most
studies have focused on honey bees.

The microcolony model is a method of assessing bumble bee sensitivity to stressors that has
broad utility [35]. In this experimental design, confined bumble bee workers without a true
queen establish a false queen that lays unfertilized eggs (i.e., eggs that will become drones). The
organized workers will build nest structures and tend to brood akin to a queenright colony,
however, unlike queenright colonies, microcolonies are suitable for large scale experiments.
Microcolonies can be evaluated more easily and reliably, thus functioning as a useful experimen-
tal format for assessing nest-relevant endpoints that have population-level implications [36].

Previously, we studied the effects of acetamiprid delivered in pollen on B. impatiens micro-
colony development and demonstrated that acetamiprid negatively impacts reproductive end-
points, but only when tested at concentrations substantially higher than expected
environmental concentrations [37]. In this work, we assessed the chronic toxicity of acetami-
prid delivered in syrup to microcolonies of B. impatiens. We examined microcolony growth
and development over six weeks in order to observe impacts on brood development, drone
production and worker survival. This work is one of the few assessments of chronic acetami-
prid exposure for B. impatiens and provides critical foundational knowledge about a com-
monly used neonicotinoid pesticide.

Materials and methods
Chemicals and reagents

Acetamiprid (purity 99.9%) was obtained from Sigma Aldrich and used for chemical expo-
sures (CASRN 135410-20-7; St. Louis, MO). Chemicals used to produce inverted syrup were
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sorbic acid (Amresco, Dallas, TX), citric acid anhydrous (Fisher Scientific, Hampton, NH),
pure cane sugar (Domino Foods, Inc) and distilled water (Gibco, Gaithersburg, MD). Analyti-
cal chemistry methods used acetonitrile, magnesium sulfate, sodium acetate, toluene and for-
mic acid (Fisher Scientific, Hampton, NH), as well as DSC-C18 and PSA (Supelco, Millipore
Sigma, Burlington, MA).

Bumble bee stock

Newly emerged (<24 hrs old) B. impatiens workers (Biobest™, Romulus, MI) were acclimated
to laboratory conditions for 24 hrs prior to microcolony initiation. Workers were provisioned
with 50/50 inverted sugar syrup (50% glucose and 50% fructose) prepared in distilled water
and contained 2.95 mM citric acid and 8.32 mM sorbic acid. Pollen paste (2.5 g pollen/1 mL
50/50 inverted syrup), prepared from honey bee corbicular pollen (collected 2015 from orna-
mental nurseries, Connecticut, USA), was also provided. Bees were maintained in an environ-
mental chamber (Percival, Perry, IA) in continuous darkness at 60 + 1% relative humidity and
25 + 0.2°C during acclimation and for the duration of the experiment.

Microcolony initiation, exposures, and monitoring

Microcolony initiation procedures, test chambers, pollen and syrup delivery methods, as well
as feeding schedule have been described previously [37]. Acetamiprid (1.13, 11.3, 113, 1,130,
11,300 pg/L) formulated in sugar syrup was delivered in syrup feeders upon initiation of
microcolonies and renewed Monday, Wednesday, and Friday for the duration of the experi-
ment. Control microcolonies were provided plain sugar syrup. As with previous microcolony
experiments, pollen and syrup consumption were tracked throughout the experiment. The
microcolonies were maintained for 6 weeks and were monitored daily for adult worker mortal-
ity, appearance of egg chambers, capped egg chambers, brood masses, pupal cells, and drone
emergence. Worker behavior was also observed daily for qualitative changes in activity (e.g.,
lethargic or hyperactive). Eclosed drones were removed from the microcolonies upon emer-
gence and weighed. Microcolony development of one randomly selected microcolony per
treatment group was photographically documented using a digital camera (iPhone 6, Apple,
Cupertino, CA). Ten microcolonies were used for each experimental group and one evapora-
tion control microcolony (no bees present) was run in parallel to establish background evapo-
ration for syrup and pollen paste.

Sample preparation for analytical chemistry

Syrup samples were sent for chemical analysis to validate the nominal concentrations as well
as determine degradation between syringe replacement. Samples for chemistry were taken
immediately after working syrup solutions were prepared (0 hrs) and 48 hrs after preparation
for day 0 and 2 of the experiment. Samples were stored at -20°C until analysis.

The extraction procedure was adapted from that used to analyze nectar from squash sam-
ples by Eitzer and Stoner [38] though due to much higher concentrations additional dilutions
and external standards were used to keep it in the calibration range. Instrumental conditions
were also modified as analyzed on a different LC-MS system. For analysis, 0.5-1.5 g of the
syrup samples were weighed out and combined with reverse osmosis water to a final weight of
15 g. Then, 15 mL of acetonitrile, 6 g magnesium sulfate and 1.5 g sodium acetate were added
to the samples. The resulting mixtures were thoroughly shaken and centrifuged. Next, 10 mL
portions of the acetonitrile eluent were transferred to a centrifuge tube containing 2 mL tolu-
ene, 1.5 g magnesium sulfate, 0.5 g DSC-C18 and 0.5 g PSA, then vortexed. Tubes were centri-
fuged and depending on the expected sample concentration the eluents were either diluted,
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analyzed without dilution, or concentrated under nitrogen. The resulting solutions were fil-
tered into glass vials for LC-MS analysis.

LC-MS analysis

Samples were analyzed on Dionex 3000 liquid chromatograph (Dionex, Sunnyvale, CA) inter-
faced to a Q-Exactive mass spectrometer (Thermo Scientific, Waltham, MA) using a Agilent
SB-C18 RRHD 2.1 x 150 mm, 1.8 (Agilent Technologies, Santa Clara, CA) u column held at
40°C. Mobile phase A was water with 0.1% formic acid and mobile Phase B was acetonitrile
with 0.1% formic acid. A 1 uL sample was injected using a gradient starting at 95% A going to
5% A over 16 mins and then held at 5% A for 4 mins. The mass spectrometer was operated in a
positive electrospray mode at 3.5 Kv. Three scans were used, a full scan from 100-1200 m/z at
a resolution of 140,000 and two all ion fragmentation scans (at NCEs of 15 and 45) at a resolu-
tion of 35,000. Samples were quantified in the full scan using a 5 ppm window around the the-
oretical mass of the (M+H)™ ion. Samples were quantified using external standards and a
5-point calibration curve between 5 and 200 ng/g.

