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Abstract
Thirty-two honeybee (Apis mellifera) colonies were studied in order to detect and measure

potential in vivo effects of neonicotinoid pesticides used in cornfields (Zea mays spp) on
honeybee health. Honeybee colonies were randomly split on four different agricultural corn-

field areas located near Quebec City, Canada. Two locations contained cornfields treated

with a seed-coated systemic neonicotinoid insecticide while the two others were organic

cornfields used as control treatments. Hives were extensively monitored for their perfor-

mance and health traits over a period of two years. Honeybee viruses (brood queen cell

virus BQCV, deformed wing virus DWV, and Israeli acute paralysis virus IAPV) and the

brain specific expression of a biomarker of host physiological stress, the Acetylcholinester-

ase gene AChE, were investigated using RT-qPCR. Liquid chromatography-mass spec-

trometry (LC-MS) was performed to detect pesticide residues in adult bees, honey, pollen,

and corn flowers collected from the studied hives in each location. In addition, general hive

conditions were assessed by monitoring colony weight and brood development. Neonicoti-

noids were only identified in corn flowers at low concentrations. However, honeybee colo-

nies located in neonicotinoid treated cornfields expressed significantly higher pathogen

infection than those located in untreated cornfields. AChE levels showed elevated levels

among honeybees that collected corn pollen from treated fields. Positive correlations were

recorded between pathogens and the treated locations. Our data suggests that neonicoti-

noids indirectly weaken honeybee health by inducing physiological stress and increasing

pathogen loads.
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Introduction
Honeybee populations around the world have declined significantly in the last decade [1, 2].
The phenomenon of global honeybee decline represents a major challenge for beekeepers and
scientists alike. Its causes are still not well understood. Several studies highlight the impact of
endemic and emergent pathogens [3–7]; others blame the excessive use of pesticides [1, 8].
Multiple chemical residues of synthetic origin have been detected inside honeybee hives, in-
cluding pesticides used in varroa treatment [9, 10]. However, no individual factor such as envi-
ronment, pesticide or pathogen, seems to act as the principal driver of Colony Collapse
Disorder (CCD) or other honeybee losses. Thus the massive decline of honeybee populations
in the world is widely considered a multifactorial phenomenon [11].

The decline of bee populations has significant implications for plant pollination, including
many domesticated crops [12]. Indeed, several authors envision a looming pollination crisis that
will threaten worldwide food security [13, 14]. The value of crops pollinated by bees was esti-
mated in 2000 at $14.6 billion US dollars in the United States alone [15]. In the United States,
total honeybee colony number has declined by 45% over the past 60 years [16]. The majority of
pre-1979 losses were attributed to organochlorine, carbamate and pyrethroid pesticide exposure
[17]. In Canada, colony losses seem to be less severe than in the USA, although the data is less
complete. Wintering losses in 2009–2010 were reported at 23.8% [18] while other studies show
a decrease of honeybee mortality in Canada from 35% in 2007 to 15% in 2012 [19].

Over the years, the classes of pesticide used in agriculture and their application methods
have shifted substantially. Carbamates, pyrethroids and organochlorides, known for their envi-
ronmental toxicity and traditionally sprayed directly onto crop plants, have been less used for
the favor of new classes of systemic pesticides (neonicotinoids and phenylpyrazoles). Neonico-
tinoids and phenylpyrazoles, commonly applied as seed-coatings to limit contact with non-
target plants and insects, were thought to be less harmful for pollinators. However, various in
vitro studies have revealed the high toxicity of neonicotinoids such as clothianidin and thia-
methoxam to the honeybee [20]. In the field, lethal pesticide toxicity among honeybees has
been widely studied across multiple classes of synthetic agents [8, 18, 21–24]. In such cases, le-
thal toxicity is easily confirmed via the presence of dead bees in front of the hives. However,
fewer studies deal with the effects of sublethal doses of pesticides on honeybees. It is known
that the sublethal doses deplete the essential activities of insects [25–28] even at concentrations
below the detection limits of analytical chemistry [29]. Sublethal doses significantly decrease
honeybee performance and trigger disorders in colony dynamics and labor partition [24, 30].
Moreover, it has been proved that honeybee behavior, orientation, communication dances and
return flights, especially for foragers, are highly affected by sublethal pesticide doses [31, 32].
Sublethal doses of neonicotinoids in particular are known to impair the olfactory memory and
learning capacity of honeybees [33–35] and mar the flying behavior and navigational capacity
of bee foragers [36, 37]. Currently available analytic chemistry methods, such as liquid chroma-
tography-mass spectrometry techniques, have a very low limit of detection LOD for neonicoti-
noids [38]. However, infield assessment of both neonicotinoid sublethal exposure and its
consequent toxic effect needs the development of integrative tools, which combine both highly
sensitive physiological biomarkers and chemical detection techniques. Because data concerning
insecticide-induced behavioral perturbations is necessarily quantitative in nature, we targeted
the efficiency of a quantitative biomarker of neurophysiological stress.

A recent study has linked neonicotinoid sublethal toxicity with an increase in Acetylcholin-
esterase (AChE) activity in the honeybee [39]. Expressions levels of this neuromodulator thus
provide a valuable quantitative proxy. Therefore, expression levels of this new biomarker were
targeted in this study together with more classical measures of hive condition, in order to assess
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any potential effects of neonicotinoid-coated Zea mays spp (henceforth ‘corn’) seeds on honey-
bee health. In order to more faithfully reflect the nature of the in vivo neonicotinoid impacts on
honeybee health, we investigated both neonicotinoid toxicity and any potential synergy linking
the proximity of neonicotinoid treated cornfield with the studied pathogens and the AChE ex-
pression. Multiple longitudinal comparisons between colonies were made in the context of nat-
ural bee foraging activity and in an experimental system comprising of replicated treated and
untreated cornfields in order to isolate the treatment effect. Our results show that honeybee
colonies foraging near treated cornfields demonstrated significantly higher AChE expression,
increased viral loads as well as increased varroa infestation during the year of study. Aside of
these significant results, classic measures of hive condition—mass and brood count—exhibited
fewer disturbances.

Materials and Methods

Ethics statement
No specific permission was required to run this study in these locations. Our field studies did not
involve endangered or protected species. The GPS coordinates for each location were as follows:
N°1 (46°40’31 N 71°54’57W), N°2 (46°38’38 N 71°56’56W), N°3 (46°40’04 N 72°00’26W) and
N°4 (46°35’04 N 72°14’58W).

Honeybee colonies and locations
This study was based on 32 managed honeybee colonies, provided by a local beekeeper in Que-
bec. Colonies were all new healthy divisions of 2012, equal in population size, provided with
newly fertilized and tested queens. Honeybees were received on 28-June 2012 in temporary
hives. Then they were moved to 32 new Langestroth hives. Colonies were split into four apiar-
ies of 8 colonies each on 1-July 2012. Apiaries were distributed in four different clusters of
cornfields southwest of Quebec (Fig 1 and Table 1).

Two apiaries (N°1 and 4) were placed in agricultural cornfield areas that did not use seed
treatment, while apiaries (N°2 and 3) were placed in cornfields treated via seed-coating with a
commercial insecticide with thiamethoxam as an active ingredient (Cruiser, Syngenta, Canada)
belonging to the neonicotinoid class, Table 1. The four apiary sites are located in a geographical
area where climate, environmental conditions and flora are very similar. Apiary sites (N°1 and
4) are located in two organic cornfield areas while apiary sites (N°2 and 3) mainly contain huge
cornfields treated with neonicotinoid coated-seeds. Under normal conditions, honeybee forag-
ers fly between (1.5–5) km distance if abundant sources of food are nearby [40]. In our case,
the shortest distance was 5 km, between both treated fields (N°2 and 3). This assumes that a
cross contamination is far to occur, as the shortest distance between studied locations was
about 5 km. However, both other apiaries (untreated locations) were well isolated as the dis-
tance was more than 20 km between both (N°2 and 3) and N°4 (Fig 1). To our knowledge, no
other chemical pesticides were used on the treated cornfields such as fungicides or herbicides.
We do not exclude the probable use of such pesticides on other cultures in the treated areas.
Crop rotations in the four studied areas (N°1, 2, 3 and 4) are most of the time concentrated be-
tween corn Z.mays and white clover Trifolium sp.