Data processing and statistical analysis

Syrup and pollen consumption values were corrected for evaporation, and values that were
negative after evaporation adjustment were assumed to be zero. If feeding syringes leaked,
leading to inaccurate syrup consumption values, the inaccurate value was omitted and
replaced with the average syrup consumption for that treatment group and day. Microcolonies
that perished prior to the termination of the experiment (one within the 11.3 pg/L group, four
within the 1,130 pg/L group) were omitted from analyses for which a complete data set was
necessary. Estimates of acetamiprid consumption on a per bee basis were corrected for mortal-
ity. Differences between the control and treatment groups were analyzed with One-way Analy-
sis of Variance (ANOVA) and Dunn’s multiple comparison test when variances were no
different. When variances were significantly different according to the Brown-Forsythe or
Bartlett’s tests, a non-parametric test was used (Kruskal-Wallis with Dunnett’s multiple com-
parisons test). Data are presented as mean + standard deviation (SD) and statistical signifi-
cance was defined as p<0.05. All statistical analyses were performed with GraphPad Prism™
(v6; La Jolla, CA).

Results
Microcolony workers

Average weights of initiating workers for each treatment were compared, and average starting
worker weights for 1,130 and 11,300 pg/L microcolonies were significantly lower (0 pug/L:

181 £ 19 mg, 1.13 ug/L: 186 + 13, mg 11.3 ug/L: 183 + 14 mg, 113 pug/L: 170 + 22 mg,

1130 pg/L: 158 + 6 mg, 11300 pg/L: 154 + 12 mg; p<0.05, Kruskal-Wallis with Dunn’s multiple
comparisons test). However, at the termination of the microcolonies, there were no differences
in average worker weights (0 pg/L: 198 + 29 mg, 1.13 pg/L: 206 + 22, mg 11.3 pg/L: 212 + 55
mg, 113 pg/L: 197 + 38 mg, 1,130 pg/L: 217 + 13 mg, 11,300 pg/L: 200 + 22 mg; p>0.05, Krus-
kal-Wallis with Dunn’s multiple comparisons test).

Worker survival was documented throughout the six-week experiment. Notably, the high-
est concentration group (11,300 pg/L) had significantly higher survival than the control group
(p<0.05, One-Way ANOVA with Dunnett’s multiple comparisons test; Fig 1A). Cumulative
survival for each group was examined, and week four marked the beginning of a downward
survival trend for the groups that experienced notable mortality (Fig 1B).
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Fig 1. Microcolony founding worker survival. (A) Average worker survival at termination of the experiment. (B)
Worker survival over time for each exposure group. Acetamiprid concentrations are expressed in pg/L. Data shown as
mean * SD (n = 10). * denotes p<0.05.

https://doi.org/10.1371/journal.pone.0241111.9001

Workers were also observed daily for altered behavior (changes in activity). Occurrences of
altered behavior were observed only in the two highest exposure concentrations, and incidence
of at least one bee displaying altered behavior occurred 4.8 + 3.3% of the days for 1,130 pg/L
and 24.1 £ 19% of the days for 11,300 pg/L.

Microcolony development

Microcolony development was observed daily in order to capture key developmental mile-
stones, including the presence of an egg cup, capped egg chamber, brood masses, and pupal
cells. In control microcolonies, nest developmental milestones were on average 3.0 + 0.94 days
for egg cup construction, 7.3 + 0.95 days for capped egg chambers, 10.2 + 1.9 days for brood
masses, 21.3 * 2.1 days for pupal cells. The highest concentration of acetamiprid (11,300 ug/L)
significantly delayed egg cup construction (7 + 1.2 days, p<0.05, One-Way ANOVA with
Dunnett’s multiple comparisons test; Fig 2A), capped egg chambers (9.8 + 1.4 days, p<0.05,
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Fig 2. B. impatiens microcolony nest development with acetamiprid exposure. (A) Time to first egg cup. (B) Time
to first capped egg chamber. (C) Time to first brood mass. (D) Time to first pupal cell. Observations were conducted
daily for the duration of the experiment. Data shown as mean + SD (n = 10). * denotes p<0.05.
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Fig 3. Concentration-related impacts of acetamiprid on microcolony growth and development. Representative
photographs of microcolony development from week one (day 7) to experiment termination on day 42 in the presence
of acetamiprid-containing sugar syrup. Representative photographs are shown from one of the ten microcolonies per
treatment.

https://doi.org/10.1371/journal.pone.0241111.9003

One-Way ANOVA with Dunnett’s multiple comparisons test; Fig 2B), and time to pupal cells
(31.25 + 3.7 days, p<0.05, Kruskal-Wallis with Dunn’s multiple comparisons test, Fig 2D).
Microcolony development was photographically documented weekly for one randomly
selected microcolony for each group. Overall, nest size and complexity were impacted by acet-
amiprid exposure. Nests built in microcolonies exposed to the highest concentrations (1,130
and 11,300 pg/L) were noticeably smaller (Fig 3).

Microcolony food consumption

Overall, maximum syrup consumption occurred during week three and four for control
microcolonies and for those exposed to lower concentrations of acetamiprid (1.13, 11.3, and
113 pg/L). The two highest concentrations (1,130 and 113,00 ug/L) followed a different trend,
and their peak syrup consumption occurred in week two (Fig 4A). Syrup consumption was sig-
nificantly decreased in the 11,300 pg/L group during week one, three, and four (p<0.05, One-
Way ANOVA with Dunnett’s multiple comparisons test), and the 1,130 pg/L group during
week five (p<0.05, One-Way ANOVA with Dunnett’s multiple comparisons test, Fig 4A).
Weekly pollen consumption, which was measured starting in week two of the experiment,
also peaked during week three or four for all treatments except the highest concentration
tested (11,300 pg/L, Fig 4B). Pollen consumption in the highest concentration group was
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Table 1. Estimated acetamiprid utilized by whole microcolonies and individual workers.

Acetamiprid treatment (ug/L) 1.13 11.3 113 1,130 11,300
Avg ug/MC 0.078 + 0.009 0.853 + 0.098 8.73 £ 1.59 63.4+15.4 624.0 + 153.0
Avg pg/bee* 0.018 + 0.001 0.191 £ 0.015 1.97 £ 0.35 16.4 + 3.04 135.8 +25.95

*Adjusted for worker mortality.

https://doi.org/10.1371/journal.pone.0241111.t001

significantly lower than control consumption during week three and four (p <0.05, Kruskal-
Wallis with Dunn’s multiple comparisons test; Fig 4B).

Total syrup and pollen consumption over the course of the microcolony experiment were
also calculated. No differences were found between total syrup consumption as compared to
controls (Fig 4C). Total pollen consumption was significantly decreased in the highest expo-
sure group (p<0.05, One-Way ANOVA with Dunnett’s multiple comparisons test; Fig 4D).

The amount of acetamiprid delivered to the microcolonies as a whole was estimated for
each treatment (Table 1). The 11,300 ug/L microcolonies received on average 624.0 + 153.0 ug
of acetamiprid throughout the course of the 6 weeks. Consumption of acetamiprid by individ-
ual bees was also estimated, and individual workers in the 11,300 pg/L treatment group con-
sumed on average 135.8 + 25.95 ug of acetamiprid throughout the experiment (Table 1).

Drone production

Control microcolonies produced their first drone on average 33.3 + 2.7 days post-initiation.
Drone emergence was significantly delayed for the highest concentration group (39.6 £ 1.8
days, p<0.05, Kruskal-Wallis with Dunn’s multiple comparisons test, Fig 5A). Drone emer-
gence by week was examined and drone production was significantly decreased as compared
to control for the highest concentration in both week five and six (p<0.05, Kruskal-Wallis
with Dunn’s multiple comparisons test; Fig 5B). When total drone production was assessed,
both 1,130 and 11,300 pg/L groups had significantly fewer drones as compared to controls
(p<0.05, One-Way ANOVA with Dunnett’s multiple comparisons test; Fig 5C). Drones were
weighed upon emergence, and no significant differences were found between average drone
weight between groups (0 pug/L: 142 + 28 mg, 1.13 pg/L: 144 £ 27, mg 11.3 pg/L: 136 + 26 mg,
113 pg/L: 139 + 28 mg, 1,130 pg/L: 144 + 26 mg, 11,300 pg/L: 129 + 42 mg; p>0.05, Kruskal-
Wallis with Dunn’s multiple comparisons test).

Analytical chemistry

Analytical chemistry of syrup samples via LC-MS had percent recovery ranging from 74 to
113.3% recovery (Table 2). The measured acetamiprid concentrations between the 0 and 48 hr
samples for each concentration showed that degradation within the syrup was negligible, con-
sistent with other analyses of acetamiprid in aqueous media [39] (cit). Therefore, measured
concentrations were sufficiently similar to nominal concentrations.

Discussion

Here we assessed the impact of acetamiprid exposure via syrup on B. impatiens microcolony
growth and development. We found that the highest concentration assessed (11,300 pg/L)
resulted in adverse effects on microcolony growth (delayed development), decreased pollen
consumption, impaired nest building, and ultimately reduced nest productivity (drone pro-
duction). We also observed alterations in worker behavior and worker mortality, however, the
majority of mortalities occurred late in microcolony development and likely did not impact
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Fig 5. Microcolony drone production. Drones were collected from each microcolony as they emerged. (A) Time to
first drone emergence by treatment group. (B) Average drone emergence in week five and six by treatment group. (C)
Average drone emergence from microcolonies for the entire experiment. Acetamiprid concentrations are expressed
in pg/L. Data shown as mean + SD (n = 10). * denotes p < 0.05.
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microcolony productivity outcomes. Lower acetamiprid exposure groups were unaffected at
the concentrations tested, except for 1,130 pg/L, which also showed significantly reduced
drone production. The no observable adverse effects level was determined to be 113 pg/L
acetamiprid.

The pattern of mortality observed here was inverse of the effect seen on drone production.
Control and low exposure concentration microcolonies experienced higher mortality but had
no change in drone production, while microcolonies exposed to higher concentrations experi-
enced lower mortality but had reduced drone production. Overall, the high incidence of
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Table 2. Analytical chemistry results of syrup containing acetamiprid.

Treatment group (ug/L) Sample time Measured (ug/L) % as labeled
Control 0 hr ND NA
48 hr ND NA
1.13 0 hr 1.3 112.4
48 hr 0.8 74
11.3 0 hr 11.4 101
48 hr 11.3 99.7
113 0 hr 128.1 113.3
48 hr 126.1 111.5
1,130 0 hr 1,169.8 103.5
48 hr 1,240.9 109.8
11,300 0 hr 10,971.0 97.1
48 hr 10,679.6 94.5

https://doi.org/10.1371/journal.pone.0241111.t1002

mortality at control and lower concentrations did not appear deleterious to the microcolonies
based on photographic documentation of nest development and nest productivity as measured
by drone production, and was likely due to the random choice individual workers at the start
of the experiment rather than an experiment effect. Further, the timing of mortalities, most of
which occurred during the 4™ week of the experiment or later explain the lack of impact on
nest productivity, as previous work with B. impatiens microcolonies has shown that capped
egg chambers are not present in microcolonies after the second week of microcolony develop-
ment [37], suggesting workers are no longer laying eggs. Further, at week 4 and beyond in
microcolony development, reduced brood tending due to worker mortality would not impact
offspring production, since most existing larvae would have transitioned to pupal cells by this
time. Pupal cells do not require support from the workers beyond warmth, and since microco-
lonies were in a climate-controlled environment, this was likely not an important factor for
pupation success. However, incubation temperature was below the temperature at which
workers prefer to maintain brood, thus a developmental delay is possible [40]. One alternative
explanation for this finding is that the mortality was related to pollen consumption, which was
unaffected in control and lower concentrations and reduced at higher concentrations. It is pos-
sible that the corbicular pollen used here contained pollen from plants that decrease bee life-
span [41] or contained residues of other toxic chemicals, such as other insecticides and azole
fungicides that act synergistically with neonicotinoids [30] and are routinely found in pollen
matrices [32]. Detailed studies examining the effect of worker loss during a microcolony
assessment has not been carefully studied and represents a current data gap.