Adult bee and honey sampling
Fifty adult worker bees per colony were sampled four times; before, during and after corn flow-
ering, as well as one time point during the wintering (Table 1). Honeybees were flash frozen in
liquid nitrogen for 10 seconds and immediately put on dry ice until arriving to the lab and
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stored at -80°C. Among the fifty bee samples of each colony, twenty-five bees were randomly
picked and used for further molecular studies. Samples left over were kept as a backup for fur-
ther analysis. In addition, another 100 worker bees were sampled from each colony in the same
four time points mentioned above. These hundred bees coming from each of the eight apiary’s
colonies, were pooled and treated as one sample per apiary for each time point and were used
for pesticide chemical detection. Honey samples were collected from each hive at the end of
the corn flowering period. Multiple honey samples were taken from different honey frames of
each hive. Honey samples collected from the eight hives of each location were pooled and treat-
ed as one sample per apiary in subsequent analyses (Table 1). In addition, corn flowers from
each site were randomly sampled during the flowering period and conserved at -20°C for
chemical analysis.

MtDNA analysis
In order to determine the maternal origin of the studied colonies, a COI-COII mtDNA test
[41–44] was performed on worker bees of each colony. Briefly, DNA was extracted from the
thorax using the Chelex method [45], standard PCR amplification of the COI-COII intergenic
region of the mtDNA was performed followed by an electrophoresis migration on 1.4% agarose

Fig 1. Location of the four honeybee apiaries southwest of Quebec City. Each apiary consisted of eight honeybee hives. Apiaries 1 and 4 (bleu color)
are located in untreated cornfields while apiaries 2 and 3 (red color) are in fields sown with neonicotinoid treated seeds. Each square represents one
honeybee hive.

doi:10.1371/journal.pone.0125790.g001
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gel with the molecular marker MIII (Sigma-Aldrich Biotechnology) and amplified fragment
size variation used to determine lineage. The evolutionary lineage of each studied colony was
determined according to the different patterns of the amplified mtDNA COI-COII intergenic
region (ex. Q pattern for the North Mediterranean lineage C and (PQ, PQQ, PQQQ) patterns
for the West Mediterranean lineage M) [41–44].

RNA extractions
Total RNA was extracted from honeybee brain and abdomen using TRIzol Reagent protocol
from Invitrogen [46] with some modifications. Briefly, the brains and abdomens of 25 bees
from each colony were dissected and added separately to 1 mL Trizol with 5 mg of acid washed
glass beads and gently mixed for 2 min. 300 μL of chloroform was added and the total mixture
was incubated at room temperature for 15 min followed by a centrifugation at 12000 rpm for
15 min at 4°C. The supernatant was then washed with 250 μL each of isopropanol and 1.2 M
sodium citrate with incubation for 10 min at room temperature, followed by centrifugation at
12000 rpm for 10 min at 24°C. The pellet was subsequently washed twice with 1 mL 75%

Table 1. Timetable of all the procedures taken in this study.

Apiary 1 Apiary 2 Apiary 3 Apiary 4

Geographical location Portneuf Portneuf St-Marc des Carrières Ste-Anne de la
Pérade

Number of colony 8 8 8 8

Colony placed in field 1-July 1-July 1-July 1-July

Cornfield treatment Untreated Treated Treated Untreated

Treatment applied None Seed-coating Seed-coating None

Pesticide applied None Neonicotinoid insecticide
(Cruiser)

Neonicotinoid insecticide
(Cruiser)

None

Active molecule None Thiamethoxam and or
Clothianidin

Thiamethoxam and or
Clothianidin

None

Corn flowering 5- August

Sampling corn flower 9-August

Sampling N°1 (50 + 100 honeybees/
colony)

13-July

Sampling N°2 (50 + 100 honeybee/
colony)

23-August

Sampling N°3 (50 + 100 honeybee/
colony)

2-September

Sampling N°4 (50 + 100 honeybee/
colony)

15-January

Pollen sampling N°1 2-August

Pollen sampling N°2 9-August

Pollen sampling N°3 23-August

Pollen sampling N°4 6-September

Honey sampling (100 ml/colony) 20-September

Brood photography 30-July, 16-August, 31-August and 13-September

Varroa counting 9-August, 23-August, 2-September and 15-September

Colony weight recording (2012–2013) 20-August 2012 to 10-April 2013

Sampling dates of honeybees, pollen and seeds samples are mentioned as well as the pesticide and the active molecules used in each field. Dates of

varroa mite counting, brood photography and colony weight recordings for all apiaries are also provided.

doi:10.1371/journal.pone.0125790.t001
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ethanol and centrifuged at 12000 rpm for 10 min at 24°C. Finally, the RNA pellet was dried
and 30 μL of nuclease-free water was added. RNA was stored at -80°C for further analyses.

AChE gene expression and pathogens detection
One-step reverse transcription quantitative PCR (RT-qPCR) was used to quantify the expres-
sion of the Acetylcholinesterase gene (AChE), as well as to evaluate the viral load for three of
the most common viruses in Canada: 1- Black queen cell virus (BQCV), 2- Deformed wing
virus (DWV) [47] and 3- Israeli acute paralysis virus (IAPV) [48]. Positive and negative con-
trols for each virus were generated from current stocks and run in every RT-qPCR. Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) and Ribosomal protein S18 (RPS18) genes were
used as reference genes for AChE expression and virus detection respectively in all RT-qPCR
[49]. Reference genes were selected after many tests performed based on their accurate results
and stability on inter and intra bee tissues [49]. QScript One-Step SYBR Green RT-qPCR kit
from Quanta—Bioscience was used to perform all qPCR analyses for both AChE expression
and viral detection. The standard protocol of Quanta kit for all the RT-qPCR was applied using
2 μL of 0.1 μg purified RNA.

Varroa mite infestation
Each studied colony had been equipped with a sticky bottom board for varroa mite count. Pas-
sive varroa mite counts were made from this board four times for each colony during the peri-
od of peak activity (August-September), which coincides with corn flowering. Sticky bottom
board counts were left 72h and were used to estimate differences in varroa abundance between
colonies located in treated and untreated cornfields, as well longitudinally across all hives. No
chemical treatments for varroa were applied during the experiment.

Pollen collection and analysis
Pollen was collected from hives of each apiary using pollen collectors fixed in the hives’ en-
trances. Pollen was collected at different times: before (2-August-12), during (9-August-12)
and after the corn flowering period (23-August and 6-September, 2012), (Table 1). Pollen col-
lected from the hives of each location were pooled, desiccated at 37°C for 48h and conserved at
-20°C. Each dry sample was very well mixed and 10 g of each sample was randomly sampled
for pollen determination. For each 1 g sample, the botanical origin of pollen loads was deter-
mined with 2000 to 4500 observed pollen grains. The taxonomic diversity of pollen samples for
each sampled date and locality was determined by observing the total surface of slides [50].

Pesticide detection
The presence of more than 150 pesticides was evaluated in worker bees in this study, as well as
in pollen, corn flowers and honey using Liquid chromatography-mass spectrometry (LC-MS)
method [38]. The limit of detection LOD for neonicotinoids is 0.6 μg/kg for a limit of quantifi-
cation LOQ of 2 μg/kg [38]. Analyses were processed at the laboratory of the Ministère de
l'Agriculture, des Pêcheries et de l'Alimentation du Québec (MAPAQ). Pollen samples collect-
ed from hives of each apiary were pooled after thorough homogenization. In total, 16 pollen
samples were analysed for pesticide residues as well as 12 honeybee workers, 4 honey and corn
flower samples. Five grams of each pollen, honeybee workers (50 bees) and honey (2.5–3.0 ml
of liquid honey) samples were used for pesticide detection.
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Hive condition
Two main parameters were evaluated to measure the biological development of each experi-
mental hive: weight (kg) and the colony brood development [51, 52]. A weekly record was kept
of the hive’s weight during summer (March-June), spring (June-September) and fall seasons
(September-December) of 2012. During indoor wintering, two measurements were taken
(15-January and 26-March, 2013). To evaluate brood development, all bee frames containing
capped brood cells were photographed twice per month during the period of activity. Surface
area estimations of brood frequency are deemed to be insufficiently accurate, thus capped
worker brood cells were counted by manual dotting using Image J software [53]. The total
capped worker cells counted for each colony reflects the exact number of eggs laid by the queen
in a given time of the brood cycle.