We observed a significant delay in nest development milestones, including time to first
egg cup formation, time to first capped egg chamber, as well as time to first pupal cell, in
the microcolonies exposed to the highest acetamiprid concentration. Additionally, the high
concentration nests were markedly smaller and less complex than control and low concen-
tration nests. It is likely that both factors drove the observed reductions in drone produc-
tion. Interestingly, the delays in development observed for the high exposure group were
amplified over time. While average time to capped egg chambers was delayed by approxi-
mately 3 days in the high exposure group, delay in average time to first pupal cell formation
was approximately 10 days. This may be indicative of slower larval growth or increased
incidence of larval mortality within the high exposure group. However, it is important to
note that the altered worker behavior observed at the highest concentration may have also
contributed to delays in nest development and subsequent reduced drone production since
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workers are responsible for feeding the developing brood as well as building nest
structures.

In evaluations of food consumption, there was no difference across treatment groups in
total syrup consumed, regardless of concentration. This supports previous work that has
shown that bumble bees do not find neonicotinoids within food sources unpalatable or aver-
sive [28, 37, 42, 43]. Reductions in pollen consumption were observed at the high concentra-
tion (11,300 pg/L) and could be due to reduced foraging activity and reduced pollen
consumption by workers as a result of the neurotoxic effects of acetamiprid, or due to reduced
resourced requirements of the brood [27, 44]. Future studies using a foraging arena could help
distinguish between effects of acetamiprid on adult behavior and resource requirements of the
brood. Our observations of smaller nests resulting in diminished pollen consumption is con-
sistent with previous microcolony assessments wherein toxicants that impact larval growth
and development reduced pollen consumption [36, 37].

Within natural foraging environments, both bumble bees and honey bees consume plant
nectar as their primary carbohydrate source. In the present study, acetamiprid was adminis-
tered through sugar syrup to reflect a nectar exposure. Other neonicotinoids that are used as
systemic pesticides, like imidacloprid and thiamethoxam, are transported to the nectar by
plants at detectable levels [38, 45-48]. Acetamiprid, which is applied as a foliar spray rather
than a seed coating, can be directly sprayed onto flowers and contaminate nectar and pollen
[21, 31]. While that is the case, their residues are mainly found in pollen [32, 33, 49, 50]. Still,
acetamiprid has been detected in nectar at concentrations ranging from 2.4 to 13 ppb in
Poland [51], which is about 1400-fold lower than the high concentration tested here. While
more assessments of acetamiprid in nectar are needed in other regions of the world, based on
the available data, it is unlikely that environmentally relevant concentrations of acetamiprid in
nectar will elicit the effects seen here.

With the microcolony design, establishing a per bee exposure is difficult since workers
within the microcolony use syrup and pollen not only to feed themselves, but also to feed the
developing brood and build nest structures [18]. Syrup is also stored by workers within honey
pots, further obscuring the exact quantity of syrup consumed by the workers. Despite the chal-
lenges in determining a per bee dose, we estimated the amount of acetamiprid that individual
workers encountered, since workers are a conduit through which all syrup utilized by the
microcolony must move. We estimated that individual workers within the highest concentra-
tion group contacted on average 135.8 + 25.95 pg of acetamiprid over the 6-week exposure
period. Previous work conducted by our lab examined the impact of acetamiprid in pollen to
B. impatiens microcolonies [37]. In that work, acetamiprid was mixed into pollen to create the
pollen paste that was fed to microcolonies for a final concentration of 4250 pg/kg for the high-
est concentration tested. The similarity of the experimental designs allowed us to compare per
bee exposures between the pollen and syrup routes of exposure. Comparisons revealed that the
per bee acetamiprid exposure was about 18-fold higher with the syrup delivery. We also esti-
mated the total amount of pesticide delivered to microcolonies as a whole, a practice with pre-
cedence in honey bee literature [52]. The highest treatment group here received on average
624.0 + 153.0 g acetamiprid. When compared to the pollen-based acetamiprid exposure we
found that the syrup-based exposure yielded acetamiprid transfers to whole microcolonies that
were about 9-fold higher [37]. Taken together, it suggests that in the wild, contaminated nectar
may result in higher exposures to bumble bee nests than contaminated pollen.

Notably, the results of the pollen-based exposure and the present syrup-based exposure
were similar wherein the highest concentration groups in both had impaired nest development
and reduced drone production. However, behavioral impairments were observed at the two
highest concentrations tested here, while the pollen-based acetamiprid exposures did not result
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in behavioral alterations [37]. The behavioral impairments in the present study may be due to
differences in the amount of acetamiprid encountered by individual workers between the two
studies as described above. As mentioned previously, adult workers can consume pollen, how-
ever, it is not a daily dietary requirement, whereas workers cannot survive for long periods of
time without a carbohydrate source. With this is mind, it is likely that the workers in the pres-
ent study consumed more contaminated diet than the pollen-based exposure since it was pres-
ent as their primary source of carbohydrate. Conversely, it is likely that in the pollen-based
exposure, while the microcolonies received less acetamiprid as a whole, a higher proportion of
the pesticide was transferred to the brood, resulting in the reductions in drone production.
This inference is supported by estimates of daily pollen and nectar requirements by adult
workers and nonqueen larvae [53, 54]. Taken together these results highlight the important
differences between these two routes of exposure and suggest that a pollen route of exposure
may impact developing bumble bee brood more dramatically, while a nectar route of exposure
may impact both workers and brood.

Our data suggest that at environmentally relevant concentrations, acetamiprid present in
nectar (average 5.6 ppb (range 2.4-13 ppb) [51]) and pollen (up to 134 ppb [32, 33, 50]) would
not result in adverse impacts to B. impatiens nest development. However, at high concentra-
tions, acetamiprid has the potential to impede microcolony growth and development, as well
as drone production, the indicator of nest productivity within the microcolony model. Addi-
tionally, we demonstrate the utility of the microcolony model for assessing developmental and
population recruitment endpoints. These data, in conjunction with previously published data
using a pollen exposure, provide foundational data on a common pesticide for a North Ameri-
can species of bumble bee. Whether, or not exposure to low levels of acetamiprid adversely
impacts growth and development of other bumble bee species remains unknown.

Acknowledgments

The authors are grateful to the proprietors of Prides Corner Farms (Lebanon, CT) and Monro-
via Nursery Company (Granby, CT) for allowing us to maintain honey bee colonies and har-
vest pollen on the grounds of their facilities. The authors thank Dr. T. Steeger for generously
providing mentorship throughout this study and the EPA Region 1 Regional Science Council
for endorsing this research effort. Thank you to Mr. M. Creighton (Connecticut apiary inspec-
tor) for managing the honey bee hives, to Mr. M. Ammirata for extraction of samples for pesti-
cide analysis, and to Mr. E. Puckett for manufacturing our microcolony chambers. The
authors also thank Dr. Weitekamp for thoughtful and critical review of this manuscript.

Disclaimer: This article has been reviewed by the U.S. Environmental Protection Agency
and approved for publication. Approval does not signify that the contents necessarily reflect
the views and policies of the Agency or of the US Federal Government, nor does the mention
of trade names or commercial products constitute endorsement or recommendations for use
of those products. The authors report no financial or other conflicts of interest. The authors
alone are responsible for the content and writing of this article.

Author Contributions

Conceptualization: Robert W. Koethe, David M. Lehmann.
Data curation: Wanda C. Williams, David M. Lehmann.
Formal analysis: Allison A. Camp, Brian D. Eitzer.

Investigation: Brian D. Eitzer, David M. Lehmann.

PLOS ONE | https://doi.org/10.1371/journal.pone.0241111  October 29, 2020 13/16


https://doi.org/10.1371/journal.pone.0241111

PLOS ONE

Effect of acetamiprid on B. impatiens microcolonies

Methodology: Wanda C. Williams, David M. Lehmann.

Project administration: David M. Lehmann.

Resources: David M. Lehmann.

Supervision: David M. Lehmann.

Writing - original draft: Allison A. Camp.

Writing - review & editing: David M. Lehmann.

References

1.

10.

11.

12

13.

14.

15.

16.

Potts SG, Biesmeijer JC, Kremen C, Neumann P, Schweiger O, Kunin WE. Global pollinator declines:
trends, impacts and drivers. Trends in Ecology & Evolution. 2010; 25(6):345-53. https://doi.org/10.
1016/j.tree.2010.01.007.

Brown MJF, Paxton RJJA. The conservation of bees: a global perspective. Apidologie. 2009; 40(3):
410-6. https://doi.org/10.1051/apido/2009019.

Goulson D, Hanley ME, Darvill B, Ellis JS, Knight ME. Causes of rarity in bumblebees. Biological Con-
servation. 2005; 122: 1-8. https://doi.org/10.1016/j.biocon.2004.06.017.

Wood TJ, Gibbs J, Graham KK, Isaacs R. Narrow pollen diets are associated with declining Midwestern
bumble bee species. Ecology. 2019; 100(6): €02697. https://doi.org/10.1002/ecy.2697. PMID:
31012965

Goulson D. An overview of the environmental risks posed by neonicotinoid insecticides. Journal of
Applied Ecology. 2013; 50(4): 977-87. https://doi.org/10.1111/1365-2664.12111.

Goulson D, Nicholls E, Botias C, Rotheray EL. Bee declines driven by combined stress from parasites,
pesticides, and lack of flowers. Science. 2015; 347(6229): 1255957. https://doi.org/10.1126/science.
1255957 PMID: 25721506

Meeus |, Brown MJF, De Graaf DC, Smagghe G. Effects of invasive parasites on bumble bee declines.
Conservation Biology. 2011; 25(4): 662—71. https://doi.org/10.1111/j.1523-1739.2011.01707.x. PMID:
21771075

Grixti JC, Wong LT, Cameron SA, Favret C. Decline of bumble bees (Bombus) in the North American
Midwest. Biological Conservation. 2009; 142: 75-84. https://doi.org/10.1016/j.biocon.2008.09.027.

Lozier JD, Strange JP, Stewart |J, Cameron SA. Patterns of range-wide genetic variation in six North
American bumble bee (Apidae: Bombus) species. Molecular Ecology. 2011; 20: 4870-88. https://doi.
org/10.1111/1.1365-294X.2011.05314.x. PMID: 22035452

Cameron SA, Lozier JD, Strange JP, Koch JB, Cordes N, Solter LF, et al. Patterns of widespread
decline in North American bumble bees. Proceeding of the Royal Society. 2011; 108(2): 662—7. https://
doi.org/10.1073/pnas.1014743108 %J Proceedings of the National Academy of Sciences. PMID:
21199943

Colla SR, Packer L. Evidence for decline in eastern North American bumblebees (Hymenoptera: Api-
dae), with special focus on Bombus affinis Cresson. Biodiversity and Conservation. 2008; 17(6): 1379.
https://doi.org/10.1007/s10531-008-9340-5

Drummond F. Commercial Bumble Bee Pollination of Lowbush Blueberry. International Journal of Fruit
Science. 2012; 12(1-3): 54—64. https://doi.org/10.1080/15538362.2011.619120