Statistical analysis
All statistical analyses for the AChE gene expression, viruses prevalence (DWV, BQCV and
IAPV), varroa mite load, brood development and hive weight for all the colonies were per-
formed using linear mixed-effects models [54]. These models are provided in the “lme4” pack-
age [55] for maximum likelihood or restricted maximum likelihood (REML) parameters
estimation and the “LmerTest” [56] package in order to perform likelihood ratio test (LRT)
and F-tests for random and fixed factors. Statistical analyses were performed on sixteen inde-
pendent biological replicates for each treatment and each date. Those sixteen replicates were
technically replicated three times for each RT-qPCR quantification. Statistical analyses con-
cerning AChE expression of colonies that have collected corn pollen were performed on five
colonies (two located in treated and three in untreated locations) which were biologically repli-
cated five time for each colony.

Each studied variable (AChE expression, DVW, BQCV and IAPV prevalence, varroa load,
brood and weight) was tested for normality with the Shapiro-Wilk test [57]. Variables not nor-
mally distributed were normalized for their distribution by log transformation. In the linear
mixed models used in our statistical analyses, the factor ‘apiary location’ was always considered
as a random factor in order to assess any potential effect of the different apiary locations. Sam-
pling time point was treated as a ‘repeated measure’ and when overtime variables were ana-
lyzed, the factor ‘date’ was treated as a fixed effect. The linear mixed models were fit by
maximum likelihood and the Welch-Satterthwaite t-test was used [58].

Correlations between the studied variables and the treatment factor were tested using the
same models described above on overtime observations and by allowing interaction between
variable. In the linear mixed models used to generate the correlation matrixes, date was consid-
ered a fixed factor as overtime data were tested and apiary location as a random factor to fairly
evaluate the treatment’s effect in the dataset. All statistical analyses were carried out in the R
environment [59].

Results

Colonies genetic background
All the studied colonies have shown a (Q) pattern for their mtDNA COI-COII intergenic re-
gion. Thus, they all belong to the North Mediterranean lineage (C).

Pollen analysis
Palynological analyses for each apiary on the four different sampled dates (2, 9, 23-August and
6-September, 2012) (Table 1) revealed various types of pollen. Trifolium sp. (Fabaceae) was the
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most visited flower (> 45%) followed by Lythrum sp. (Lythraceae) at 12–45%. Several species
of Solidago (Asteraceae) were also recorded at 3–15%. Corn pollen Z.mays (Poaceae) was iden-
tified in five hives (R2, R8, R12, R24 and R26) at an abundance of c. 1% of total (S1 Fig).

AChE expression
AChE expression levels for all studied samples are summarized in Table 2. The ΔΔ CT mean
was calculated, as well as the relative quantity of original template (RQ), for the colonies locat-
ed in treated and untreated fields separately. P-value shows no significant difference for AChE
expressions between colonies located in treated and untreated cornfields in the four sampled
dates (Table 2, Fig 2a). However, when comparing AChE levels only for colonies that have col-
lected corn pollen, significantly greater AChE expression (T = 2.62, P = 0.01) was observed on
23-August-12 as well as overtime expression (T = 2.22, P = 0.02) for colonies located in treated

Table 2. Contrasts in honeybee pathogen abundance (deformed wing virus DWV, black queen cell virus BQCV and varroa) and AChE expression
by date and neonicotinoid treatment.

Neonicotinoid treated fields (Mean
/16 colonies)

Untreated fields (Mean /16
colonies)

Treatment

Target ΔΔ CT SE RQ ΔΔ CT SE RQ T-value P-value

DWV(1) +5.45 0.14 0.042 +4.56 0.19 20.07 -0.85 0.44

BQCV(1) +11.89 0.15 0.073 +10.83 0.17 0.28 -0.43 0.68

AChE(1) +1.15 0.18 0.54 +1.03 0.23 0.53 -0.36 0.71

AChE(1)/ Corn Pollen only +1.21 0.10 0.78 +1.06 0.11 0.56 0.97 0.34

Varroa(1) - - - - - - 1.18 0.30

DWV(2) +3.99 0.24 0.35 +3.94 0.13 95.57 -0.08 0.92

BQCV(2) +7.66 0.15 0.84 +12.75 0.16 0.04 2.85 0.007 **

AChE(2) +0.63 0.17 0.80 +0.67 0.14 0.73 -0.26 0.79

AChE(2)/ Corn Pollen only +1.10 0.19 0.90 +1.32 0.17 0.51 2.62 0.018 *

Varroa(2) - - - - - - 1.75 0.08

DWV(3) +3.14 0.15 61.59 -0.05 0.15 406.11 -1.47 0.15

BQCV(3) +7.46 0.13 0.13 +12.35 0.25 0 3.13 0.003 **

AChE(3) +0.86 0.13 0.62 +0.87 0.12 0.61 0.04 0.96

AChE(3)/ Corn Pollen only +0.98 0.18 0.59 +0.84 0.16 0.37 1.76 0.09

Varroa(3) - - - - - - 2.24 0.031*

DWV(4) -2.78 0.18 2548.16 -7.56 0.15 5388.73 -1.43 0.22

BQCV(4) +14.46 0.17 0.002 +18.20 0.26 0 2.01 0.11

AChE(4) -0.14 0.12 1.14 +0.10 0.11 1.04 0.49 0.64

AChE(4)/ Corn Pollen only +0.34 0.15 0.95 +0.23 0.17 0.97 -0.60 0.55

Varroa(4) - - - - - - 0.85 0.39

Overtime

DWV -1.34 0.24

BQCV 2.01 0.11

AChE -0.08 0.93

AChE/ Corn Pollen only 2.22 0.029 *

Varroa 2.81 0.0056 **

(1), (2), (3) and (4) are the sampled dates 13-July-12, 23-August-12, 02-October-12 and 15-January-13 respectively.

ΔΔ CT is the threshold cycle in qPCR reactions, SE: the standard errors of ΔΔ CT and RQ is the relative quantity of the RNA template in the original

samples. P-value is the probability of RQ mean value by the Welch-Satterthwaite t-test on linear mixed models between colonies located in neonicotinoid

treated and untreated cornfields. (-) means not applicable.

doi:10.1371/journal.pone.0125790.t002
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cornfields compared to those in untreated ones (Table 2, Fig 2b). Finally, in both treated and
untreated fields, AChE expression levels varied significantly between sampling dates (T = 4.49,
P< 0.001).

Fig 2. a) Means of Acetylcholinesterase (AChE) expression on four dates for all studied hives, located in treated and untreated fields b) Means of AChE
expression on four dates for colonies that had collected corn pollen: (R12 and R24) in treated and (R2, R8 and R26) in untreated cornfields. RQ is the relative
quantity of the virus infection in the original samples, and error bars are the Standard Errors (SE) of each studied group. P value is * P < 0.05.

doi:10.1371/journal.pone.0125790.g002
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Virus infection
RT-qPCR investigations for three viruses (BQCV, DWV and IAPV) revealed no IAPV in ana-
lyzed samples. However, BQCV and DWV have been identified at different dates. The highest
mean level of BQCV infection was recorded at the end of the corn flowering period (23-Au-
gust-12) for the colonies located in treated fields. Furthermore BQCV infection levels were sig-
nificantly higher in colonies located in treated cornfields (T = 2.85, P = 0.007 and T = 3.13,
P = 0.003) than in colonies of the untreated cornfields for dates 2 and 3 respectively (Table 2,
Fig 3). DWV demonstrated a different pattern of infection prevalence to BQCV and peaked
during winter (15-January-13) for both treated and untreated colonies (Table 2). No significant
differences between colonies placed in treated and untreated cornfields were observed for
DWV (T = -1.34, P = 0.24) (Table 2).

Varroa mite abundance
Varroa infestation was higher in hives located in treated cornfields on all studied dates (Fig 4).
The highest mean of counted varroa mites was observed in 6-September-12 in the colonies of
the treated cornfields with a significant P-value (T = 2.24, P = 0.031) (Table 2, Fig 4). Through-
out the dates, varroa load was highly significant in colonies of the treated cornfields compared
to those of the untreated ones (T = 2.81, P = 0.005) (Table 2).

Fig 3. Mean level of the black queen cell virus (BQCV) infection for the 32 studied colonies, 16 colonies in each treated and untreated fields on four
different dates.RQ is the relative quantity of the virus infection in the original samples. Error bars are the Standard Errors (SE) of each studied group. P
values is ** P < 0.01.

doi:10.1371/journal.pone.0125790.g003
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Chemical analyses
Detectable pesticide residues on pollen, adult bees, honey and corn flowers for each date are
summarized in Table 3. Neonicotinoid pesticides were not detected in honey sampled from the
four apiaries in 20-Sep-12. Thiabendazole, a fungicide, was detected in all honey samples at very
low concentrations (0.0004–0.0008 μg/g). Among adult honeybees, no pesticides were detected
in any samples at any time points, except for the samples coming from apiary 3 on 13-July-12,
in which low levels of Atrazine (herbicide) were detected. Very low levels of carbaryl (insecti-
cide) were identified in some pollen samples. Thiamethoxam was not detected while clothiani-
din—a neonicotinoid pesticide—which is a metabolite of thiamethoxam, was identified in the
corn flowers of the cornfields N°3 at low concentration (0.0037 μg/g) (Table 3, Fig 1).

Weight and brood developments
Differentials mean values were calculated for both colony groups: located in treated and un-
treated cornfields (Fig 5a). The total weight development was significantly higher (T = 2.48,
P = 0.01 and T = 2.36, P = 0.02) in the colonies of the treated cornfields on two dates (17,
24-October-12) respectively (Fig 5a). Both groups showed equal weights during the wintertime
from 31-October-12 until 15-January-13. From 26-March-13 onwards, the untreated group at-
tained a greater mean weight than the treated group (Fig 5a). Brood development showed no sig-
nificant difference between both treated and untreated groups in the four studied dates (Fig 5b).

Fig 4. Mean values of varroamite abundance in the 32 studied colonies, 16 colonies in each treated and untreated cornfields on four different
dates. Error bars are the Standard Errors (SE) of each studied group. P values is * P < 0.05.

doi:10.1371/journal.pone.0125790.g004

Neonicotinoids Affect Honeybee in the Fields

PLOS ONE | DOI:10.1371/journal.pone.0125790 May 18, 2015 11 / 20



Pathogen—treatment correlation
The treatment factor based on the design of our experiment reflects the variables’ contrast be-
tween 16 honeybee colonies placed in two distinct agricultural areas containing neonicotinoid
treated cornfields and 16 others located in two organic cornfield areas. The correlation matrixes
generated via the linear mixed models, on overtime-variable expressions, showed significant cor-
relations among some variables and the treatment factor, Fig 6 and S2 Fig. As a pair-correlation,
significant correlations (P = 0.02) were recorded between the treatment and AChE expression
(r = 0.44) as well as DWV (r = 0.39) and varroa (r = 0.3), Fig 6. Beside that, a multiple correlation
(P = 0.04) was detected for three pathogens (DWV, BQCV and varroa), these pathogens signifi-
cantly correlated with the treatment factor (r = 0.29), Fig 6 and S2 Fig. No correlation was re-
corded between both brood and weight developments and the treatment factor. Only statistically
significant correlations (P< 0.05) are shown and discussed in the text.

Discussion
Over the last 20 years, neonicotinoids have emerged as the most widely used class of insecti-
cide. Currently neonicotinoids are permitted in more than 120 countries, on more than 1000
different crops [60]. The evidence suggests that most neonicotinoids are highly persistent in
water, soil and sediments [61]. Furthermore, neonicotinoids can also accumulate in soil after
repeated use [8], which increases their absorption by subsequent cultivated crops or plants in
the polluted soils. The study of pesticide toxicity to honeybees in the field presents significant
challenges, especially when dealing with sublethal toxicity.

The four apiaries we studied in our experiment are located southwest of Quebec City, in an
area dominated by corn cultivation (Fig 1). In recent years, different levels of honeybee mortal-
ity were reported by local beekeepers in the region. In the first year of our experiment, among

Table 3. Chemical pesticide residue analyzed by (LC-MS) for honey, adult bee, pollen and corn flower from the four studied locations on different
dates.

Apiary 1 μg/g Apiary 2 μg/g Apiary 3 μg/g Apiary 4 μg/g Pesticides Type LD50 (Adult bee) μg/g

Honey 0.0008 0.0004 0.0008 0.0008 Thiabendazole Fungicide > 2000

20-Sep-12

Adult bee - - 0.022 - Atrazine Herbicide 1113

13-Jul-12

Adult bee - - - - - - -

23-Aug-12

Adult bee - - - - - - -

02-Nov-12

Pollen 0.0008 0.0026 0.0016 0.0006 Carbaryl Insecticide 2

02-Aug-12

Pollen - - 0.0008 - Carbaryl Insecticide 2

09-Aug-12

Pollen - - - - - - -

23-Aug-12

Pollen 0.0062 - - - Carbaryl Insecticide 2

06-Sep-12

Corn flower - - 0.0037 - Clothianidin Neonicotinoid 0.0037 μg/bee (Acute oral toxicity)

09-Aug-12

(-) means chemical compound not found or below the level of detection (LOD). LD50 is based on the data provided by [60].

doi:10.1371/journal.pone.0125790.t003
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the 32 studied colonies (16 colonies per treatment, Fig 1 and Table 1), 2 colonies perished in
treated fields while one colony was lost in an untreated field. Although colony death could be
related to numerous factors and not only to pesticide use, this remains an interesting observa-
tion. The cause of death differed among the three colonies. Those in the treated cornfields
gradually perished after a remarkable decrease in the number of eggs laid by the queen, and

Fig 5. a) Differential weight of the hives mean weight values in treated and untreated fields b) Worker brood mean values of the two studied groups (16
colonies in each treated and untreated cornfields). Error bars are the Standard Errors (SE) of each group.

doi:10.1371/journal.pone.0125790.g005
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symptoms of deformed wings were also recorded. Conversely, the colony located in untreated
cornfields did not exhibit any disease symptoms and failed to re-queen and died at the very be-
ginning of the experiment.

Comparisons of AChE activity over all colonies revealed no significant differences between
honeybee colonies located in treated and untreated cornfields (Table 2, Fig 2a). Palynological
analysis revealed that among the thirty-two studied colonies, five colonies had collected corn
pollen (R2, R8, R26: untreated fields and R12, R24: treated fields). Although corn pollen was at
lower concentration (1%) when compared to another recent study (ranging from 2.6% to
82.7%) [62], AChE expression was significantly higher in honeybee hives placed in two repli-
cated treated cornfields (T = 2.62, P = 0.01) (Table 2, Fig 2b). This result suggests that signifi-
cantly elevated AChE expression in the colonies located in the two treated cornfields—which
occurred concomitantly with the flowering period (July and August), declining in October-
2012 (Fig 2b)—is very likely to have a causal link to the presence of the corn pollen collected
from the surrounding treated cornfields. Although a positive correlation was established
(P = 0.02, r = 0.44) between the increase of AChE and the treatment factor (Fig 6 and S2 Fig),
liquid chromatography-mass spectrometry (LC-MS) failed to detect any neonicotinoid in the
analyzed pollen (Table 3). This result is not surprising because on one end, proportion of col-
lected corn pollen by honeybee was only 1%, and on the other, measured concentrations of
clothianidin in corn flowers of apiary 3 were low (3.7 ng/g). Although we can not exclude the
probable contribution of other factors in the increase of AChE expression, these results are
quite similar to those of [63] in which only trace (1 ng/g) of neonicotinoids resulting from in-
secticide seed treatments were identified in pollen collected by honeybees.