Stubbs CS, Drummond FA. Bombus impatiens (Hymenoptera: Apidae): An alternative to Apis mellifera
(Hymenoptera: Apidae) for lowbush blueberry pollination. Journal of Economic Entomology. 2001; 94
(3): 609-16. https://doi.org/10.1603/0022-0493-94.3.609 PMID: 11425013

Morandin LA, Laverty TM, Kevan PG. Bumble Bee (Hymenoptera: Apidae) Activity and Pollination Lev-
els in Commercial Tomato Greenhouses. Journal of Economic Entomology. 2001; 94(2): 462—7. https://
doi.org/10.1603/0022-0493-94.2.462 Journal of Economic Entomology. PMID: 11332840

Velthuis HGW, van Doorn A. A century of advances in bumblebee domestication and the economic and
environemental aspects of its commercialization for pollination. Apidologie. 2006; 37: 421-51. https:/
doi.org/10.1051/apido:2006019.

Shipp JL, Whitfield GH, Papadopoulos AP. Effectiveness of the bumble bee, Bombus impatiens Cr.
(Hymenoptera: Apidae), as a pollinator of greenhouse sweet pepper. Scientia Horticulturae. 1994; 57:
29-39.

PLOS ONE | https://doi.org/10.1371/journal.pone.0241111  October 29, 2020 14/16


https://doi.org/10.1016/j.tree.2010.01.007
https://doi.org/10.1016/j.tree.2010.01.007
https://doi.org/10.1051/apido/2009019
https://doi.org/10.1016/j.biocon.2004.06.017
https://doi.org/10.1002/ecy.2697
http://www.ncbi.nlm.nih.gov/pubmed/31012965
https://doi.org/10.1111/1365-2664.12111
https://doi.org/10.1126/science.1255957
https://doi.org/10.1126/science.1255957
http://www.ncbi.nlm.nih.gov/pubmed/25721506
https://doi.org/10.1111/j.1523-1739.2011.01707.x
http://www.ncbi.nlm.nih.gov/pubmed/21771075
https://doi.org/10.1016/j.biocon.2008.09.027
https://doi.org/10.1111/j.1365-294X.2011.05314.x
https://doi.org/10.1111/j.1365-294X.2011.05314.x
http://www.ncbi.nlm.nih.gov/pubmed/22035452
https://doi.org/10.1073/pnas.1014743108
https://doi.org/10.1073/pnas.1014743108
http://www.ncbi.nlm.nih.gov/pubmed/21199943
https://doi.org/10.1007/s10531-008-9340-5
https://doi.org/10.1080/15538362.2011.619120
https://doi.org/10.1603/0022-0493-94.3.609
http://www.ncbi.nlm.nih.gov/pubmed/11425013
https://doi.org/10.1603/0022-0493-94.2.462
https://doi.org/10.1603/0022-0493-94.2.462
http://www.ncbi.nlm.nih.gov/pubmed/11332840
https://doi.org/10.1051/apido:2006019
https://doi.org/10.1051/apido:2006019
https://doi.org/10.1371/journal.pone.0241111

PLOS ONE

Effect of acetamiprid on B. impatiens microcolonies

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

Willmer PG, Bataw AAM, Hughes JP. The superiority of bumblebees to honeybees as pollinators: insect
visits to raspberry flowers. Ecological Entomology. 1994; 19: 271-84. https://doi.org/10.1111/j.1365-
2311.1994.tb00419.x.

Goulson D. Bumblebees: behavior, ecology, and conservation. Oxford, UK: Oxford University Press;
2010.

Gradish AE, Scott-Dupree CD, Frewin AJ, Cutler GC. Lethal and sublethal effects of some insecticides
recommneded for wild blueberry on the pollinator Bombus impatiens. Canadian Entomology. 2012;
144: 478-186. https://doi.org/10.4039/tce.2012.40.

De Luca PA, Vallejo-Marin M. What's the 'buzz’ about? The ecology and evolutionary significance of
buzz-pollination. Current Opinion in Plant Biology. 2013; 16: 429-35. https://doi.org/10.1016/j.pbi.2013.
05.002. PMID: 23751734

Elbert A, Haas M, Springer B, Thielert W, Nauen R. Applied aspects of neonicotinoid uses in crop pro-
tection. Pest Management Science. 2008; 64(11): 1099-105. https://doi.org/10.1002/ps.1616 PMID:
18561166

Simon-Delso N, Amaral-Rogers V, Belzunces LP, Bonmatin JM, Chagnon M, Downs C, et al. Systemic
insecticides (neonicotinoids and fipronil): trends, uses, mode of action and metabolites. Environmental
Science and Pollution Research. 2015; 22(1): 5-34. https://doi.org/10.1007/s11356-014-3470-y PMID:
25233913

Decourtye A, Devillers J. Ecotoxicity of Neonicotinoid Insecticides to Bees. In: Thany SH, editor. Insect
Nicotinic Acetylcholine Receptors. New York, NY: Springer New York; 2010. p. 85-95.

Blacquiéere T, Smagghe G, van Gestel CAM, Mommaerts VJE. Neonicotinoids in bees: a review on con-
centrations, side-effects and risk assessment. Ecotoxicology. 2012; 21(4): 973-92. https://doi.org/10.
1007/s10646-012-0863-x PMID: 22350105

EU. Commission Implementing Regulation (EU) No 485/2013. Official Journal of the European Union.
2013: 12-26.