Fig 6. Overtime significant correlations between studied variables (AChE, DWV, BQCV and varroa) and the treatment factor. P values are
* P < 0.05, r values are indicated for each pair of variable in the correlation matrixes and are calculated based on the linear mixed models of the fixed effect
by allowing interaction between variables.

doi:10.1371/journal.pone.0125790.g006
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Among the three studied viruses, BQCV and DWVwere identified at various levels in several
hives. IAPV, on the other hand, was absent. Infection with BQCV was significantly higher in the
hives located in treated cornfields right after the corn flowering period (Table 2, Fig 3). The var-
roa mite is a known vector of BQCV virus and other pathogens found in honeybees [64–67].
Our results showed significantly higher levels of varroa infection in colonies located in treated
cornfields compared to those of the untreated fields (Table 2, Fig 4). Taken together, our data
suggests that honeybee colonies placed next to neonicotinoid treated cornfields are subjected to
a higher level of both viral replication and varroa mite load. Higher load of varroa mite could in
turn favor viral transmission to honeybee [68]. The neonicotinoid triggering of viral pathogen
replication was demonstrated to occur in vitro at sublethal doses [69]. Therefore, it remains pos-
sible that foraging in neonicotinoid treated cornfields impairs honeybee immunity and de-
creases their capacity to control the different hive’s pathogens. Chemical agents that promote
honeybee susceptibility to pathogens have been demonstrated in previous studies, notably in a
link between microsporidia (Nosema sp.) infection and neonicotinoid pesticides [70]. Further-
more in our study, genetic background—which could play a confounding role—can be largely
discounted given that all colonies shared similar ancestry (Lineage C) and hives were randomly
assigned between treatments. The latter parameter was taken into account in all our statistical
analyses by considering the ‘apiary location’ as a random factor in the linear mixed models
used. Interestingly, the statistical correlations conducted on our dataset link again the treatment
factor in a positive correlation (P = 0.04, r = 0.29) with three different pathogens (DWV, BQCV
and varroa infestation), Fig 6 and S2 Fig. Then this correlation suggests that proximity of bee
colonies to treated cornfields lead to subtle increases of these pathogens. The significantly higher
pathogens (BQCV and varroa infestation) as well as AChE expression in the colonies of the
treated cornfields, evidenced in our study, can be a result of an indirect pesticide effect on hon-
eybee health. Such observations may result from both an alteration of the bees’ hygienic system
and immune response [71, 72].

Concerning the two biological traits (weight and brood) investigated in our study, they do
not seem to be clearly or directly affected by the treatment factor in vivo. Colony weight gain
(kg) revealed significant differences between hives located in the treated cornfields and untreat-
ed ones on two time points only (17 and 24-October, 2012) (Fig 5a). However, the brood devel-
opment shows no significant differences between the two hives’ groups (treated and untreated),
Fig 5b. Interestingly, the relatively better weight gain (17 and 24-October, 2012) of the treatment
hives does not follow up with a better brooding (Fig 5a and 5b), which indicates that the mass
gain is due to better honey and/or pollen collections, not necessarily to better colony size. In
conclusion, it seems that neonicotinoid seed treatment had subtle impacts on honeybee brood
and weight at the timescales addressed in our study. Similar data was documented on honeybees
foraging in corn and canola fields treated with clothianidin [73].

Conclusion
Our data showed that honeybee colonies placed in cornfields treated with neonicotinoid coated
seeds experienced significantly higher varroa mite loads, and higher BQCV prevalence than
colonies which were placed in control cornfields. Moreover, for colonies that had collected
corn pollen, AChE levels were significantly higher in honeybees located in the treated corn-
fields than those of the untreated cornfields. Although AChE expression as well as BQCV,
DWV and varroa infection were significantly correlated with the treatment factor, no neonico-
tinoids were detected in the bee hive products, but in the corn flowers. This suggests an indirect
effect of the neonicotinoids on honeybee health in the fields. Therefore coupling more sensitive
methods, such as polyclonal antibody-based enzyme-linked immunosorbent assay [74], with
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other biomarkers are strongly needed to provide rapid, efficient and cost effective tools for in-
field monitoring.

Supporting Information
S1 Fig. Pollen grains. Diver pollen grain identified under the microscopy including grains of
corn pollen Z.mays.
(PDF)

S2 Fig. Correlation output. Linear mixed model output matrixes showing the different corre-
lations between variables and the treatment factor.
(PDF)

Acknowledgments
We are grateful to the Conseil pour le Développement de l’Agricuture du Québec (CDAQ)
who have financed this study, as well as to the Centre de Recherche en Sciences Animales de
Deschambauls (CRSAD) for its invaluable logistical supports on the field and the Fédération
des Apiculteurs du Québec (FAQ) who supported the project. The authors would like to warm-
ly thank Aysha Rahman for her contribution in brood counting. We are also grateful to Dr.
Martin Llewellyn and Dr. Aziza Rahman for reviewing this manuscript and providing
valuable comments.

Author Contributions
Conceived and designed the experiments: NDMAMC. Performed the experiments: MA PLM
YL. Analyzed the data: MA SB. Contributed reagents/materials/analysis tools: MC. Wrote the
paper: MA ND.

References
1. Johnson RM, Ellis MD, Mullin CA, Frazier M. Pesticides and honey bee toxicity—USA. Apidologie.

2010; 41(3):312–31. doi: 10.1051/Apido/2010018 PMID: WOS:000279029200008.

2. Bacandritsos N, Granato A, Budge G, Papanastasiou I, Roinioti E, Caldon M, et al. Sudden deaths and
colony population decline in Greek honey bee colonies. J Invertebr Pathol. 2010; 105(3):335–40. doi:
10.1016/j.jip.2010.08.004 PMID: 20804765.

3. Martin SJ, Ball BV, Carreck NL. Prevalence and persistence of deformed wing virus (DWV) in untreated
or acaricide-treated Varroa destructor infested honey bee (Apis mellifera) colonies. J Apicult Res.
2010; 49(1):72–9. doi: 10.3896/Ibra.1.49.1.10 PMID: WOS:000276090500010.

4. Zioni N, Soroker V, Chejanovsky N. Replication of Varroa destructor virus 1 (VDV-1) and a Varroa
destructor virus 1-deformed wing virus recombinant (VDV-1-DWV) in the head of the honey bee. Virolo-
gy. 2011; 417(1):106–12. doi: 10.1016/J.Virol.2011.05.009 PMID: WOS:000293820300013.

5. Bromenshenk JJ, Henderson CB, Wick CH, Stanford MF, Zulich AW, Jabbour RE, et al. Iridovirus and
microsporidian linked to honey bee colony decline. PloS one. 2010; 5(10):e13181. doi: 10.1371/journal.
pone.0013181 PMID: 20949138; PubMed Central PMCID: PMC2950847.

6. Fries I. Nosema ceranae in European honey bees (Apis mellifera). Journal of Invertebrate Pathology.
2010; 103:S73–S9. doi: 10.1016/J.Jip.2009.06.017 PMID: WOS:000273993100009.

7. Dainat B, Evans JD, Chen YP, Gauthier L, Neumann P. Dead or alive: deformed wing virus and Varroa
destructor reduce the life span of winter honeybees. Appl Environ Microbiol. 2012; 78(4):981–7. doi:
10.1128/AEM.06537-11 PMID: 22179240; PubMed Central PMCID: PMC3273028.

8. Van der Sluijs JP, Simon-Delso N, Goulson D, Maxim L, Bonmatin J-M, Belzunces LP. Neonicotinoids,
bee disorders and the sustainability of pollinator services. Current Opinion in Environmental Sustain-
ability. 2013; 5(0):293–305. doi: 10.1016/j.cosust.2013.05.007

9. Mullin CA, Frazier M, Frazier JL, Ashcraft S, Simonds R, Vanengelsdorp D, et al. High levels of miti-
cides and agrochemicals in North American apiaries: implications for honey bee health. PloS one.

Neonicotinoids Affect Honeybee in the Fields

PLOS ONE | DOI:10.1371/journal.pone.0125790 May 18, 2015 16 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125790.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125790.s002
http://dx.doi.org/10.1051/Apido/2010018
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000279029200008
http://dx.doi.org/10.1016/j.jip.2010.08.004
http://www.ncbi.nlm.nih.gov/pubmed/20804765
http://dx.doi.org/10.3896/Ibra.1.49.1.10
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000276090500010
http://dx.doi.org/10.1016/J.Virol.2011.05.009
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000293820300013
http://dx.doi.org/10.1371/journal.pone.0013181
http://dx.doi.org/10.1371/journal.pone.0013181
http://www.ncbi.nlm.nih.gov/pubmed/20949138
http://dx.doi.org/10.1016/J.Jip.2009.06.017
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000273993100009
http://dx.doi.org/10.1128/AEM.06537-11
http://www.ncbi.nlm.nih.gov/pubmed/22179240
http://dx.doi.org/10.1016/j.cosust.2013.05.007


2010; 5(3):e9754. doi: 10.1371/journal.pone.0009754 PMID: 20333298; PubMed Central PMCID:
PMC2841636.

10. Vanbergen AJ, The Insect Pollinators Initiative. Threats to an ecosystem service: pressures on pollina-
tors. Front Ecol Environ. 2013; 11:251–9.

11. Wu JY, Smart MD, Anelli CM, SheppardWS. Honey bees (Apis mellifera) reared in brood combs con-
taining high levels of pesticide residues exhibit increased susceptibility to Nosema (Microsporidia) in-
fection. J Invertebr Pathol. 2012; 109(3):326–9. doi: 10.1016/j.jip.2012.01.005 PMID: 22285445.

12. Aizen MA, Garibaldi LA, CunninghamSA, Klein AM. Howmuch does agriculture depend on pollinators?
Lessons from long-term trends in crop production. Annals of Botany. 2009; 103(9):1579–88. doi: 10.
1093/aob/mcp076 PMID: 19339297

13. Withgott J. Pollination migrates to top of conservation agenda. Bioscience. 1999; 49:857–62. PMID:
10337200

14. Kremen C, Ricketts T. Global perspectives on pollination disruptions. Conservation Biology. 2000;
14:1226–8.

15. Morse RA, Calderone NW. '' The value of honey bees as pollinators of U.S. crops in 2000 ''. Cornell
University, Ithaca, New York. 2000.

16. NAS. Status of pollinators in North America. National Academy Press, Washington, DC. 2007.

17. Atkins EL. Injury to honey bees by poisoning. The hive and the honey bee, Dadant and Sons ed. Hamil-
ton, IL1992 1992. 1324 p.

18. Van der Zee R, Pisa L, Andonov S, Brodschneider R, Charriere JD, Chlebo R, et al. Managed honey bee
colony losses in Canada, China, Europe, Israel and Turkey, for the winters of 2008–9 and 2009–10. J
Apicult Res. 2012; 51(1):91–114. doi: 10.3896/Ibra.1.51.1.12 PMID: WOS:000299995700012.

19. Guzman-Novoa E, Eccles L, Calvete Y, Mcgowan J, Kelly PG, Correa-Benitez A. Varroa destructor is
the main culprit for the death and reduced populations of overwintered honey bee (Apis mellifera) colo-
nies in Ontario, Canada. Apidologie. 2010; 41(4):443–50. doi: 10.1051/Apido/2009076 PMID:
WOS:000280290600004.

20. Charvet R, Katouzian-Safadi M, Colin ME, Marchand PA, Bonmatin JM. [Systemic insecticides: new
risk for pollinator insects]. Annales pharmaceutiques francaises. 2004; 62(1):29–35. PMID: 14747770.

21. Flaherty DL, Gilley JB, Prieto HR, Romani J, Soares J. Pesticide Honeybee Kill Survey during Citrus
Bloom in Tulare County. Am Bee J. 1977; 117(4):220-&. PMID: WOS:A1977DB02400006.

22. Bourke JB, Morse RA. Documenting Honey Bee Pesticide Loss. Am Bee J. 1982; 122(11):780-. PMID:
WOS:A1982PN57500012.

23. Smirle MJ, Winston ML. Intercolony Variation in Pesticide Detoxification by the Honey-Bee (Hymenop-
tera, Apidae). Journal of economic entomology. 1987; 80(1):5–8. PMID: WOS:A1987G884800004.

24. Davis AR. The Study of Insecticide Poisoning of Honeybee Brood. BeeWorld. 1989; 70(4):163–74.
PMID: WOS:A1989CK19000003.

25. Haynes KF. Sublethal Effects of Neurotoxic Insecticides on Insect Behavior. Annu Rev Entomol. 1988;
33:149–68. doi: 10.1146/Annurev.En.33.010188.001053 PMID: WOS:A1988L532100008.

26. Desneux N, Decourtye A, Delpuech JM. The sublethal effects of pesticides on beneficial arthropods.
Annu Rev Entomol. 2007; 52:81–106. doi: 10.1146/annurev.ento.52.110405.091440 PMID: 16842032.

27. Gill RJ, Ramos-Rodriguez O, Raine NE. Combined pesticide exposure severely affects individual- and
colony-level traits in bees. Nature. 2012; 491(7422):105–8. doi: 10.1038/nature11585 PMID:
23086150; PubMed Central PMCID: PMC3495159.

28. Schneider CW, Tautz J, Grunewald B, Fuchs S. RFID tracking of sublethal effects of two neonicotinoid
insecticides on the foraging behavior of Apis mellifera. PloS one. 2012; 7(1):e30023. doi: 10.1371/
journal.pone.0030023 PMID: 22253863; PubMed Central PMCID: PMC3256199.

29. Leonardi MG, Cappellozza S, Ianne P, Cappellozza L, Parenti P, Giordana B. Effects of the topical ap-
plication of an insect growth regulator (fenoxycarb) on some physiological parameters in the fifth instar
larvae of the silkworm Bombyx mori. Comp Biochem Phys B. 1996; 113(2):361–5. doi: 10.1016/0305-
0491(95)02051-9 PMID: WOS:A1996UD42800019.

30. Mackenzie KE, Winston ML. Effects of Sublethal Exposure to Diazinon on Longevity and Temporal Di-
vision of Labor in the Honey Bee (Hymenoptera, Apidae). Journal of economic entomology. 1989; 82
(1):75–82. PMID: WOS:A1989T153800013.

31. Cox RL, WilsonWT. Effects of Permethrin on the Behavior of Individually Tagged Honey Bees, Apis-
Mellifera L (Hymenoptera, Apidae). Environmental entomology. 1984; 13(2):375–8. PMID: WOS:
A1984ST28600009.

Neonicotinoids Affect Honeybee in the Fields

PLOS ONE | DOI:10.1371/journal.pone.0125790 May 18, 2015 17 / 20

http://dx.doi.org/10.1371/journal.pone.0009754
http://www.ncbi.nlm.nih.gov/pubmed/20333298
http://dx.doi.org/10.1016/j.jip.2012.01.005
http://www.ncbi.nlm.nih.gov/pubmed/22285445
http://dx.doi.org/10.1093/aob/mcp076
http://dx.doi.org/10.1093/aob/mcp076
http://www.ncbi.nlm.nih.gov/pubmed/19339297
http://www.ncbi.nlm.nih.gov/pubmed/10337200
http://dx.doi.org/10.3896/Ibra.1.51.1.12
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000299995700012
http://dx.doi.org/10.1051/Apido/2009076
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000280290600004
http://www.ncbi.nlm.nih.gov/pubmed/14747770
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1977DB02400006
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1982PN57500012
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1987G884800004
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1989CK19000003
http://dx.doi.org/10.1146/Annurev.En.33.010188.001053
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1988L532100008
http://dx.doi.org/10.1146/annurev.ento.52.110405.091440
http://www.ncbi.nlm.nih.gov/pubmed/16842032
http://dx.doi.org/10.1038/nature11585
http://www.ncbi.nlm.nih.gov/pubmed/23086150
http://dx.doi.org/10.1371/journal.pone.0030023
http://dx.doi.org/10.1371/journal.pone.0030023
http://www.ncbi.nlm.nih.gov/pubmed/22253863
http://dx.doi.org/10.1016/0305-0491(95)02051-9
http://dx.doi.org/10.1016/0305-0491(95)02051-9
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1996UD42800019
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1989T153800013
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1984ST28600009
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1984ST28600009


32. Vandame R, Meled M, Colin ME, Belzunces LP. Alteration of the Homing-Flight in the Honey-Bee Apis-
Mellifera L Exposed to Sublethal Dose of Deltamethrin. Environ Toxicol Chem. 1995; 14(5):855–60.:
doi: 10.1897/1552-8618(1995)14[855:Aothit]2.0.Co;2 PMID: WOS:A1995QV45600017.

33. Decourtye A, Devillers J, Genecque E, Menach KL, Budzinski H, Cluzeau S, et al. Comparative Suble-
thal Toxicity of Nine Pesticides on Olfactory Learning Performances of the Honeybee Apis mellifera. Ar-
chives of environmental contamination and toxicology. 2005; 48(2):242–50. doi: 10.1007/s00244-003-
0262-7 PMID: 15750780

34. Gauthier M. State of the Art on Insect Nicotinic Acetylcholine Receptor Function in Learning and Memo-
ry. In: Thany S, editor. Insect Nicotinic Acetylcholine Receptors. Advances in Experimental Medicine
and Biology. 683: Springer New York; 2010. p. 97–115. PMID: 20737792

35. Williamson SM, Wright GA. Exposure to multiple cholinergic pesticides impairs olfactory learning and
memory in honeybees. J Exp Biol. 2013; 216(10):1799–807. doi: 10.1242/Jeb.083931 PMID:
WOS:000318483600013.