Suchail S, Guez D, Belzunces LP. Characteristics of imidacloprid toxicity in two Apis mellifera subspe-
cies. Environmental Toxicology and Chemistry. 2000; 19(7): 1901-5. https://doi.org/10.1002/etc.
5620190726

Whitehorn PR, O’Connor S, Wackers FL, Goulson D. Neonicotinoid pesticide reduces bumble bee col-
ony growth and queen production. Science. 2012; 336: 351-2. https://doi.org/10.1126/science.
1215025 PMID: 22461500

Gels JA, Held DW, Potter DA. Hazards of insecticides to the bumble bees Bombus impatiens (Hyme-
noptera: Apidae) foraging on flowering white clover in turf. Ecotoxicology. 2002; 95(4): 722-8. https://
doi.org/10.1603/0022-0493-95.4.722 PMID: 12216812

Scholer J, Krischik V. Chronic exposure of imidacloprid and clothianidin reduce queen survival, forag-
ing, and nectar storing in colonies of Bombus impatiens. PLoS One. 2014; 9(3): €91573. https://doi.org/
10.1371/journal.pone.0091573 PMID: 24643057

Iwasa T, Motoyama N, Ambrose JT, Roe RM. Mechanism for the differential toxicity of neonicotinoid
insecticides in the honey bee, Apis mellifera. Crop Protection. 2004; 23(5): 371-8.

USEPA. Pesticide Fact Sheet: Acetamiprid. United States Environmental Protection Agency; 2002.

Mullin CA, Frazier M, Frazier JL, Ashcraft S, Simonds R, vanengelsdorp D, et al. High levels of miticides
and agrochemicals in North American apiaries: implications for honey bee health. PLoS One. 2010; 5
(3): €9754. https://doi.org/10.1371/journal.pone.0009754. PMID: 20333298

Boéhme F, Bischoff G, Zebitz CPW, Rosenkranz P, Wallner K. Pesticide residue survey of pollen loads
collected by honeybees (Apis mellifera) in daily intervals at three agricultural sites in South Germany.
PLOS ONE. 2018; 13(7): €0199995. https://doi.org/10.1371/journal.pone.0199995 PMID: 29979756

David A, Botias C, Abdul-Sada A, Nicholls E, Rotheray EL, Hill EM, et al. Widespread contamination of
wildflower and bee-collected pollen with complex mixtures of neonicotinoids and fungicides commonly
applied to crops. Environmental International. 2016; 88: 169—78. https://doi.org/10.1016/j.envint.2015.
12.011. PMID: 26760714

Klinger EG, Camp AA, Strange JP, Cox-Foster D, Lehmann DM. Bombus (Hymenoptera: Apidae)
Microcolonies as a Tool for Biological Understanding and Pesticide Risk Assessment. Environmental
Entomology. 2019. https://doi.org/10.1093/ee/nvz117 PMID: 31603491

Camp AA, Batres MA, Williams WC, Lehmann DM. Impact of Diflubenzuron on Bombus impatiens
(Hymenoptera: Apidae) Microcolony Development. Environmental Entomology. 2019: 1-9.

Camp AA, Batres MA, Williams WC, Koethe RW, Stoner KA, Lehmann DM. Effects of the neonicotinoid
acetamiprid in pollen on Bombus impatiens microcolony development In prep.

PLOS ONE | https://doi.org/10.1371/journal.pone.0241111  October 29, 2020 15/16


https://doi.org/10.1111/j.1365-2311.1994.tb00419.x
https://doi.org/10.1111/j.1365-2311.1994.tb00419.x
https://doi.org/10.4039/tce.2012.40
https://doi.org/10.1016/j.pbi.2013.05.002
https://doi.org/10.1016/j.pbi.2013.05.002
http://www.ncbi.nlm.nih.gov/pubmed/23751734
https://doi.org/10.1002/ps.1616
http://www.ncbi.nlm.nih.gov/pubmed/18561166
https://doi.org/10.1007/s11356-014-3470-y
http://www.ncbi.nlm.nih.gov/pubmed/25233913
https://doi.org/10.1007/s10646-012-0863-x
https://doi.org/10.1007/s10646-012-0863-x
http://www.ncbi.nlm.nih.gov/pubmed/22350105
https://doi.org/10.1002/etc.5620190726
https://doi.org/10.1002/etc.5620190726
https://doi.org/10.1126/science.1215025
https://doi.org/10.1126/science.1215025
http://www.ncbi.nlm.nih.gov/pubmed/22461500
https://doi.org/10.1603/0022-0493-95.4.722
https://doi.org/10.1603/0022-0493-95.4.722
http://www.ncbi.nlm.nih.gov/pubmed/12216812
https://doi.org/10.1371/journal.pone.0091573
https://doi.org/10.1371/journal.pone.0091573
http://www.ncbi.nlm.nih.gov/pubmed/24643057
https://doi.org/10.1371/journal.pone.0009754
http://www.ncbi.nlm.nih.gov/pubmed/20333298
https://doi.org/10.1371/journal.pone.0199995
http://www.ncbi.nlm.nih.gov/pubmed/29979756
https://doi.org/10.1016/j.envint.2015.12.011
https://doi.org/10.1016/j.envint.2015.12.011
http://www.ncbi.nlm.nih.gov/pubmed/26760714
https://doi.org/10.1093/ee/nvz117
http://www.ncbi.nlm.nih.gov/pubmed/31603491
https://doi.org/10.1371/journal.pone.0241111

PLOS ONE

Effect of acetamiprid on B. impatiens microcolonies

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Stoner KA, Eitzer BD. Movement of soil-applied imidacloprid and thiamethoxam into nectar and pollen
of squash (Cucurbita pepo). PLoS One. 2012; 7(6): €39114. https://doi.org/10.1371/journal.pone.
0039114. PMID: 22761727

Lewis KA, Tzilivakis J, Warner D, Green A. An international database for pesticide risk assessments
and management. Human and Ecological Risk Assessment: An International Journal. 2016; 22(4):
1050-64. https://doi.org/10.1080/10807039.2015.1133242

Livesey JS, Constable C, Rawlinson WG, Robotham AM, Wright C, Hampshire AE, et al. The power
and efficiency of brood incubation in queenless microcolonies of bumble bees (Bombus terrestrisL.).
Ecological Entomology. 2019; 44: 601-9. https://doi.org/10.1111/een.12736.