36. Henry M, Béguin M, Requier F, Rollin O, Odoux J-F, Aupinel P, et al. A Common Pesticide Decreases
Foraging Success and Survival in Honey Bees. Science. 2012; 336(6079):348–50. doi: 10.1126/
science.1215039 PMID: 22461498

37. Decourtye A, Devillers J, Aupinel P, Brun F, Bagnis C, Fourrier J, et al. Honeybee tracking with micro-
chips: a newmethodology to measure the effects of pesticides. Ecotoxicology. 2011; 20(2):429–37.
doi: 10.1007/S10646-011-0594-4 PMID: WOS:000287245000013.

38. Tanner G, Czerwenka C. LC-MS/MS Analysis of Neonicotinoid Insecticides in Honey: Methodology
and Residue Findings in Austrian Honeys. Journal of agricultural and food chemistry. 2011; 59
(23):12271–7. doi: 10.1021/Jf202775m PMID: WOS:000297608400001.

39. Boily M, Sarrasin B, Deblois C, Aras P, ChagnonM. Acetylcholinesterase in honey bees (Apis mellifera)
exposed to neonicotinoids, atrazine and glyphosate: laboratory and field experiments. Environmental
science and pollution research international. 2013; 20(8):5603–14. doi: 10.1007/s11356-013-1568-2
PMID: 23443944.

40. Beekman M, Ratnieks FLW. Long-range foraging by the honey-bee, Apis mellifera L. Funct Ecol. 2000;
14(4):490–6. doi: 10.1046/J.1365-2435.2000.00443.X PMID: WOS:000089054800011.

41. Garnery L, Cornuet JM, Solignac M. Evolutionary history of the honey bee Apis mellifera inferred from
mitochondrial DNA analysis. Molecular ecology. 1992; 1(3):145–54. PMID: 1364272.

42. Garnery L, Solignac M, Celebrano G, Cornuet JM. A Simple Test Using Restricted Pcr-Amplified Mito-
chondrial-DNA to Study the Genetic-Structure of Apis-Mellifera L. Experientia. 1993; 49(11):1016–21.
doi: 10.1007/Bf02125651 PMID: WOS:A1993MH40600013.

43. Alburaki M, Moulin S, Legout H, Alburaki A, Garnery L. Mitochondrial structure of Eastern honeybee
populations from Syria, Lebanon and Iraq. Apidologie. 2011; 42(5):628–41. doi: 10.1007/S13592-011-
0062-4 PMID: WOS:000293971900009.

44. Arias MC, SheppardWS. Molecular phylogenetics of honey bee subspecies (Apis mellifera L.) inferred
frommitochondrial DNA sequence. Molecular phylogenetics and evolution. 1996; 5(3):557–66. Epub
1996/06/01. PMID: 8744768.

45. Walsh PS, Metzger DA, Higuchi R. Chelex-100 as a Medium for Simple Extraction of DNA for Pcr-
Based Typing from Forensic Material. Biotechniques. 1991; 10(4):506–13. PMID: WOS:
A1991FG60000021.

46. Chomczynski P. A Reagent for the Single-Step Simultaneous Isolation of Rna, DNA and Proteins from
Cell and Tissue Samples. Biotechniques. 1993; 15(3):532-&. PMID: WOS:A1993LW41700037.

47. Tentcheva D, Gauthier L, Bagny L, Fievet J, Dainat B, Cousserans F, et al. Comparative analysis of de-
formed wing virus (DWV) RNA in Apis mellifera L. and Varroa destructor. Apidologie. 2006; 37:41–50.
doi: 10.1051/apido:2005057

48. Furgala B, Lee P. Acute bee paralysis virus, a cytoplasmic insect virus. Virology. 1966; 29:346–8. doi:
10.1016/0042-6822(66)90042-0 PMID: 5943541

49. Scharlaken B, de Graaf DC, Goossens K, Brunain M, Peelman LJ, Jacobs FJ. Reference gene selec-
tion for insect expression studies using quantitative real-time PCR: The head of the honeybee, Apis
mellifera, after a bacterial challenge. J Insect Sci. 2008; 8. PMID: WOS:000255795400001.

50. Loublier Y, Morlot M, Ricard M, Richard C, Estermann O, Leclair P, et al. Eléments de caractérisation
du miel de Sophora du Japon (Sophora japonica L.). Pollen. 2003; 13:363–72.

51. Louveaux J, Albisetti M, Delangue M, Theurkauff M. Les modalités de l'adaptation des abeilles (Apis
mellifera L.) au milieu naturel. Annales de l'abeille. 1966; 9:323–50.

52. Louveaux J. The acclimatization of bees to a heather region Bee world. 1973; 54:105–11.

Neonicotinoids Affect Honeybee in the Fields

PLOS ONE | DOI:10.1371/journal.pone.0125790 May 18, 2015 18 / 20

http://dx.doi.org/10.1897/1552-8618(1995)14[855:Aothit]2.0.Co;2
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1995QV45600017
http://dx.doi.org/10.1007/s00244-003-0262-7
http://dx.doi.org/10.1007/s00244-003-0262-7
http://www.ncbi.nlm.nih.gov/pubmed/15750780
http://www.ncbi.nlm.nih.gov/pubmed/20737792
http://dx.doi.org/10.1242/Jeb.083931
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000318483600013
http://dx.doi.org/10.1126/science.1215039
http://dx.doi.org/10.1126/science.1215039
http://www.ncbi.nlm.nih.gov/pubmed/22461498
http://dx.doi.org/10.1007/S10646-011-0594-4
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000287245000013
http://dx.doi.org/10.1021/Jf202775m
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000297608400001
http://dx.doi.org/10.1007/s11356-013-1568-2
http://www.ncbi.nlm.nih.gov/pubmed/23443944
http://dx.doi.org/10.1046/J.1365-2435.2000.00443.X
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000089054800011
http://www.ncbi.nlm.nih.gov/pubmed/1364272
http://dx.doi.org/10.1007/Bf02125651
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1993MH40600013
http://dx.doi.org/10.1007/S13592-011-0062-4
http://dx.doi.org/10.1007/S13592-011-0062-4
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000293971900009
http://www.ncbi.nlm.nih.gov/pubmed/8744768
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1991FG60000021
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1991FG60000021
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1993LW41700037
http://dx.doi.org/10.1051/apido:2005057
http://dx.doi.org/10.1016/0042-6822(66)90042-0
http://www.ncbi.nlm.nih.gov/pubmed/5943541
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000255795400001


53. Williams GR, Dietemann V, Ellis JD, Neumann P. An update on the COLOSS network and the "BEE-
BOOK: standard methodologies for Apis mellifera research". J Apicult Res. 2012; 51(2):151–3. doi: 10.
3896/Ibra.1.51.2.01 PMID: WOS:000302295500001.

54. Pinheiro JC, Bates DM. Mixed-Effects Models in S and S-PLUS: Springer; 2000.

55. Bates D, Maechler M, Bolker B, Walker S. lme4: Linear mixed-effects models using Eigen and S4. R
package version 1.1–7. http://CRAN.R-project.org/package = lme4. 2014. doi: 10.1016/j.jsps.2012.11.
002 PMID: 24653595

56. Kuznetsova A, Brockhoff PB, Christensen RHB. lmerTest: Tests in Linear Mixed Effects Models. R
package version 2.0–20. http://CRANR-projectorg/package = lmerTest. 2014. doi: 10.1186/1471-2164-
15-862 PMID: 25283306

57. Shapiro SS, Wilk MB. An analysis of variance test for normality (complete samples). Biometrika. 1965;
52(3–4):591–611. doi: 10.1093/biomet/52.3-4.591 PMID: 5858975

58. Welch BL. The generalisation of student's problems when several different population variances are in-
volved. Biometrika. 1947; 34(1–2):28–35. PMID: 20287819.

59. TeamRDC. R: A language and environment for statistical computing. R Foundation for Statistical Com-
puting, Vienna, Austria. 2011. doi: 10.1016/j.neuroimage.2011.01.013 PMID: 21238596

60. EFSA (European Food Safety Authority). Statement on the findings in recent studies investigating sub-
lethal effects in bees of some neonicotinoids in consideration of the uses currently authorised in Eu-
rope. EFSA J. 2012; 10:2752. doi: 10.2903/j.efsa.2012.2752

61. Van Dijk TC, Van Staalduinen MA, Van der Sluijs JP. Macro-invertebrate decline in surface water pol-
luted with imidacloprid. PloS one. 2013; 8(5):e62374. doi: 10.1371/journal.pone.0062374 PMID:
23650513; PubMed Central PMCID: PMC3641074.

62. Krupke CH, Hunt GJ, Eitzer BD, Andino G, Given K. Multiple routes of pesticide exposure for honey
bees living near agricultural fields. PloS one. 2012; 7(1):e29268. doi: 10.1371/journal.pone.0029268
PMID: 22235278; PubMed Central PMCID: PMC3250423.

63. Stewart SD, Lorenz GM, Catchot AL, Gore J, Cook D, Skinner J, et al. Potential exposure of pollinators
to neonicotinoid insecticides from the use of insecticide seed treatments in the mid-southern United
States. Environmental science & technology. 2014; 48(16):9762–9. doi: 10.1021/es501657w PMID:
25010122.

64. Chen YP, Pettis JS, Collins A, Feldlaufer MF. Prevalence and transmission of honeybee viruses. Appl
Environ Microbiol. 2006; 72(1):606–11. doi: 10.1128/AEM.72.1.606-611.2006 PMID: 16391097;
PubMed Central PMCID: PMC1352288.

65. Rosenkranz P, Aumeier P, Ziegelmann B. Biology and control of Varroa destructor. J Invertebr Pathol.
2010; 103 Suppl 1:S96–119. doi: 10.1016/j.jip.2009.07.016 PMID: 19909970.

66. Shen M, Yang X, Cox-Foster D, Cui L. The role of varroa mites in infections of Kashmir bee virus (KBV)
and deformed wing virus (DWV) in honey bees. Virology. 2005; 342(1):141–9. doi: 10.1016/j.virol.2005.
07.012 PMID: 16109435.

67. Nazzi F, Brown SP, Annoscia D, Del Piccolo F, Di Prisco G, Varricchio P, et al. Synergistic parasite-
pathogen interactions mediated by host immunity can drive the collapse of honeybee colonies. PLoS
pathogens. 2012; 8(6):e1002735. doi: 10.1371/journal.ppat.1002735 PMID: 22719246; PubMed Cen-
tral PMCID: PMC3375299.

68. Bowen-Walker P, Martin S, Gunn A. The transmission of deformed wing virus between honeybees
(Apis mellifera L.) by the ectoparasitic mite varroa jacobsoni Oud. J Invertebr Pathol. 1999; 73:101–6.
doi: 10.1006/jipa.1998.4807 PMID: 9878295

69. Di Prisco G, Cavaliere V, Annoscia D, Varricchio P, Caprio E, Nazzi F, et al. Neonicotinoid clothianidin
adversely affects insect immunity and promotes replication of a viral pathogen in honey bees. Proc Natl
Acad Sci U S A. 2013; 110(46):18466–71. doi: 10.1073/pnas.1314923110 PMID: 24145453; PubMed
Central PMCID: PMC3831983.

70. Alaux C, Brunet JL, Dussaubat C, Mondet F, Tchamitchan S, Cousin M, et al. Interactions between
Nosemamicrospores and a neonicotinoid weaken honeybees (Apis mellifera). Environmental microbi-
ology. 2010; 12(3):774–82. doi: 10.1111/j.1462-2920.2009.02123.x PMID: 20050872; PubMed Central
PMCID: PMC2847190.

71. Vidau C, Diogon M, Aufauvre J, Fontbonne R, Vigues B, Brunet JL, et al. Exposure to sublethal doses
of fipronil and thiacloprid highly increases mortality of honeybees previously infected by Nosema cera-
nae. PloS one. 2011; 6(6):e21550. doi: 10.1371/journal.pone.0021550 PMID: 21738706; PubMed Cen-
tral PMCID: PMC3125288.

72. Aufauvre J, Biron DG, Vidau C, Fontbonne R, Roudel M, Diogon M, et al. Parasite-insecticide interac-
tions: a case study of Nosema ceranae and fipronil synergy on honeybee. Scientific reports. 2012;
2:326. doi: 10.1038/srep00326 PMID: 22442753; PubMed Central PMCID: PMC3310228.

Neonicotinoids Affect Honeybee in the Fields

PLOS ONE | DOI:10.1371/journal.pone.0125790 May 18, 2015 19 / 20

http://dx.doi.org/10.3896/Ibra.1.51.2.01
http://dx.doi.org/10.3896/Ibra.1.51.2.01
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000302295500001
http://CRAN.R-project.org/package = lme4
http://dx.doi.org/10.1016/j.jsps.2012.11.002
http://dx.doi.org/10.1016/j.jsps.2012.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24653595
http://CRANR-projectorg/package = lmerTest
http://dx.doi.org/10.1186/1471-2164-15-862
http://dx.doi.org/10.1186/1471-2164-15-862
http://www.ncbi.nlm.nih.gov/pubmed/25283306
http://dx.doi.org/10.1093/biomet/52.3-4.591
http://www.ncbi.nlm.nih.gov/pubmed/5858975
http://www.ncbi.nlm.nih.gov/pubmed/20287819
http://dx.doi.org/10.1016/j.neuroimage.2011.01.013
http://www.ncbi.nlm.nih.gov/pubmed/21238596
http://dx.doi.org/10.2903/j.efsa.2012.2752
http://dx.doi.org/10.1371/journal.pone.0062374
http://www.ncbi.nlm.nih.gov/pubmed/23650513
http://dx.doi.org/10.1371/journal.pone.0029268
http://www.ncbi.nlm.nih.gov/pubmed/22235278
http://dx.doi.org/10.1021/es501657w
http://www.ncbi.nlm.nih.gov/pubmed/25010122
http://dx.doi.org/10.1128/AEM.72.1.606-611.2006
http://www.ncbi.nlm.nih.gov/pubmed/16391097
http://dx.doi.org/10.1016/j.jip.2009.07.016
http://www.ncbi.nlm.nih.gov/pubmed/19909970
http://dx.doi.org/10.1016/j.virol.2005.07.012
http://dx.doi.org/10.1016/j.virol.2005.07.012
http://www.ncbi.nlm.nih.gov/pubmed/16109435
http://dx.doi.org/10.1371/journal.ppat.1002735
http://www.ncbi.nlm.nih.gov/pubmed/22719246
http://dx.doi.org/10.1006/jipa.1998.4807
http://www.ncbi.nlm.nih.gov/pubmed/9878295
http://dx.doi.org/10.1073/pnas.1314923110
http://www.ncbi.nlm.nih.gov/pubmed/24145453
http://dx.doi.org/10.1111/j.1462-2920.2009.02123.x
http://www.ncbi.nlm.nih.gov/pubmed/20050872
http://dx.doi.org/10.1371/journal.pone.0021550
http://www.ncbi.nlm.nih.gov/pubmed/21738706
http://dx.doi.org/10.1038/srep00326
http://www.ncbi.nlm.nih.gov/pubmed/22442753


73. Cutler GC, Scott-Dupree CD. Exposure to clothianidin seed-treated canola has no long-term impact on
honey bees. Journal of economic entomology. 2007; 100(3):765–72. PMID: 17598537.

74. Wang R, Wang Z, Yang H, Wang Y, Deng A. Highly sensitive and specific detection of neonicotinoid in-
secticide imidacloprid in environmental and food samples by a polyclonal antibody-based enzyme-
linked immunosorbent assay. J Sci Food Agric. 2012; 92(6):1253–60. doi: 10.1002/jsfa.4691 PMID:
22083888.

Neonicotinoids Affect Honeybee in the Fields

PLOS ONE | DOI:10.1371/journal.pone.0125790 May 18, 2015 20 / 20

http://www.ncbi.nlm.nih.gov/pubmed/17598537
http://dx.doi.org/10.1002/jsfa.4691
http://www.ncbi.nlm.nih.gov/pubmed/22083888