Schmidt JO, Thoenes SC, Levin MD. Survival of honey bees, Apis mellifera (Hymenoptera: Apidae),
fed various pollen sources. Annals of the Entomological Society of America. 1987; 80(2): 176-83.
Annals of the Entomological Society of America.

Kessler SC, Tiedeken EJ, Simcock KL, Derveau S, Mitchell J, Softley S, et al. Bees prefer foods con-
taining neonicotinoid pesticides. Nature. 2015; 521: 74—6. https://doi.org/10.1038/nature14414. PMID:
25901684

Larson JL, Redmond CT, Potter DA. Assessing insecticide hazard to bumble bees foraging on flowering
weeds in treated lawns. PLoS One. 2013; 8(6): €66375. https://doi.org/10.1371/journal.pone.0066375.
PMID: 23776667

Feltham H, Park K, Goulson DJE. Field realistic doses of pesticide imidacloprid reduce bumblebee pol-
len foraging efficiency. 2014; 23(3): 317-23. https://doi.org/10.1007/s10646-014-1189-7 PMID:
24448674

Dively GP, Kamel A. Insecticide residues in pollen and nectar of a cucurbit crop and their potential expo-
sure to pollinators. Journal of Agricultural and Food Chemistry. 2012; 60: 4449-56. https://doi.org/10.
1021/jf205393x. PMID: 22452667

Mach BM, Bondarenko S, Potter DA. Uptake and Dissipation of Neonicotinoid Residues in Nectar and
Foliage of Systemically Treated Woody Landscape Plants. Environmental Toxicology. 2018; 37(3):
860-70. https://doi.org/10.1002/etc.4021 PMID: 29080359

Rortais A, Arnold G, Halm M, Touffet-Briens F. Modes of honeybees exposure to systemic insecticides:
estimated amounts of contaminated pollen and nectar consumed by different categories of bees. 2005;
36(1): 71-83. https://doi.org/10.1051/apido:2004071.

Schmuck R, Schéning R, Stork A, Schramel O. Risk posed to honeybees (Apis mellifera L, Hymenop-
tera) by an imidacloprid seed dressing of sunflowers. Pest Management Science. 2001; 57: 225-38.
https://doi.org/10.1002/ps.270 PMID: 11455652

Tong Z, Wu YC, Liu QQ, Shi YH, Zhou LJ, Liu ZY, et al. Multi-Residue Analysis of Pesticide Residues in
Crude Pollens by UPLC-MS/MS. Molecules. 2016; 21(12). ARTN 1652. https://doi.org/10.3390/
molecules21121652 PMID: 27916955

Calatayud-Vernich P, Calatayud F, Simé E, Pic6 Y. Pesticide residues in honey bees, pollen and bees-
wax: Assessing beehive exposure. Environmental Pollution. 2018; 241: 106—14. https://doi.org/10.
1016/j.envpol.2018.05.062. PMID: 29803024

Pohorecka K, Skubida P, Miszczak A, Semkiw P, Sikorski P, Zagibajlo K, et al. Residues of neonicoti-
noid insecticides in bee collected plant materials from oilseed rape crops and their effect on bee colo-
nies. Journal of Apicultural Science. 2012; 56(2): 115-34. https://doi.org/10.2478/v10289-012-0029-3.

OECD. Guidance Document on the honey bee (Apis mellifera L.) Brood test under semi-field conditions.
Organisation of Economic Cooperation and Development; 2014.

Gradish AE, van der steen J, Scott-Dupree CD, Cabrera AR, Culter GC, Goulson D, et al. Comparison
of Pesticide Exposure in Honey Bees (Hymenoptera: Apidae) and Bumble Bees (Hymenoptera: Api-
dae): Implications for Risk Assessments. Environmental Entomology. 2019; 48(1): 12-21. https://doi.
org/10.1093/ee/nvy168. PMID: 30508078

Belsky JE, Camp AA, Lehmann DM. The Importance of Males to Bumble Bee (Bombus Species) Nest
Development and Colony Viability. Insects. 2020; 11(8). https://doi.org/10.3390/insects 11080506
PMID: 32764336

PLOS ONE | https://doi.org/10.1371/journal.pone.0241111  October 29, 2020 16/16


https://doi.org/10.1371/journal.pone.0039114
https://doi.org/10.1371/journal.pone.0039114
http://www.ncbi.nlm.nih.gov/pubmed/22761727
https://doi.org/10.1080/10807039.2015.1133242
https://doi.org/10.1111/een.12736
https://doi.org/10.1038/nature14414
http://www.ncbi.nlm.nih.gov/pubmed/25901684
https://doi.org/10.1371/journal.pone.0066375
http://www.ncbi.nlm.nih.gov/pubmed/23776667
https://doi.org/10.1007/s10646-014-1189-7
http://www.ncbi.nlm.nih.gov/pubmed/24448674
https://doi.org/10.1021/jf205393x
https://doi.org/10.1021/jf205393x
http://www.ncbi.nlm.nih.gov/pubmed/22452667
https://doi.org/10.1002/etc.4021
http://www.ncbi.nlm.nih.gov/pubmed/29080359
https://doi.org/10.1051/apido:2004071
https://doi.org/10.1002/ps.270
http://www.ncbi.nlm.nih.gov/pubmed/11455652
https://doi.org/10.3390/molecules21121652
https://doi.org/10.3390/molecules21121652
http://www.ncbi.nlm.nih.gov/pubmed/27916955
https://doi.org/10.1016/j.envpol.2018.05.062
https://doi.org/10.1016/j.envpol.2018.05.062
http://www.ncbi.nlm.nih.gov/pubmed/29803024
https://doi.org/10.2478/v10289-012-0029-3
https://doi.org/10.1093/ee/nvy168
https://doi.org/10.1093/ee/nvy168
http://www.ncbi.nlm.nih.gov/pubmed/30508078
https://doi.org/10.3390/insects11080506
http://www.ncbi.nlm.nih.gov/pubmed/32764336
https://doi.org/10.1371/journal.pone.0241111

